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Abstract

Alzheimer’s disease (AD) is associated with a microglia-dependent neuroinflammatory response 

against plaques containing the fibrous protein amyloid-β (Aβ). Activation of microglia, which 

closely associate with Aβ plaques, engenders the release of pro-inflammatory cytokines and the 

internalization of Aβ fibrils. Since the pro-inflammatory transcription factor NF-κB is one of the 

major regulators of Aβ-induced inflammation, we treated transgenic amyloid-β protein protein/

presenilin-1 (AβPP/PS1) mice for one year with a low dose (0.01% by weight in the diet) of either 

of two trans-stilbene NF-κB inhibitors, resveratrol or a synthetic analog LD55. The 3D 

distribution of Aβ plaques was measured ex vivo in intact brains at 60 μm resolution by 

quantitative magnetic resonance imaging (MRI) using blood-brain barrier-permeable, anti-AβPP-

conjugated superparamagentic iron oxide nanoparticles (SPIONs). The MRI measurements were 

confirmed by optical microscopy of thioflavin-stained brain tissue sections and indicated that 
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supplementation with either of the two trans-stilbenes lowered Aβ plaque density in the cortex, 

caudoputamen, and hippocampus by 1.4 to 2-fold. The optical measurements also included the 

hippocampus and indicated that resveratrol and LD55 reduced average Aβ plaque density by 2.3-

fold and 3.1-fold, respectively. Ex vivo measurements of the regional distribution of microglial 

activation by Iba-1 immunofluorescence of brain tissue sections showed that resveratrol and LD55 

reduced average microglial activation by 4.2-fold and 3.5-fold, respectively. Since LD55 lacked 

hydroxyl groups but both resveratrol and LD55 concomitantly reduced both Aβ plaque burden and 

neuroinflammation to a similar extent, it appears that the antioxidant potential of resveratrol is not 

an important factor in plaque reduction.
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INTRODUCTION

An exceptional challenge for modern medical science is the fact that Alzheimer’s disease 

(AD) currently afflicts approximately 5.5 million people in the US [1] and that its incidence 

is anticipated to rise to 12 million cases by 2040 [2]. Among the principal pathological 

findings related to AD are accretions in the brain of the filamentous amyloid-β peptides (Aβ) 

resulting from the proteolytic cleavage of the membrane-associated amyloid-β protein 

precursor (AβPP) by the β- and γ-secretases [3]. Although there are a number of cleavage 

products, aggregations of the 40–42 amino acid peptides (Aβ40,42) appear to be the major 

contributors to AD-associated pathology. Through self-aggregation, these peptides form 

multi-Aβ oligomers, which are neurotoxic [4, 5] and disrupt hippocampal long-term 

potentiation and synaptic plasticity [6, 7]. These oligomers continue to grow to form larger, 

classical Aβ plaques [8]. Although the Aβ plaques themselves do not appear to be as 

neurotoxic as the soluble oligomers, they do elicit an immune response, and because the 

production of Aβ is continuous, this leads to chronic inflammation of the brain [9].

There is a significant need to develop drugs that reduce plaques and inflammation, but a 

major impediment to the study of potential drugs is a dearth of robust, non-invasive methods 

for longitudinally monitoring either plaque formation or neuroinflammation within the brain. 

This problem has been partially addressed in human patients by the development of PET 

agents that reveal plaques, such as Pittsburg Compound B [10, 11] and [18F]-AV-45 [12, 

13], but the resolution, even for microPET, is too poor to resolve individual plaques in either 

humans or rodents. On the other hand, magnetic resonance imaging (MRI) holds significant 

promise for solving this problem because the resolution of high-field MRI is approximately 

the same as the 30–60 μm diameter of an Aβ plaque. High-field MRI has been successfully 

applied to imaging plaques in transgenic mice, both ex vivo and in vivo, for over a decade 

[14–19] without the aid of contrast agents. The endogenous MRI contrast mechanism is 

based on the magnetic susceptibility difference between the protein core of the plaque and 

the surrounding tissue water. We have recently devised a method using blood-brain barrier 

(BBB) penetrating, amyloid-targeted, superparamagnetic iron oxide nanoparticles (SPIONs) 
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for markedly enhancing this susceptibility difference [20]. By applying this novel 

technology to the MRI of AβPP/PS-1 transgenic (Tg) AD mice, we were able to more than 

double the MRI conspicuity of plaques. It was of great interest, therefore, to use this new 

non-invasive method for the determination of the effects of potential drugs on plaque 

formation in Tg AD mice.

Along with the hallmark Aβ plaques in the brain, AD also involves substantial microglia-

mediated neuroinflammation. Microglial cells, the brain’s resident macrophages [21–24], 

form dense clusters surrounding the Aβ plaques [25]. Ramified microglia are characterized 

by their active processes that scan the brain parenchyma every few hours for CNS damage 

[26]. Microglia enter their activated ameboid form after sensing brain insults via the Toll-

like receptor (TLR) family of pattern recognition receptors [27]. TLR4, in particular, 

participates in the recognition and phagocytosis of Aβ plaques [28] and is an activator of the 

pro-inflammatory NF-κB pathway [29, 30]. Furthermore, phagocytosis components, such as 

the macrosialin and Fc receptors, are elevated in plaque-associated microglia [31], congruent 

with the fact that microglia internalize and degrade amyloid [5, 32]. The inflammatory 

response of microglia is accompanied by the release of several pro-inflammatory cytokines, 

including TNFα and IL1β, which act on astrocytes to promote secondary inflammatory 

responses. Microglia may be beneficial under some circumstances to clear dead or dying 

neurons, but can phagocytose viable neurons under inflammatory conditions [33].

The pro-inflammatory transcription factor NF-κB is the primary regulator of inflammatory 

responses in AD [34]. In AD brains, activated NF-κB is found in neurons and in microglia 

and astrocytes that surround plaques. NF-κB can be activated by the amyloid plaques 

directly [35]. It must be noted, however, that NF-κB may have different roles in different 

cell types and may be protective in neurons. It appears that the cell type and duration of NF-

κB activation determine the role of NF-κB, where chronic activation in microglia and 

astrocytes leads to sustained pro-inflammatory stimuli that may contribute to the death of 

neurons [36, 37]. Because TNFα, IL1β, and oxidative stress can all stimulate microglia and 

astrocytes to secrete additional TNFα and IL1β, it is not difficult to imagine a mechanism 

for sustained activation of a pro-inflammatory environment [38]. The natural product 

resveratrol (Fig. 1) possesses anti-inflammatory, antioxidant, and anti-cancer activities, 

which may result from its known inhibition of NF-κB [30, 39–43]. Of special interest, 

resveratrol was shown to inhibit the expression of iNOS and TNFα in LPS-activated 

microglia by an NF-κB-dependent pathway [44]. The finding that resveratrol, in contrast to 

other antioxidants, protected astroglial cells from ammonia toxicity [45] through a pathway 

involving NF-κB is significant in view of the antioxidant properties of resveratrol [43] and 

the frequent suggestion that many of the biological properties of polyphenolic natural 

products derive from their antioxidant activities [46]. The abundant literature on resveratrol 

suggests that it has multiple targets in cells, but many of these directly or indirectly affect 

the expression of NF-κB [47–50].

Genetic mutations associated with early-onset AD have been isolated to chromosome 21 in 

the gene for AβPP [7, 51], chromosome 14 in the gene for pre-senilin 1 (PS-1), and 

chromosome 1 on the gene for presenilin 2 (PS-2) [52]. Transgenic mice bearing these 

mutated human genes recapitulate many of the characteristic changes seen in humans with 
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early-onset AD [31, 53, 54]; thus we employed mice transgenic for AβPP and PS-1 genes in 

our experimental design to test the long-term effects of NF-κB inhibitors on plaque load and 

inflammation, beginning treatment when the animals were young, and to determine whether 

long-term treatment with resveratrol or other trans-stilbenes is toxic.

Resveratrol has been shown to reduce Aβ plaque load in several studies with transgenic 

mice. For example, Tg19959 mice fed resveratrol by dietary supplementation for 45 days 

showed a markedly reduced plaque load in certain areas of the brain, such as the striatum 

and the hypothalamus, but this treatment had no effect on plaque load in the hippocampus 

[55], which is a strongly-involved brain region in human AD patients. In another study, it 

was found that AβPP/PS1 transgenic mice fed resveratrol in their diet for 15 weeks [56] 

demonstrated significant plaque reduction in the cerebral cortex, but once again no plaque 

reduction was found in the hippocampus. A more recent study by this group [30] also 

demonstrated that oral administration of resveratrol lowered LPS-induced microglial 

activation. However, these studies used high dietary concentrations of resveratrol (0.2 to 

0.35%) for fairly small time periods, and did not initiate treatment in very young animals.

LD55 (Fig. 1), which was synthesized [43] as an inhibitor of the activation of NF-κB, shares 

the trans-stilbene backbone with resveratrol but lacks the hydroxyl groups thought to 

contribute to resveratrol’s antioxidant activity. Nevertheless, we found LD55 to be both a 

potent inhibitor of NF-κB in the Panomics NF-κB Reporter Stable Cell Line assay [43], and 

of the LPS-induced expression of pro-inflammatory cytokines in BV2 microglial cells. 

Resveratrol shared these properties with LD55 [43]. LD55 was predicted by the Volsurf 

program to cross the BBB.

The present study was the first application of our newly-developed, non-invasive, SPION-

enhanced, MRI method [20] to the measurement of the effects of drugs on the 3D 

distribution of Aβ plaques in intact transgenic AD mouse brains. The major question we 

asked was whether one or both of the NF-κB inhibitors, resveratrol and LD55, could elicit a 

concomitant decrease in MRI-detected plaque load and in microglial activation in multiple 

areas of the brain, especially the hippocampal region associated with many of the learning 

and memory deficits in AD. We report here that non-invasive, SPION-enhanced MRI can be 

used to measure the regional dependence of drug response in the brains of transgenic AD 

mice. We also found that resveratrol and LD55 prevented both plaque accumulation and 

microglial activation in the brains of transgenic mice fed these NF-κB inhibitors in their 

diets at a low concentration (0.01% by weight) for one year, from the time the mice were 6 

weeks old. This finding of concomitant decreases supports the idea that inflammation and 

Aβ plaque load are closely linked in AD. We also found that the proposed antioxidant 

properties of resveratrol were not likely to be responsible for its effects because LD55 was 

found to be just as potent even though it lacked hydroxyl groups. Our data provide support 

for an alternative hypothesis where the primary mechanism responsible for the observed 

reduction in both plaque density and neuroinflammation is the inhibition of NF-κB.
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MATERIALS AND METHODS

Reagents and antibodies

The SPIONs (superparamagnetic iron oxide nanoparticles) were from Chemicell GmbH, 

Berlin, Germany (Type: SiMAG-TCL, Lot # 0808/07, 50 nm nominal hydrodynamic 

diameter). LD55 was synthesized as reported previously [43]. Thioflavin-S and resveratrol 

were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA). Mouse anti-Tau, 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). Rabbit (polyclonal) anti-Aβ and Rabbit (polyclonal) 

anti-AβPP antibodies were obtained from Invitrogen Corp. (Camarillo, CA, USA). Rabbit 

anti-Iba-1 was obtained from Wako (Richmond, VA). The secondary antibody, rhodamine-

conjugated donkey anti-rabbit IgG, for fluorescence microscopy, and normal donkey serum 

used in immunohistochemistry were purchased from JacksonImmuno Research (West 

Grove, PA, USA). Vectashield DAPI stain was purchased from Vector Laboratories 

(Burlingame, CA, USA). Paraffin embedding and sectioning were performed by TriCore 

Reference Laboratories (Albuquerque, NM, USA). Immunohistochemistry was performed 

by TriCore Reference Laboratories (Albuquerque, NM, USA) using the Ventana 

BenchMark XT IHC/ISH Staining Module.

Animals

The UNM IACUC approved all animal procedures. Six-week old, double transgenic AD 

mice (B6C3-Tg (AβPPswe, PSEN1dE9) 85Dbo/Mmjax) were obtained from Jackson 

Laboratory (Bar Harbor, ME, USA). One transgene encoded a mouse/human chimeric 

amyloid beta (A4) precursor protein containing the double Swedish mutations (AβPPswe; 

K595N/M596L). The second transgene for human pre-senilin 1 contained a deletion of exon 

9 (dE9) which corresponded to an early-onset form of AD. A mouse prion promoter drove 

expression of both transgenes. Substantial expression of Aβ peptide and human pre-senilin 

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 (http://

jaxmice.jax.org/strain/004462.html). Thirty-six mice were divided into three groups of 

twelve each: (1) A control group fed a regular mouse diet (Research Diets, New Brunswick, 

NJ, USA); (2) A group whose diet was supplemented with 100 ppm resveratrol (Fig. 1); and 

(3) A group fed a diet containing 100 ppm LD55 (Fig. 1). There was no observed difference 

in weights among the three groups of mice over the 12 month duration of feeding. The mice 

were given ad libitum access for the 12 months that they were on these diets, after which 

time they were either sacrificed or were treated with either of the two SPION preparations 

(vide supra) by tail vein injection and were killed 24 h later. The brains of these groups of 

mice were quickly harvested and fixed in buffered formalin for three days. Brains used for 

MRI were embedded in 2% agarose gel containing phosphate buffered saline (PBS) at pH 

7.40, 3 mM NaN3 and stored at 4°C until used. The amount of iron injected into the mice (in 

100 μl of PBS) was 1.52 μg for the anti-AβPP-SPIONs and 7.07 μg for the control, anti-Tau 

SPIONs.
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Histology

The fixed brains were embedded in paraffin, sectioned into 7 μm thick slices, and mounted 

on glass slides. Immunohistochemistry to detect Iba-1 was performed by Tricore Reference 

Laboratories, Inc. (Albuquerque, NM), a CAP-certified clinical laboratory, using antibodies 

described above (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 IC3 firewire camera and Zeiss AxioVs40 Software.

Fluorescence microscopy of activated microglia

Paraffin embedded brain sections were rehydrated by progressively immersing them in 

Hemo-De, 95% EtOH, 70% EtOH, and finally 0.1 M PBS. Antigens were retrieved by 

placing the slides in 6.0 pH 0.01 M sodium citrate buffer with heating to 90°C for 20 min. 

After cooling to room temperature, the slides were stained with Thioflavin-S by the 

following method: A fresh, aqueous, 0.5% (w/v) Thioflavin-S solution was prepared, filtered 

through a 45 μm filter 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 minutes, and air-dried. After rehydrating with 0.1 

M PBS for 5 min, the slides were blocked with 0.1 M PBS containing 6% normal donkey 

serum for 45 min and then incubated overnight with rabbit anti-Iba-1, diluted 1 : 400, at 4°C 

in a humidity chamber. The next day the slides were washed three times, for 5 min each, 

with 0.1 M PBS. The secondary antibody, rhodamine-conjugated donkey anti-rabbit IgG, 

was diluted with 0.5% BSA in 0.1 M PBS to 1 : 200 under light-restricted conditions. 100 μl 

of this secondary antibody solution was applied to each brain slice for 2 h in a light-tight 

container at room temperature. The slides were then rinsed three times with 0.1 M PBS and 

twice with double-distilled water. Vectashield with DAPI was applied, and the slides were 

cover-slipped and sealed for imaging. Images were taken with a Zeiss Axioskop 2 MOT 

equipped with a Zeiss AxioCam and a Prior Lumen 200 fluorescence lamp at the University 

of New Mexico Shared Microscopy Resource (http://hsc.unm.edu/crtc/microscopy). Images 

were processed using Slidebook (Denver, CO, USA).

Confocal images were taken on a laser scanning LSM510 META Confocal Microscope 

(Carl Zeiss MicroImaging GmbH, Germany) also at the UNM Shared Resource and 

processed using Zen (Carl Zeiss MicroImaging GmbH, Germany).

Magnetic resonance imaging

MRI studies of this line of transgenic mice were carried out at a magnetic field strength of 

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 protocol which gave T2-weighted images with a small 

amount of T2*-weighting [14, 15]. A receive-only surface coil was used with a matrix of 

256 × 96 pixels of 60 μm each (zero-filled to 30 μm each during post-processing) and with 

32 slices, each 120 μm thick, resulting in an axially-sampled region 3.84 mm thick 

approximately centered on the bregma. Plaques appeared as hypointense localized regions 

several pixels in diameter in the brain images due to the decreased T2 value of the plaques 

relative to the surrounding tissue. 192 MRI slices were analyzed by counting plaques in each 
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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 

image of the surrounding tissue:

Only plaques four or more pixels in area with Z-scores greater than 2.5 were considered, 

which implies a p-value of 0.006, i.e., there was less than a 0.6% probability that a given 

hypointense region resulted solely from noise in the image. The method used for Z-score 

measurement is graphically illustrated in the Supplementary Fig. 1 of [20].

Superparamagnetic iron oxide nanoparticle (SPION) modification

The SiMAG-TCL SPIONs were labeled with antibodies according to the manufacturer’s 

suggested protocol as previously described [20]. Briefly, 5 mg of nanoparticles were 

activated with EDC and Sulfo-NHS in double-distilled water. 25 μl of the antibody (either 

anti-AβPP 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, resuspended in 

120 μl of PBS 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 

[57]. Aggregation testing of antibody labeled nanoparticles using a Superconducting 

Quantum Interference Device Magnetometer showed no aggregation of these modified 

SiMAG nanoparticles for several years when stored at 4°C. The SPIONs had an iron oxide 

core diameter of 9.5 ± 1.0 nm by transmission electron microscopy, with a nominal 

hydrodynamic diameter of 50 nm as reported by the manufacturer. By dynamic light 

scattering measurements using a Zetatrac (Microtrac Inc., Largo, FL, USA) these SPIONs 

had a zeta potential of −42 mV, indicating a positive surface charge, which favored passage 

through the BBB [20].

Image analysis

Plaque number, radii, and areal density were measured from CCD images of the brain 

sections stained for Aβ or with thioflavin-S with the aid of ImageJ software [58] by 

thresholding and conversion of the images to binary images. The areas, A, were converted to 

radii by r = Sqrt[A/π]. The areal density of activated microglia was measured from CCD 

images of fluorescence micrographs of Iba-1 stained brain sections. The radial distributions 

of activated microglia were measured on spatially calibrated fluorescence micrographs of 

Iba-1 stained brain sections using the center of the thioflavin-S stained plaque as the point of 

reference and the center of the DAPI-stained microglial nucleus as the endpoint. A total of 

651 optical images from the brains of 20 animals (5 control mice, 59 images; 8 resveratrol-

treated mice, 268 images; and 7 LD55 treated mice, 324 images) were measured using 

SlideBook, ImageJ, and MaximDL (Diffraction Limited, Ottawa, Canada). The 192 MRI 

slices were analyzed with the aid of ImageJ, MaximDL, and Mathematica® (Wolfram 

Research, Champaign, IL, USA). The 3D plaque distribution data were embedded within a 
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Mathematica-rendered surface plot 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). The 3D models of plaque and 

microglial spatial distributions were generated from the optical measurements with the aid 

of Mathematica. The MRI-derived 3D plaque distribution data in the presence of anti-AβPP 

SPIONs shown in Fig. 9C were redrawn from Fig. 4D–F of [20] so that the reader might 

have a self-contained direct comparison contained within this paper without having to refer 

to the literature. For the same reason, the MRI-derived Z-score distributions in the absence 

of drug treatment shown in Fig. 11A, B were redrawn from Fig. 5 of [20] so that a direct 

comparison could be made between drug-treated and untreated animals without having to 

refer to the literature.

The effects of drug treatment were presented in the Tables as a treatment ratio, R = T/U, 

which was the ratio of the number of measured plaques or activated microglia per region in 

the brains from drug-treated mice to those in the control, untreated mice. A treatment ratio 

less than one corresponded to a lowering of the measured plaques or neuroinflammation. 

Therefore R was the reciprocal of the fold reduction observed. Similarly, a SPION 

enhancement ratio was computed as the number of MRI-detected plaques in the presence of 

SPIONs to that without SPIONs. A SPION enhancement ratio greater than one indicated 

that the MRI conspicuity of the plaques was increased by SPION treatment.

RESULTS

Histological examination of AβPP/PS1 transgenic mouse brains

At age 6 weeks, the 36 transgenic (Tg) AD mice were split into three groups of 12 each: a 

control, untreated group fed a regular mouse diet, and two other groups fed the same diet 

formulated with 100 ppm (0.01% by weight) of either resveratrol or LD55. Resveratrol was 

used as a positive control since it had previously been reported to lower plaque 

accumulation in Tg mouse models of AD in a region-specific manner [55, 56] and is known 

to modulate microglial activation [59, 60] through inhibition of NF-κB [43]. After 12 

months of treatment, the mice were either sacrificed directly, or injected with anti-AβPP, or 

control anti-Tau, SPIONs, according to our published procedures [20] and sacrificed 24 h 

later. The brains were then removed and fixed in formalin for MRI and optical histology.

Histological examination of the brains from the Tg mice was performed using thioflavin-S 

to stain the Aβ plaques, a primary antibody against Iba-1 to reveal activated microglia, and 

DAPI to stain the cell nuclei. Fluorescence microscopy of whole brain sections (Fig. 2) 

revealed blue-green Aβ plaques and red activated microglia in these mice. The brains from 

control, untreated mice had large numbers of plaques located in the olfactory bulb, cortex, 

hippocampus, and cerebellum (Fig. 2A). Treatment of the mice with either resveratrol or 

LD55 led to a dramatic reduction in plaque areal density which is qualitatively shown in Fig. 

2B, C. This result is more evident at higher resolution, as shown in the insets in Fig. 2 and in 

Fig. 3D–F. Along with this reduction in plaques, we observed a concomitant lowering of 

activated microglia (compare the inset in Fig. 2A with those in Fig. 2B, C). A close 
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examination of the micrographs also showed an association of the activated microglia with 

the plaques.

Higher resolution microscopy of brain sections showed the classic immunohistochemical 

pattern for Aβ plaques (Fig. 3A), which were absent in brain sections from wild-type mice 

(Fig. 3B). Immunohistochemical staining for Iba-1 also showed (Fig. 3C) the activated 

microglia surrounding the plaques. Fluorescence confocal microscopy of the brain sections 

stained as in Fig. 2 resulted in the observation of the thioflavin-S positive plaque cores and 

fibrils (Fig. 3D–F), the anti-Iba-1 positive activated microglia, and the microglial nuclei. 

There appeared to be a physical association of the activated microglia with the plaques, and 

although the microglia cells did not appear to reside inside the plaque cores, their processes 

penetrated into the plaque’s fibrillar periphery. Treatment of the AβPP/PS-1 transgenic AD 

mice with either of the NF-κB inhibitors, resveratrol (Fig. 3E) or LD55 (Fig. 3F), led to a 

reduction in the plaque-associated, activated microglia and a shrinkage of the plaques. A 

detailed, regional, quantitative analysis will be presented below.

MRI-detected plaque distribution in the brains of AβPP/PS1 transgenic mice

MRI at 9.4 T was used to show that we could indeed detect plaques without the aid of a 

contrast agent, as has been extensively reported earlier ([20] and references cited therein). 

MR images from the brains of untreated mice (Fig. 4A) displayed an average of 347 plaques 

per 3.84 mm axially-sampled brain region, with an average contrast to noise ratio (Z score) 

of 5.1 (Table 1). The representative MR image in Fig. 4A showed 16 MRI-detected plaques 

in this 130 μm-thick slice. Treatment of the mice with resveratrol lowered the MRI-detected 

plaque count 4-fold to 4 in the representative slice shown in Fig. 4B, while the average 

decrease over the entire 3.84 mm sampled brain region was 6.3-fold, resulting in a treatment 

ratio of 0.16 (Table 1), which is the ratio (R = T/C) of the plaque density in the drug treated 

group to that in the control, untreated animals.

SPION enhancement of MRI-detected plaques in the brains of AβPP/PS1 transgenic mice

The conspicuity of the plaques markedly increased, as previously reported [20], when the 

mice were injected with BBB-permeable anti-AβPP-conjugated SPIONs (Fig. 4C). This was 

revealed by the Z-score increase for the plaques from 5.1, in the non-SPION-injected mice, 

to 8.0 in the brains from the SPION-injected mice (Table 1). The number (32) of MRI-

detected plaques in the representative image slice from the brain of a SPION-injected mouse 

shown in Fig. 4C were greater than those (16) found without SPIONs (Fig. 4A) in the 3.84 

mm thick region sampled. The average SPION enhancement ratio of 1.93 (Table 1) reflected 

the increase in the number of MRI-detected plaques across the brain and indicated that these 

SPIONs penetrated the BBB [20] and were therefore useful as targeted contrast agents that 

could be used to determine the response of Aβ plaques in the brains of these AβPP/PS1 Tg 

mice to drug treatment. The effect of treatment with LD55 on the plaque density could 

readily be obtained by using the anti-AβPP conjugated SPIONs to increase the plaque 

detection efficiency. SPION-enhanced MRI showed that the number of MRI-detected 

plaques in a representative image slice from an LD55-treated mouse dropped 8-fold, from 

32 (Fig. 4C) without drug treatment to only 4 (Fig. 4D) when the mouse was fed LD55 at 

100 ppm for 12 months. The average SPION enhancement ratio for the LD55 treated 
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animals was 2.38 (Table 1), again showing the usefulness of SPIONs for increasing the 

conspicuity of the plaques.

The 3D distribution of MRI-detected plaques in the Tg mouse brain

The MRI studies produced hundreds of images for measurement, like those shown in Fig. 4. 

It was impractical to include these large numbers of images here, so we sought a method for 

extracting the plaque parameters from the MR images so that these could be displayed in 

summary form within the brain. We wrote a Mathematica® notebook to display the entire 

three-dimensional MRI-detected plaque distribution from a single brain [20] within a 

surface-rendered mouse brain. The complete, 3D plaque distributions produced with the aid 

of this notebook are shown in Fig. 5 in which 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 distributions 

may be rotated and viewed in 3D with the aid of the Mathematica® CDF player as a browser 

add-in (see Supplementary material for details).

Application of this Mathematica® code to the MRI data from a representative transgenic 

mouse brain without drug, contrast agent, or SPION treatment (a slice of whose MR image 

is given in Fig. 4A) illustrated (Fig. 5A) the detection of a total of 327 Aβ plaques, whose 

average Z-score was Z = 5.1 (Table 1). In accord with the optical histological results shown 

in Fig. 10A (vide infra), a large number of MRI detected plaques were found in the cortex, 

caudoputamen, hippocampus, and thalamus of this brain (Fig. 6A). The more distal portions 

of this brain were not imaged because they were outside the MR surface coil’s limited axial 

field of view (3.84 mm).

Effect of resveratrol on the 3D distribution of MRI-detected brain plaques

We next turned to an examination of the result of resveratrol treatment on the 3D 

distribution of MRI-detected plaques in the Tg mouse brain without contrast agents. Among 

its several effects in biological tissues, resveratrol has been shown by us [43] and others [40, 

44] to inhibit NF-κB and to lower plaque density in Tg mice [55]. We therefore measured 

the plaques in the brains from mice treated with resveratrol in order to show that high-field 

MRI could not only detect plaques [14–20], but that it was also useful for monitoring drug 

treatments. The 3D plaque distribution in the brain from an animal fed 100 ppm resveratrol 

for 12 months (Fig. 5B) showed a ~6-fold reduction in plaque number to 55 compared to the 

control value of 347 (Table 1; n = 3, p < 0.0002 with respect to the untreated Tg controls). It 

was interesting to note that MRI of resveratrol treated mice showed predominantly the 

remaining higher Z-score thalamic plaques.

SPION enhancement of the 3D distribution of MRI-detected plaques

As we have shown previously [20], injection of amyloid-targeted, BBB-permeable SPIONs 

into the circulation of Tg AD mice led to an approximate doubling (Table 1) of the MRI-

detected plaques (compare Fig. 4A with 4C). The 3D MR image of a brain (Fig. 5C) from a 

representative control, non-drug-treated Tg AD mouse injected with SPIONs showed a 

significant increase in both the number, from an average of 347 to 668 (p < 0.0001 versus 
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control) and the Z-score, from 5.1 to 8.0 (p < 0.0001 versus control) of the detected lesions 

compared with the control transgenic mice without SPION injection (Fig. 5A; Table 1). 

Most of the MRI-detected lesions appeared in the cortex, but by comparing the data in Fig. 

5A with that in Fig. 5C, it can be appreciated that the SPIONs also enhanced the MRI 

conspicuity (Z-score) of plaques in other brain areas as well. Injection of control, anti-Tau 

SPIONs targeted with the same isotype antibody as the anti-AβPP SPIONs into the 

circulation of Tg AD mice produced 3D plaque distributions indistinguishable in number 

and Z-score from the controls, showing that our targeting of the amyloid plaques was robust 

and specific [20].

SPION enhancement of the effect of LD55 on the MRI-detected 3D plaque distribution

LD55 was synthesized [43] as a resveratrol analogue that lacked resveratrol’s hydroxyl 

groups (Fig. 1) in order to determine if resveratrol’s putative antioxidant properties played a 

dominant role in its reported action on plaque density. In fact, we found that LD55 was a 

significantly more potent inhibitor of NF-κB than resveratrol [43], and since resveratrol has 

been found to lower plaque density in Tg AD mice (vide supra and [55]), we sought to 

measure the effect of LD55 treatment on the distribution of MRI-detected plaques in the Tg 

mouse brain using our targeted SPIONs. The 3D distribution of MRI-detected plaques in the 

brains of mice fed 100 ppm LD55 for 12 months and treated with anti-AβPP SPIONs for 24 

h before sacrifice (Fig. 5D) showed a significant (3.2-fold) decrease in the total number of 

SPION-enhanced, MRI-detected plaques (Table 1) from 668 to 209 (p < 0.0009; compare 

Fig. 5C with 5D) and an increase in their average Z-score from 4.6 to 7.6 (Table 1; p < 

0.0001). This increase in the Z-score, against a lowering of the number of MRI-detected 

plaques, shows that our amyloid-targeted SPIONs are efficacious for measuring the effects 

of drugs on plaque density in Tg AD mice.

Effect of NF-κB inhibitors on the regional distribution of MRI-detected plaques

Even though the MR imaging did not sample the entire brain volume, it was still possible to 

measure the regional distribution of plaques within the 3.84 mm axially observed region. 

The majority (~70%) of the MRI-detected plaques, without SPION enhancement, were 

found in the cortex (Fig. 6A), while the remainder were distributed between the 

caudoputamen (~5%), hippocampus (~14%), and the thalamus (~10%). Treatment with 

resveratrol lowered the density of the MRI-detected plaques by 10-fold in the cortex, and by 

19-fold in the caudoputamen, while completely eliminating these plaques in the 

hippocampus (Table 3). Plaques in the thalamus, on the other hand appeared to resist 

resveratrol’s influence, experiencing only a 1.2-fold decrease (Table 3). This cortical 

reduction was larger than that seen in the optical plaque data (Table 3; vide infra; Fig. 10A) 

where a ~2-fold reduction in plaque density was observed. It appears that MRI is most 

sensitive to the largest plaques, while the optical techniques reveal the entire ensemble of 

plaques, regardless of size.

Injection of anti-AβPP conjugated SPIONs into the mice resulted in an approximate 

doubling in the number of MRI-detected plaques in all MRI-sampled brain regions (Table 1; 

Fig. 6B). SPION-enhanced MRI also showed that treatment of the mice with LD55 reduced 

the total number of MRI-detected plaques in the cortex by ~3-fold with similar reductions 
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seen across the other MRI-sampled brain regions (Table 4; Fig. 6B). However, since 

SPIONs were present, the average Z-score increased to 7.6 from the control value of 4.6 

(Table 1; p < 0.02). The magnitude of these reductions closely resembled those seen in the 

optically-measured data (Table 4; vide infra; Fig. 10A). It is clear that MRI can be used to 

non-invasively monitor plaque burden and that it is sensitive to alterations in this burden 

resulting from drug treatment. SPION enhancement is an important advance in MRI 

detection of plaque burden since it reveals a larger number of plaques than found with 

unenhanced MRI, and it also reveals the effects of drug treatment.

Integral Z-score distributions for MRI-detected plaques

Examination of the distribution of Z-scores from the MRI data among brains from the 

transgenic mice imaged for this study revealed interesting trends. The integral distribution of 

Z-scores (Fig. 7) provided a good view of both the total number of plaques and the 

maximum Z-score value attained in the various brains. For the control Tg AD animals, 

untreated with either drugs or SPIONs, the total number of MRI-detected plaques per 3.84 

mm axial brain region was 347, with a mean Z-score of 5.1, and a maximum Z-score of 24 

(Table 1; Fig. 7A, Blue curve). Treatment with resveratrol (without SPIONs) lowered the 

number of MRI-detected plaques 6-fold and the maximum Z-score to only 12 (Table 1; Fig. 

7A, Red curve). Treatment of these animals with resveratrol appeared to selectively remove 

the high-Z plaques, except in the thalamus (Fig. 6A).

The presence of anti-human AβPP antibody-conjugated SPIONs increased both the total 

number of MRI-detected plaques (Fig. 7B; Blue curve) and the maximum Z- score for the 

mice by ~1.7-fold to 41 (Table 1; p < 0.02) for the mice not treated with drugs. Treatment 

with LD55 (and SPIONs) lowered the MRI-detectable plaques by 3-fold, from 668 to 209, 

and reduced the maximum Z-score to 24 (Fig. 7B; Green curve). Once again, treatment of 

these animals with the plaque-lowering drug, LD55, appeared to selectively remove the 

high-Z plaques, except in the thalamus (Fig. 6B).

Optical measurement of plaques in AβPP/PS1 Tg mouse brains

Although the data presented above indicate that SPION-enhanced MRI had significant 

potential for non-invasively studying the effects of drugs on the distribution of plaques in 

AD brains, we believed that the results of this novel application of MRI should be vetted, as 

far as possible, by comparison against another, well-established technique. Also, due to 

temporal and economic constraints, we were not able to use MRI to measure all of the 

potential combinations of drug treatments and SPIONs. Therefore, we turned to optical 

microscopy, which has been used for more than 100 years in the study of AD, as a standard 

against which the MRI results could be compared for all of the drug treatments. Optical 

microscopy had the advantages of superior resolution and simultaneous interrogation of 

brain sections for multiple specific molecules of interest. In particular, it was of considerable 

interest to examine the effects of resveratrol and LD55 on not only plaque density, but 

neuroinflammation as well. 3D models derived from the optical data could also be used to 

inform the choice of future targets for the SPIONs.
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The qualitative characteristics of both plaque and activated microglial distribution in Tg AD 

mouse brains were well-represented by the optical histology shown in Fig. 3, but 

considerable additional information could be gleaned from a quantitative analysis of brain 

section microscopy. Parameters of great importance for the MRI measurements were the 

actual sizes of the plaques themselves, and the extent of the microglial halo surrounding the 

plaques. Gaussian fits to measurements of the plaque radii derived from Thioflavin-S 

staining (Materials and Methods: Image Analysis) gave mean values of 8.5 μm, with a width 

of 5 μm (Table 2; Fig. 8A; Blue curve). These plaque sizes compared favorably with data 

measured postmortem from the brains of humans diagnosed with AD [20]. The majority of 

the plaques (>90%) had areas less than 300 μm2 but there were plaques as large as 3554 

μm2, which corresponded to MRI susceptibility shifting regions almost 70 μm in diameter. 

This is congruent with our MRI measurements that indicated the area of perturbed water 

surrounding a plaque was on the order of 2–4 pixels of 60 μm within the slice.

Optical measurement of microglial activation in AβPP/PS1 Tg mouse brains

Since the activated microglia appeared to surround the plaques and to be associated with 

them, we measured the distances from the center of a plaque to each of the Iba-1 stained 

microglia in the vicinity. The radial distribution of activated cortical microglia (Fig. 3D–F) 

suggested that the microglia surrounded the plaques but that no processes actually reached 

the dense core at the center. These impressions were confirmed by the measured radial 

distributions of cortical microglia surrounding a large number of plaques (Fig. 8A; Red 

curve). When 466 cortical microglial distances were measured in animals without drug 

treatment, the results showed (Fig. 8A) that less than 3% of the microglia were associated 

with the plaque core and that 50% of the activated microglia were contained within a ring 

with a radius of 32 μm (Table 2; Figs. 8A, B and 9A). The number of microglia at a given 

radius from the center of a plaque could be described by a sum of three Gaussians 

representing three rings of microglia (Table 2): a proximal ring 28 μm from the plaque core 

containing 64% of the total, a medial ring at 54 μm containing 24%, and a distal ring at 110 

μm containing 12% (Fig. 8A). These features were used to generate a three-dimensional 

quantitative model of the plaques and the surrounding inflammatory cells (Fig. 8B). The 

proximal ring represented the halo of activated microglia closely associated with the 

plaques, and they were seen to surround, rather than to engulf the central plaques. The large 

distal ring of activated microglia would then constitute an attractive MRI target for anti-

Iba-1 conjugated SPIONs. We have used this information to construct and use such anti-

Iba-1 conjugated superparamagnetic FePt nanoparticles [63] to successfully image 

neuroinflammation in work to be reported separately.

Treatment with NF-κB inhibitors shrank the halo of cortical microglial activation

The effect on the halo of activated cortical microglia produced by treatment of the AβPP/

PS-1 transgenic AD mice with our trans-stilbene inhibitors of NF-κB was to quantitatively 

reduce the number of the microglia associated with the plaques (Table 2; Fig. 8A, C, E). We 

fit the radial distribution of microglia in the brains of the drug treated mice to the sum of 

three Gaussians, whose parameters are given in Table 2. These fits were characterized by 

their amplitudes, mean radii, and widths, which enabled us to generate 3D quantitative 

models of the association of the activated microglia with the plaques (Fig. 8B, D, F). 
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Treatment with resveratrol reduced the radius of the proximal microglial ring from 28 to 16 

μm (Table 2; Figs. 8C, D and 9A) (n = 232), while similar treatment with LD55 reduced the 

radius of the proximal halo to 22 μm (Table 2; Figs. 8E, F and 9A) (n = 296) as also 

indicated by the change in the spatial dependence of the normalized integral distributions of 

microglia (Fig. 9A). Also seen is a 3- to 6-fold reduction in both the plaque and microglial 

numbers in the cortex (Fig. 8C, E) compared with the untreated mice (Fig. 8A) congruent 

with the MRI results presented earlier (Table 1; vide supra; Fig. 6).

In the face of a reduction of the proximal microglial halo one would expect that fewer 

activated microglia would be associated with plaques in the drug-treated animals than in the 

control, untreated cohort. The data in Table 2 as well as radial integration of the 3D 

Gaussian models in Fig. 8B, D, and F supported this expectation (Fig. 9B) where it was seen 

that both resveratrol and LD55 reduced the number of activated microglia as a function of 

distance at every measured point from the plaque center. It is interesting that activated 

microglia could be detected as far away as 110 μm from the plaque center in the control 

animals (Fig. 9B) and that treatment with either drug almost completely abolished this distal 

ring of activation (Table 2).

NF-κB inhibitors reduce plaques and activated microglia across the brain

Since cortical plaque formation in these AD transgenic mice was closely correlated with 

microglial activation, it was of interest to determine if the inhibition of the primary pro- 

inflammatory pathway involving NF-κB would alter this inflammation and what effect this 

would have on the plaque density and corresponding inflammation across the entire brain. 

One explanation for the cortical data in the previous section is that treatment with either 

resveratrol or LD55 lowers the number of activated microglia in the entire brains of the 

examined mice. We confirmed this by measuring the areal densities of both activated 

microglia and plaques in our animal cohort. The optical microscopy data showed (Fig. 10A) 

that treatment with resveratrol or LD55 lowered plaque density from an untreated value of 

54 plaques/mm2 to 25 and 20 plaques/mm2 respectively, when an average was taken over 

the brain regions most heavily affected by plaques (the olfactory bulb, cortex, hippocampus, 

thalamus, and cerebellum; See also Tables 3 and 4). This was in line with the MRI results 

(Fig. 6) that showed a similar, profound drop in plaques upon drug treatment. This reduction 

in optically-detected plaques amounted to a factor of 3 (Treatment ratio = 0.33; Table 3) for 

resveratrol and 2.6–4.0 (Treatment ratio = 0.25–0.39; Table 4) for LD55.

Treatment with our trans-stilbene NF-κB inhibitors also led to an average 3.7 ± 0.2-fold 

reduction (average treatment ratio = 0.27; Tables 5 and 6) in activated microglial density 

that was seen across all of the affected brain regions (Fig. 10B); the reduction caused by 

resveratrol was statistically indistinguishable from that found for the LD55-treated mice. It 

should be noted that the brain region most heavily affected by neuroinflammation, the 

hippocampus, experienced a larger 4.8 ± 0.2-fold (average treatment ratio = 0.21; Tables 5 

and 6) statistically-significant (p < 0.0001) reduction in activated microglial density than the 

other major brain structures.
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Relationship between plaques and microglia in all brain regions

The data presented so far suggest two additional questions: Does inhibition of NF-κB 

account for the reduction of plaque and microglial activation, and what is the relationship 

between both of these pathological features in the presence of NF-κB inhibitors. Since the 

data on plaque and microglial reductions with drug treatment show that both processes 

decrease in tandem, it was useful to examine their relationship. It is likely that plaques 

induce the activation of microglia; under these circumstances, one would expect to observe a 

direct correlation between the two. The data (Fig. 11) indicate that the areal densities of the 

plaques and the inflammatory cells are directly correlated; as the plaques increase so do the 

activated microglial cells, and vice versa. When either plaques or microglial are reduced by 

drug treatment the other is also concomitantly reduced for all major brain regions.

DISCUSSION

In the present study, we demonstrated that long-term dietary supplementation with a low 

dose of 0.01% (100 ppm by weight) of either of the two trans-stilbene inhibitors of NF-κB, 

resveratrol or LD55, produced substantial concomitant reductions in plaque density and 

microglia activation across the entire Tg AD mouse brain, including the hippocampus, 

indicating that there may be a correlation between microglial activation and plaque 

deposition and that inflammation may inhibit microglial mediated plaque clearance. Our 

novel trans-stilbene, LD55, achieved equal efficacy as resveratrol in lowering brain plaque 

density even though LD55 lacked the hydroxyl groups and antioxidant activity of resveratrol 

(Fig. 1).

Both the MRI and optical measurements showed that treatment with either resveratrol or 

LD55 led to profound reductions of 2-, to >15-fold (Treatment ratios of <0.07–0.50) in 

plaque density in the hippocampus (Tables 3 and 4; Figs. 6A, B and 10A). In the case of 

resveratrol, these findings differed significantly from the results obtained by others on Tg 

AD mice [30, 55, 56]. For example, when Karuppagounder et al. [55] fed Tg19959 mice 

0.2% resveratrol (2000 ppm) by dietary supplementation (which the authors equated to a 

mouse dose of 300 mg/Kg), for ~7 weeks, beginning at seven weeks of age, a reduction in 

plaque loads was observed in certain areas of the brain, such as the cortex (−48%; R = 0.52) 

striatum (−89%; R = 0.11), and hypothalamus (−90%; R = 0.10), but no effect was observed 

on plaque load in the hippocampus (Table 3). In this study, the equivalent human dose was 

estimated to be 24 mg/Kg, or roughly, 1.7 g/day. In another study [56], AβPP/PS1 Tg mice 

were fed 0.35 % (3500 ppm) resveratrol (which these authors equated to a mouse dose of 

~360 mg/Kg) in the diet for 15 weeks resulting in a 42% (R = 0.58) reduction in plaque 

number in the cerebral cortex with again no observed reduction in the hippocampus (Table 

3).

A recent study by this group also demonstrated that oral administration of 0.35% (3500 

ppm) resveratrol to 15 week old mice for 15 weeks lowered microglia activation in the 

cortex by about 40% (R = 0.60; Table 5) [30], whereas we observe a much larger treatment 

effect (R = 0.23 ± 0.06, Table 5). The major differences between our study and these 

previous studies included our low 0.01% concentration of resveratrol (and LD55) and the 

one-year exposure to these compounds, beginning with very young animals. Our results, 
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using these low doses, showed a much larger reduction in inflammation encompassing the 

cortex, hippocampus and thalamus (Tables 5 and 6).

Our quantitative evaluation of plaques and activated microglia allowed us to conclude that 

activated microglia were physically associated with plaques, rather than dispersed 

throughout the brain. Although microglia interact with the fibrous portion of Aβ, it is not 

clear that they penetrate as far as the core of the plaque. By measuring plaque sizes and 

distances from the center of the plaques to the associated activated microglia, we observed 

that microglia surrounded the plaques but did not extend into the core of the plaques. In 

addition, treatment with either resveratrol or LD55 reduced the number of plaques, 

decreased the sizes of the plaques, and at the same time decreased the number of plaque-

associated, activated microglia. In addition, the distribution of activated microglia around a 

plaque could be fit mathematically to quantitative, 3D mathematical models of both Aβ 

plaque density and microglial activation. These models were used to relate the trans-

stilbene-induced reductions in these pathological markers to the spatial relationship between 

plaque and activated microglia. The activated microglia appeared in three concentric rings at 

different distances from the core of the plaques, with about 65% of the activated microglia 

contained within the first ring and only a small fraction (<3%) found near the plaque core 

(Table 2; Fig. 8). These models were also useful in interpreting the MRI results in terms of 

the fraction of plaques visible by this method.

It has been suggested that, although microglia can clear peripheral plaque fibrils, they lack 

the ability to dispose of the dense cores of plaques [5]. The microglia’s processes penetrate 

into the fibrilar material of the plaque itself, pushing almost to the core (Fig. 2A). Processes 

appear to attach to the fibrous tendrils of the plaque to begin the process of phagocytosis, 

after which the internalized amyloid can been observed by confocal microscopy within the 

cytoplasm of the microglia (Fig. 3D). Treatment with either resveratrol or LD55 reduced the 

average distance between the activated microglia and the core of the plaques (Table 2; Fig. 

9A). This supports the idea that the rate of plaque deposition is a failure of flux and not of an 

inability of microglia to clear plaques [5, 61].

This is the first application of our novel BBB-permeable SPION technology [20] to the 

study of the effects of drug treatment on AD mice. SPION MRI showed plaque patterns 

which were confirmed using more traditional destructive optical methods. The small 

differences evident on comparing data between the plaques detected by the optical and the 

MRI methods in the caudoputamen and thalamus could be ascribed to the fact that the 

optical measurements were reported as areal densities in specific regions, while the MRI 

data were given as the total numbers of plaques per brain. The development of BBB-

permeable SPIONs enabled us to non-destructively monitor the 3-dimensional distribution 

of plaques within the brain in ex vivo specimens, a feature that is not possible with optical 

methods. Our 3D Mathematica® plots provided dramatic, quantitative demonstrations of the 

effects of drug treatment.

Since MRI is a non-destructive, non-invasive technology that is routinely used to image the 

brains of living mice, our findings support the possibility of using MRI in vivo, without 

sacrificing the animals, to follow the development of plaques and their amelioration by drug 

Solberg et al. Page 16

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment in a longitudinal fashion. Our BBB-permeable SPIONs can also be targeted to 

almost any site of interest in the brain. For example, recent work in our laboratory has 

successfully targeted Iba-1 on activated microglia with FePt nanoparticles [63] to directly 

image neuroinflammation in vivo (to be reported separately). The fact that our SPIONs 

increased the number and conspicuity of MRI-detected plaques at high-field, combined with 

the knowledge that SPIONs perform even better as contrast agents at the lower magnetic 

fields available currently in clinics across the country, suggests that applications of this 

technology to lower-field MRI studies of human clinical patients may soon become feasible. 

This is important for drug development where one wishes to both detect the plaques in vivo 

and to determine the effect of an intervention. The fact that the SPIONs did not appear to be 

acutely toxic indicated that application of this technology to human patients might provide a 

major improvement in AD research [62].

In summary, our development of LD55 [43] focused specifically on identification of trans-

stilbenes that target the NF-κB pro-inflammatory signaling pathway in microglia. Our 

results with LD55 and resveratrol point to a close association between plaque density and 

neuroinflammation, consistent with the suggestion that microglia-dependent inflammation is 

driving plaque formation. We view LD55 as a viable lead compound for drug development 

and are pursuing the hypothesis that the effects of LD55 derive from its ability to inhibit the 

NF-κB signaling pathway in activated microglia. The present study also afforded the 

opportunity to test our recently developed SPION-enhanced MRI technology [20] to study 

the effects of resveratrol and LD55 on plaque accumulation and to confirm the results by 

optical microscopy of thioflavin-stained brain tissue sections.

This promises to be a major new methodology to study the effects of potential AD drugs in 

live animals and to monitor the effects of drugs longitudinally on brain inflammation of 

plaque accumulation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparison of the chemical structures of the trans-stilbene based inhibitors of NF-κB used 

in this study. Resveratrol, ((E)-3,5,4′-trihydroxystilbene), and the novel NF-κB inhibitor, 

LD55, ((E)-2-fluoro-4′-methoxystilbene).
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Fig. 2. 
Fluorescence microscopy of AβPP/PS1 Tg AD mouse brain in sagittal cross-section. A) A 

control AβPP/PS-1 transgenic stained for plaques with Thioflavin-S (Green), with anti-Iba-1 

to show activated microglia (Red), and DAPI (Blue) to show the cell nuclei. B) A whole 

brain from an AβPP/PS-1 Tg AD mouse treated with resveratrol (stained as in A). C) A 

whole brain from an AβPP/PS-1 Tg AD mouse treated with LD55 (stained as in A). Note the 

reduction in plaque (Green) and activated microglia (Red) in B & C, which is particularly 

evident in the insets.
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Fig. 3. 
Histological examination of the effects of resveratrol and LD55 on plaque formation and 

microglial activation. A) Optical microscopic image of a brain section from a control AD 

mouse, without drug treatment, immunohistochemically stained for Aβ. Note the central 

plaque and the Aβ fibrils. The scale bar is 20 μm long. B) Optical microscopic image of a 

healthy, non-AD control mouse without drug treatment immunohistochemically stained for 

Aβ showing no plaque formation. The scale bar is 10 μm long. C) Optical microscopic 

image of a control AβPP/PS-1 Tg AD mouse brain (as in A) immunohistochemically stained 

for Iba-1 showing the activated microglia surrounding an Aβ plaque. The scale bar is 10 μm 
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long. D) Confocal microscopic image of a brain section from an AD mouse without drug 

treatment, stained as in Fig. 2A–C. Note the clustering of the activated microglia around the 

Aβ plaque and how their processes penetrate into the plaque and surround it. Amyloid is 

visible in the cytoplasm of the microglia. The scale bar is 10 μm long. E) Confocal 

microscopic image of a brain section (stained as in D) from an AD mouse treated with 

resveratrol. The scale bar is 10 μm long. F) Confocal microscopic image of a brain section 

(stained as in D) from an AD mouse treated with LD55. Note the smaller plaque radius 

(Green) and the attenuation of microglial activation (Red) in both E and F as compared with 

D. The scale bar is 10 μm long.
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Fig. 4. 
Effect of drug treatment on plaque density in SPION-enhanced 9.4 T MRI of the brains of 

AβPP/PS-1 transgenic AD mice. A) MRI of control, untreated brain showing 16 plaques in 

this slice. B) Image of the brain from an animal treated with resveratrol showing four 

plaques in this slice. C) MRI of a control, untreated brain from an animal injected with anti-

AβPP conjugated SPIONs showing 32 plaques in this slice. D) Image from the brain of an 

animal treated with LD55 and injected with anti-AβPP conjugated SPIONs showing four 

plaques in this slice.
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Fig. 5. 
Three-dimensional distribution of SPION-enhanced, MRI-detected plaques in the brains of 

AβPP/PS-1 transgenic AD mice: Effect of drug treatment. A) Control 3D distribution of 

plaques in the brain of a mouse without drug treatment showing 327 plaques. B) 3D 

distribution of plaques in the brain of a mouse treated with resveratrol showing 55 plaques. 

C) Anti-AβPP SPION-enhanced 3D MRI distribution of plaques in the brain of a mouse 

without drug treatment showing 668 plaques. D) Anti-AβPP SPION-enhanced 3D MRI 

distribution of plaques in the brain of a mouse treated with LD55 showing 214 plaques. The 

size and color of each sphere is set in a rainbow scale and is proportional to the Zscore of the 

plaque located at that set of (x, y, z) coordinates measured from the MR images. Red 

corresponds to Z = 2.5, while purple codes Z = 20. The diameter of each sphere gives its Z-

score in these coordinates. Note how drug treatment led to a 3–6-fold reduction in MRI 

detected plaques and SPION treatment markedly increased the conspicuity of the plaques.
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Fig. 6. 
Regional distribution of SPION-enhanced, MRI-detected plaques in the brains of AβPP/

PS-1 transgenic AD mice: Effect of drug treatment. A) MRI data from brains without 

SPION enhancement revealed both control plaques (Blue bars) and the decrease in plaque 

number upon treatment with resveratrol (Red bars). Shown are the means and standard 

errors of the means (n = 6). B) Anti-AβPP SPION-enhanced MRI of the control, untreated 

mouse brains revealed large numbers of plaques (Blue bars) in the cortex, caudoputamen, 

and thalamus, which markedly decreased upon treatment of the mice with LD55 (Green 

bars).
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Fig. 7. 
Effect of drug treatment on the integral distribution of Z-scores from SPION enhanced MRI 

of brains from the AβPP/PS-1 Tg transgenic AD mice. A) Integral frequency distribution of 

the MRI Z-score data in the absence of SPION injection. Blue diamonds indicate data from 

control mice without drug treatment; Red squares denote the data from mice treated with 

resveratrol. Drug treatment lowers both the number of plaques (see text) and their maximum 

Z score from 24 to 12. B) Integral frequency distribution of the MRI Z-score data from mice 

injected with antihuman AβPP conjugated SPIONs. Blue squares indicate data from mice 

injected with anti-human AβPP conjugated SPIONs, but without drug treatment; Green 

triangles reflect treatment with both LD55 and anti-human AβPP conjugated SPIONs. Note 

how drug treatment led to a 3–6-fold reduction in MRI detected plaques and SPION 

treatment increased the conspicuity of the plaques; the SPION injected mice displayed twice 

as many lesions (B; Blue squares) as the control mice (A; Blue diamonds).

Solberg et al. Page 29

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Frequency distributions of plaque radii and the distances from the center of a plaque to the 

center of an activated microglial cell in cortical brain sections from AβPP/PS-1 transgenic 

AD mice. A) The blue points are the measured frequencies of plaque radii for a total of 1243 

cortical plaques fitted to a Gaussian distribution with a mean of 8.5 μm and a width of 5 μm 

(Table 2). The red points are the measured distances from an activated microglia to the 

plaque center, while the red curve is a Gaussian fit with three components whose parameters 

are summarized in Table 2. The individual Gaussians are shown in green, while the residual 

of the fit is shown in purple. These and the following measurements were taken from 80 

optical histology sections each, like those shown in Fig. 3D–F. B) A 3D model of the radial 

distribution of microglia (rainbow colored rings) surrounding a plaque (the central green 

peak) derived from the measurements in A, showing the physical association of proximal, 

medial, and distal populations of microglia to the plaque. The model parameters were 

derived from the measurements in (A) and are summarized in Table 2. C) Frequency 

distributions from mice treated with resveratrol; the colors and meanings are the same as in 

(A). The red curve is a Gaussian fit with three components summarized in Table 2. D) A 3D 

model of the radial distribution of microglia (rainbow colored rings) surrounding a plaque 
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(the central green peak) derived from the measurements in C from animals treated with 

resveratrol. E) Frequency distributions from mice treated with LD55; the colors and 

meanings are the same as in (A). The red curve is a Gaussian fit with three components 

summarized in Table 2. F) A 3D model of the radial distribution of microglia (rainbow 

colored rings) surrounding a plaque (the central green peak) derived from the measurements 

in E from mice treated with LD55.
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Fig. 9. 
Effect of drug treatment on the radial distributions of activated cortical microglial cells in 

the brains of AβPP/PS-1 transgenic AD mice. A) Integral distribution of the percent of 

activated cortical microglia as a function of the distance from the center of a plaque in 

untreated, positive control AD mouse brain (Untreated: Blue diamonds; radius 

encompassing 50% of the total = 32 μm) and in the brains of AD mice treated with either 

resveratrol (Resveratrol: Red squares; 50% radius = 17 μm) or LD55 (LD55: Green 

triangles; 50% radius = 24 μm). Note that drug treatment reduces the proximal halo of 

activated microglia around the plaques. B) The number of microglia surrounding plaques as 

a function of distance from the nearest plaque in untreated, positive control AD mouse brain 
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(Untreated: Blue diamonds) and in the brains of AD mice treated with either resveratrol 

(Resveratrol: Red squares) or LD55 (LD55: Green triangles). Data taken from the three 

integrals of the Gaussian fits shown in Fig. 4A, C, F. Note that drug treatment uniformly 

reduces the halo of activated microglia around the plaques.
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Fig. 10. 
Effect of drug treatment on the regional distribution of plaque and activated microglial 

densities in the brains of AβPP/PS-1 transgenic AD mice. A) Plaque areal density and (B) 

Areal density of activated microglia, in control (Blue) Resveratrol-treated (Red) and LD55 

treated (Green) AD mice. Shown are the means and standard errors for n = 5–8 mice (see 

methods).
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Fig. 11. 
Effect of drug treatment on the relationship between plaque and activated microglial areal 

density in the brains of AβPP/PS-1 transgenic AD mice. Blue diamonds: Control, untreated 

mice; Red squares: resveratrol-treated mice; and Green triangles: LD55 treated mice. Shown 

are the means and standard errors for n = 5–8 mice (see methods).

Solberg et al. Page 35

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Solberg et al. Page 36

T
ab

le
 1

M
R

I 
de

te
ct

io
n 

of
 p

la
qu

es
 in

 c
on

tr
ol

 a
nd

 d
ru

g-
tr

ea
te

d 
T

g 
m

ou
se

 b
ra

in
, a

nd
 th

e 
en

ha
nc

em
en

t b
y 

SP
IO

N
s.

 T
he

 tr
ea

tm
en

t R
at

io
 (

T
/C

) 
is

 th
e 

ra
tio

 o
f 

pl
aq

ue
s 

de
te

ct
ed

 in
 th

e 
re

sv
er

at
ro

l a
nd

 L
D

55
-t

re
at

ed
 (

T
) 

m
ic

e 
ve

rs
us

 th
e 

un
tr

ea
te

d 
co

nt
ro

ls
 (

C
)

M
R

I-
de

te
ct

ed
 p

la
qu

es
SP

IO
N

-e
nh

an
ce

m
en

t 
R

at
io

T
re

at
m

en
t 

R
at

io
 (

T
/C

)
N

o 
SP

IO
N

s
+S

P
IO

N
s

N
um

be
r

<Z
-S

co
re

>
Z

m
ax

N
um

be
r

<Z
-S

co
re

>
Z

m
ax

C
on

tr
ol

+S
P

IO
N

s

U
nt

re
at

ed
34

7 
±

 4
5

5.
1 

±
 0

.2
24

 ±
 4

66
8 

±
 8

6
8.

0 
±

 0
.1

41
 ±

 3
1.

93
–

–

R
es

ve
ra

tr
ol

55
 ±

 8
5.

2 
±

 0
.2

12
 ±

 3
94

 ±
 1

4#
8.

2 
±

 0
.2

#
21

 ±
 5

#
1.

71
#

0.
16

0.
14

#

L
D

-5
5

88
 ±

 1
2#

4.
6 

±
 0

.6
#

15
 ±

 2
#

20
9 

±
 2

0
7.

6 
±

 1
.3

24
 ±

 4
2.

38
0.

25
#

0.
31

# V
al

ue
s 

im
pu

te
d 

fo
r 

co
m

pa
ri

so
n 

ba
se

d 
on

 th
e 

re
la

tio
ns

hi
ps

 in
 T

ab
le

s 
3 

an
d 

4 
be

tw
ee

n 
th

e 
M

R
I 

an
d 

th
e 

op
tic

al
 m

ea
su

re
m

en
ts

.

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Solberg et al. Page 37

T
ab

le
 2

Pr
op

er
tie

s 
of

 th
e 

G
au

ss
ia

ns
 u

se
d 

to
 f

it 
th

e 
ra

di
al

 d
is

tr
ib

ut
io

n 
of

 o
pt

ic
al

ly
-d

et
ec

te
d 

pl
aq

ue
s 

an
d 

ac
tiv

at
ed

 m
ic

ro
gl

ia
 in

 th
e 

un
tr

ea
te

d 
co

nt
ro

l, 
an

d 
dr

ug
-t

re
at

ed
 T

g 
m

ou
se

 b
ra

in
s.

 R
(5

0%
) 

is
 th

e 
ra

di
us

 f
ro

m
 th

e 

pl
aq

ue
 a

t w
hi

ch
 th

e 
in

te
gr

al
 o

f 
th

e 
di

st
ri

bu
tio

n 
co

nt
ai

ns
 h

al
f 

of
 th

e 
to

ta
l m

ic
ro

gl
ia

M
ic

ro
gl

ia

R
(5

0%
)

(μ
m

)
P

la
qu

es
P

ro
xi

m
al

M
ed

ia
l

D
is

ta

T
re

at
m

en
t

F
ra

ct
io

n
of

 t
ot

al
A

m
pl

it
ud

e
R

ad
iu

s
(μ

m
)

W
id

th
(μ

m
)

F
ra

ct
io

n
of

 t
ot

al
A

m
pl

it
ud

e
R

ad
iu

s
(μ

m
)

W
id

th
(μ

m
)

F
ra

ct
io

n
of

 t
ot

al
A

m
pl

it
ud

e
R

ad
iu

s
(μ

m
)

W
id

th
(μ

m
)

A
m

pl
it

ud
e

R
ad

iu
s

(μ
m

)
W

id
th

(μ
m

)

U
nt

re
at

ed
0.

64
94

28
13

0.
24

32
54

14
0.

12
10

11
0

24
32

10
4

8.
5

5

R
es

ve
ra

tr
ol

0.
64

23
16

9
0.

35
11

39
10

0.
01

0.
1

11
0

24
17

36
7

3.
5

L
D

-5
5

0.
7

40
22

12
0.

23
13

45
12

0.
07

2
90

24
24

34
7.

2
4.

1

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Solberg et al. Page 38

T
ab

le
 3

E
ff

ec
t o

f 
re

sv
er

at
ro

l t
re

at
m

en
t o

n 
th

e 
A

β 
pl

aq
ue

s 
in

 T
g 

m
ou

se
 b

ra
in

R
es

ve
ra

tr
ol

 d
os

e 
(p

pm
)

B
ra

in
 r

eg
io

n
A

β 
pl

aq
ue

s 
(c

on
tr

ol
)

A
β 

pl
aq

ue
s 

(t
re

at
ed

)
T

re
at

m
en

t 
ra

ti
o 

(T
/C

)
M

et
ho

d
So

ur
ce

10
0

C
au

do
pu

ta
m

en
19

1
0.

05
M

R
I

Fi
g.

 6
A

10
0

C
or

te
x

24
4

22
0.

09
M

R
I

Fi
g.

 6
A

10
0

C
or

te
x

73
/m

m
2

39
/m

m
2

0.
53

O
pt

ic
al

Fi
g.

 1
0A

20
00

C
or

te
x

0.
92

%
0.

48
%

0.
52

O
pt

ic
al

[5
5]

35
00

C
or

te
x

9/
se

ct
io

n
4.

7/
se

ct
io

n
0.

58
O

pt
ic

al
[5

6]

10
0

H
ip

po
ca

m
pu

s
48

0
0

M
R

I
Fi

g.
 6

A

10
0

H
ip

po
ca

m
pu

s
77

/m
m

2
36

/m
m

2
0.

48
O

pt
ic

al
Fi

g.
 1

0A

20
00

H
ip

po
ca

m
pu

s
0.

41
%

0.
41

%
1.

0
O

pt
ic

al
[5

5]

35
00

H
ip

po
ca

m
pu

s
6/

se
ct

io
n

6/
se

ct
io

n
1.

0
O

pt
ic

al
[5

6]

20
00

H
yp

ot
ha

la
m

us
0.

14
%

0.
01

4%
0.

10
O

pt
ic

al
[5

5]

10
0

T
ha

la
m

us
36

30
0.

83
M

R
I

Fi
g.

 6
A

10
0

T
ha

la
m

us
60

/m
m

2
27

/m
m

2
0.

45
O

pt
ic

al
Fi

g.
 1

0A

20
00

St
ri

at
um

0.
13

%
0.

01
2%

0.
11

O
pt

ic
al

[5
5]

10
0

W
ho

le
 B

ra
in

10
4

36
0.

35
O

pt
ic

al
Fi

g.
 8

 C
,E

 a
nd

 T
ab

le
 2

10
0

W
ho

le
 3

.8
4 

m
m

 r
eg

io
n

34
7

55
0.

16
M

R
I

T
ab

le
 1

A
ve

ra
ge

 =
0.

23
 ±

 0
.3

4
M

R
I

T
hi

s 
w

or
k 

on
ly

A
ve

ra
ge

 =
0.

45
 ±

 0
.0

8
O

pt
ic

al
T

hi
s 

w
or

k 
on

ly

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Solberg et al. Page 39

T
ab

le
 4

E
ff

ec
t o

f 
L

D
55

 (
10

0 
pp

m
) 

tr
ea

tm
en

t o
n 

A
β 

pl
aq

ue
s 

in
 T

g 
m

ou
se

 b
ra

in

T
re

at
m

en
t 

(±
 S

P
IO

N
s)

B
ra

in
 r

eg
io

n 
de

ns
it

y 
(c

on
tr

ol
)

A
β 

pl
aq

ue
 d

en
si

ty
 (

tr
ea

te
d)

A
β 

pl
aq

ue
T

re
at

m
en

t 
ra

ti
o 

(T
/C

)
M

et
ho

d
So

ur
ce

L
D

55
C

or
te

x
73

/m
m

2
32

/m
m

2
0.

44
O

pt
ic

al
Fi

g.
 1

0A

L
D

55
H

ip
po

ca
m

pu
s

77
/m

m
2

24
/m

m
2

0.
31

O
pt

ic
al

Fi
g.

 1
0A

L
D

55
W

ho
le

 B
ra

in
10

4
34

0.
33

O
pt

ic
al

Fi
g.

 8
 C

,E
 a

nd
 T

ab
le

 2

L
D

55
 +

 S
PI

O
N

s
C

au
do

pu
ta

m
en

21
2

0.
09

M
R

I
Fi

g.
 6

B

L
D

55
 +

 S
PI

O
N

s
C

or
te

x
45

3
14

5
0.

32
M

R
I

Fi
g.

 6
B

L
D

55
 +

 S
PI

O
N

s
H

ip
po

ca
m

pu
s

10
1

7
0.

07
M

R
I

Fi
g.

 6
B

L
D

55
 +

 S
PI

O
N

s
T

ha
la

m
us

93
55

0.
59

M
R

I
Fi

g.
 6

B

L
D

55
 +

 S
PI

O
N

s
B

ra
in

 s
lic

e 
di

sp
la

ye
d

32
4

0.
13

M
R

I
Fi

g.
 4

C
&

D

L
D

55
 +

 S
PI

O
N

s
W

ho
le

 3
.8

4 
m

m
 r

eg
io

n
66

8
20

9
0.

31
M

R
I

Fi
g.

 5
D

 a
nd

 T
ab

le
 1

A
ve

ra
ge

 =
0.

25
 ±

 0
.2

0
M

R
I

A
ve

ra
ge

 =
0.

36
 ±

 0
.0

7
O

pt
ic

al

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Solberg et al. Page 40

T
ab

le
 5

E
ff

ec
t o

f 
re

sv
er

at
ro

l t
re

at
m

en
t o

n 
ac

tiv
at

ed
 m

ic
ro

gl
ia

 in
 T

g 
m

ou
se

 b
ra

in

R
es

ve
ra

tr
ol

 d
os

e 
(p

pm
)

B
ra

in
 r

eg
io

n
A

ct
iv

at
ed

 m
ic

ro
gl

ia
 (

co
nt

ro
l)

A
ct

iv
at

ed
 m

ic
ro

gl
ia

 (
tr

ea
te

d)
T

re
at

m
en

t 
ra

ti
o 

(T
/C

)
M

et
ho

d
So

ur
ce

10
0

C
or

te
x

99
16

0.
19

O
pt

ic
al

Fi
g.

 1
0B

35
00

C
or

te
x

10
/p

la
qu

e
6/

pl
aq

ue
0.

60
O

pt
ic

al
[3

0]

10
0

H
ip

po
ca

m
pu

s
47

1
84

0.
18

O
pt

ic
al

Fi
g.

 1
0B

10
0

T
ha

la
m

us
12

1
38

0.
31

O
pt

ic
al

Fi
g.

 1
0B

10
0

W
ho

le
 B

ra
in

13
6

34
0.

25
O

pt
ic

al
Fi

g.
 8

 C
,E

 a
nd

 T
ab

le
 2

A
ve

ra
ge

 =
0.

23
 ±

 0
.0

6
O

pt
ic

al
T

hi
s 

w
or

k 
on

ly

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Solberg et al. Page 41

T
ab

le
 6

E
ff

ec
t o

f 
L

D
55

 tr
ea

tm
en

t o
n 

ac
tiv

at
ed

 m
ic

ro
gl

ia
 in

 T
g 

m
ou

se
 b

ra
in

L
D

55
 d

os
e 

(p
pm

)
B

ra
in

 r
eg

io
n

A
ct

iv
at

ed
 m

ic
ro

gl
ia

 (
co

nt
ro

l)
A

ct
iv

at
ed

 m
ic

ro
gl

ia
 (

tr
ea

te
d)

T
re

at
m

en
t 

ra
ti

o 
(T

/C
)

M
et

ho
d

So
ur

ce

10
0

H
ip

po
ca

m
pu

s
47

1/
m

m
2

11
4/

m
m

2
0.

24
O

pt
ic

al
Fi

g.
 1

0B

10
0

W
ho

le
 B

ra
in

13
6

55
0.

40
O

pt
ic

al
Fi

g.
 8

C
, E

 a
nd

 T
ab

le
 2

A
ve

ra
ge

 =
0.

32
 ±

 0
.1

1
O

pt
ic

al

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 23.


