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ABSTRACT: Alzheimer’s disease (AD) is a devastating neurodegenerative NH, Ruthenium Red | +6
disease most notably characterized by the misfolding of amyloid-# (Af) into HeN v, R

fibrils and its accumulation into plaques. In this Article, we utilize the affinity HN | \0\ | aNH,

of Ap fibrils to bind metal cations and subsequently imprint their chirality to NHZHZN(T\O\ e N
bound molecules to develop novel imaging compounds for staining Af NH; - (Fllu;NHz

aggregates. Here, we investigate the cationic dye ruthenium red
(ammoniated ruthenium oxychloride) that binds calcium-binding proteins,
as a labeling agent for A deposits. Ruthenium red stained amyloid plaques
red under light microscopy, and exhibited birefringence under crossed
polarizers when bound to Ap plaques in brain tissue sections from the
Tg2576 mouse model of AD. Staining of Af plaques was confirmed via
staining of the same sections with the fluorescent amyloid binding dye
Thioflavin S. In addition, it was confirmed that divalent cations such as
calcium displace ruthenium red, consistent with a mechanism of binding by electrostatic interaction. We further characterized the
interaction of ruthenium red with synthetic Af fibrils using independent biophysical techniques. Ruthenium red exhibited
birefringence and induced circular dichroic bands at 540 nm upon binding to Af fibrils due to induced chirality. Thus, the
chirality and cation binding properties of A aggregates could be capitalized for the development of novel amyloid labeling
methods, adding to the arsenal of AD imaging techniques and diagnostic tools.

3 Birefringent Staining "
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Izheimer’s disease (AD) is a devastating neurodegener- to fit into the binding site of the Af fibril. ¥ Binding of these

ative disease that is characterized by the pathological molecules to Af aggregates freezes their structure and changes
accumulation of misfolded amyloid proteins, such as amyloid-f their microenvironment, producing a change in their properties
(Ap) in extracellular amyloid plaques, and hyperphosphorylated (e.g, fluorescence intensity, color, and polarization among
tau as intracellular neurofibrillary tangles. The transition of others) that can be utilized for staining. Of the many
monomeric A to misfolded, fibrillar AB plays an important aforementioned properties, cationic character is of great interest
role in the pathology of AD." New technologies now allow the to us, since Af fibrils and plaques readily bind cationic dyes and
identification of such misfolded proteins in plaques, and more metal ions. For example, several cationic dyes such as rosaline
recently plaques and tangles, by using imaging/labeling dyes (crystal violet and methyl violet), alcian blue, Thioflavin T,
compounds.”® The identification of additional and novel and thiazine red have demonstrated high affinity to amyloid
compounds that would allow facile staining of amyloid plaques Plaquess’lz’13 as wells as cations such as calcium, iron, and
will only advance these technologies. In this paper, we take copper.'* Additionally, A aggregates can also bind metal
advantage of two features of Ap fibrils and plaques to develop complexes such as the dye cuprolinic blue'* and, as we have
novel imaging compounds: (i) their affinity for cationic species previously demonstrated, ruthenium(II) dipyridophenazine
and (i) their ability to imprint their chirality to bound cornplexes.16 Thus, binding of cationic compounds and metal
compounds.

Amyloid binding compounds contain certain general Received: June 15, 2012
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complexes to Af plaques represent an exploitable research
avenue.

Also of interest are the changes in the photophysical
properties of molecular probes when bound to Af fibrils.
Upon binding to Ap fibrils, many molecules suffer restriction in
their conformational or rotational freedom. This concept is of
great importance in the design of Af3 aggregate binding agents.”
For example, the restriction of rotational freedom is the main
reason for the light switching properties of Thioflavin T, one of
the most used dyes for fluorescent labeling of Ap
deposits.¥>*~'! In addition to fluorescence, binding of certain
compounds to amyloid fibrils could result in birefringence.
Birefringence occurs when the chirality of the Af fibrils is
imprinted into the bound achiral dye, with a consequential
change in the optical rotatory dispersion of the dye, which is
termed the Cotton effect.'” Birefringence of the dye C0n§0 red
upon binding to Af fibrils and plaques is well-known,'” and
combined to its strong amyloid affinity makes it a useful
histological tool.'> This induced chirality can also be observed
by circular dichroism, with the appearance of circular dichroic
bands near the visible spectrum absorption maxima. Thus, both
cationic binding and conformational restriction leading to
chirality transfer can translate to novel amyloid binding and
imaging tools.

We aimed to determine if nonchiral cationic metal complexes
would bind to amyloid plaques and exhibit such birefringence.
Ruthenium red, a cationic complex of ammoniated ruthenium
oxychloride, was selected, as it has been used to stain calcium-
binding proteins in Western blots'®'? and as a contrast a§ent to
visualize amyloid plaques by electron microscopy.">" This
paper presents the first demonstration of ruthenium red
colorimetric and birefringent staining of amyloid plaques. We
demonstrated that ruthenium red histochemically labels plaques
within the brains of the Tg2576 mouse model of AD.
Furthermore, we showed that ruthenium red exhibits
birefringence under a cross-polarizer microscope when bound
to Ap fibrils in vitro and murine amyloid plaques. This is of
special interest, due to the wide usage of ruthenium red for
labeling and staining, which will provide a facile, rapid, and
inexpensive staining method of Af} aggregates. Furthermore, its
red color is an additional advantage for tissue examination. The
novelty of this research resides in using ruthenium red as a
colorimetric and birefringent staining agent for Af aggregates,
which to our best knowledge are unexplored uses for ruthenium
red. Furthermore, we expect that scientists commonly using
this staining will become aware that amyloid aggregates could
also be stained by ruthenium red, especially in tissues from
organs subject to amyloidogenic depositions such as heart, liver,
and pancreas.

B RESULTS AND DISCUSSION

Ruthenium red is a triad of ruthenium cations joined by oxygen
atoms in a nearly linear conformation (Figure 1A). The
ruthenium atoms are octahedrally coordinated, with amine
groups occupying positions not coordinated by the bridging
oxygens. In the X-ray structure, two ruthenium octahedra are
eclipsed and the third is rotated by 33°.>° Raman experiments
support a similar structure in solution, although it is likely that
when dissolved the amine group adopts a more staggered
conformation. Nonetheless, for practical purposes, ruthenium
red can be considered as a hexacationic molecular cylinder. The
intense red color of ruthenium red comes from its visible
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Figure 1. Ruthenium red structure and absorption spectrum. (A)
Ruthenium red schematic representation showing atom connectivity.
(B) UV—vis spectrum of ruthenium red in aqueous solution.

absorption spectrum with a strong band centered at ca. 540 nm,
and results in the transmission of red light (Figure 1B).

Our studies demonstrate that ruthenium red reversibly stains
Ap plaques in brain sections from the Tg2576 Alzheimer’s
disease mouse model (Figure 2). Ruthenium red staining of

Thioflavin S fluorescence

| calcium Destain

Figure 2. Optical microscopy of ruthenium red stained brain tissues.
(A) Optical image of 13 month old Tg2576 mice (n = 1) tissue section
stained with ruthenium red. Arrowheads point to stained amyloid
plaques. (B) Destaining of ruthenium red by Ca®* (250 mM solution).
(C) ThioS stained amyloid plaques in the same tissue sections. All
images were from the somatosensory cortex. The magnification is 20X,
and scale bar is 50 ym. Representative images from n = 5 Tg2576 mice
stained.

amyloid plaques was verified with Thioflavin S (ThioS)
fluorescent staining of the same plaques (Figure 2C). Neurons
in the dentate cellular layer of the hippocampus and the
Purkinje layer of the cerebellum were also stained (data not
shown). Addition of a 250 mM calcium chloride solution to the
tissue readily removes ruthenium red, as indicated by the loss of
the red coloration (Figure 2B). The displacement of ruthenium
red from its binding site in the Af plaques by the calcium
cations is consistent with binding by electrostatic interactions.
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The binding of ruthenium red to Ap plaques can be
rationalized in terms of electrostatic and hydrogen bonding
between the tetra- and penta-amine groups of ruthenium red to
negatively charged groups, such as carboxylic acids, on the A
peptides.”! Furthermore, the pH of the buffer (7.4) is above the
isoelectric point of the Af peptide (~5.5), and thus, at the
physiological pH of 7.4, the plaques are negatively charged and
prone to react with ruthenium red. Since ruthenium red could
also bind to imidazole nitrogens on histidine amino acids,?*
these residues in A may also be involved in binding ruthenium
red. Other potential binding agents in the A plaques could
involve species such as calcium binding proteins, proteoglycans,
and glycosamino§l cans, which have already reported to bind
ruthenium red.">®'***=** A chemical method for desulfation
of proteoglycans® did not alter ruthenium binding to plaques
(data not shown). Furthermore, transmission electron micros-
copy (TEM) images of in vitro produced Af fibrils (not
containing proteoglycans) show good contrast when stained
with ruthenium red, indicating good binding of ruthenium red
to the aggregates (Supporting Information, Figure S1). Further
experiments are needed to unambiguously determine the
binding sites of ruthenium red to Af fibrils and plaques;
however, this will likely be related to negatively charged amino
acids at physiological pH such as Glu and Asp.

We next aimed to identify if the chirality of the Af fibrils
could be transferred to bound ruthenium red, exhibiting
birefringence. Ruthenium red stained plaques (red) in the
bright field image (Figure 3A) and these same stained

Figure 3. Polarized optical microscopy of tissue sections stained with
ruthenium red. Representative (A) bright field and (B) crossed
polarized microscope images of ruthenium red stained 13 month old
Tg2576 brain tissues with 10X magnification. (inset: 20X magnifica-
tion of central plaque). (C) Bright field and (D) fluorescence
microcopy image of ThioS amyloid plaques stained in successive brain
sections. Arrows show positively identified plaques. The scale bar
represents 100 pm. All images were from the anterior olfactory
nucleus.

structures exhibited green birefringence under cross-polar-
ization (Figure 3B). To the best of our knowledge, green
birefringence from amyloid plaques stained with ruthenium red
has not been reported to date. Fluorescence of the amyloid
binding dye ThioS (Figure 3D) correlated with the same
ruthenium red birefringent structures (Figure 3B). This
confirms that the birefringence of ruthenium red is due to its
interaction with amyloid plaques. Additionally, when the brain
sections were imaged using cross-polarizers, green birefringence
was only observed from ruthenium red stained amyloid plaques
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and not from the surrounding peripheral tissue or neurons
stained with ruthenium red (Figure 3B vs A). Unstained Af
plaque-containing tissue shows no birefringence under cross-
polarized light (data not shown), again confirming that the
observed birefringence arises due to the interaction of
ruthenium red with Af plaques. Moreover, it is important to
consider that ruthenium 360, a different ammoniated
ruthenium compound, is a common impurity found in
ruthenium red. To verify the role of ruthenium 360 in the
staining and birefringence observed in tissue sections, some
murine brain sections were stained specifically with this dye.
Cross-polarized microscopy images of brain tissue stained with
ruthenium 360 are completely black, while those stained with
ruthenium red showed the expected green birefringence
(Supporting Information, Figure S2). This also confirms that
ruthenium red is responsible for the red staining and the green
birefringence of Af plaques in tissue.

To demonstrate that this birefringence was specific to Af
aggregates, and not from other protein components within
amyloid plaques, we performed in vitro experiments on
synthetic Af fibrils. Synthetic Af fibrils were grown in vitro,
stained with ruthenium red, and then visualized under cross-
polarization, showing green birefringence (Figure 4A).
Monomeric A# and ruthenium red by themselves show no
birefringence as observed in Figure 4B, C. Birefringence
suggests that the achiral ruthenium red gain some chirality
due to the interaction with the fibrils, and therefore we used
circular dichroism to demonstrate such dichroism. An induced
circular dichroic band at 550 nm was observed by circular
dichroism when ruthenium red was bound to Af aggregates
(Figure 4D). This band is consistent with the UV—vis spectrum
of ruthenium red in the same region (Figure 1). The circular
dichroism spectra of ruthenium red, A monomer, and Ap
aggregates alone show no peak at 550 nm, which confirms that
this peak arises due to the interaction of these two species. The
fact that the induced dichroic band at 550 nm is not present in
the circular dichroism spectrum of ruthenium red alone in
buffer solution can be explained due to the lack of chirality of
ruthenium red. Of note, Af fibrils demonstrate f-sheet
structure via circular dichroism, with a maximum at ca. 200
and a minimum at 218 nm, while the monomeric Af
demonstrates a random coil structure with a minimum at 200
nm via circular dichroism. The appearance of the 550 nm
induced dichroic band together with the spectral features
consistent with f-sheet structure is a validation of the
ruthenium red binding to 8 sheet structures of amyloid.

This birefringence and induced dichroic shift can be
explained by induced chirality on ruthenium red when bound
to A fibrils. The left-handed twist of S-sheets within AS
fibrillar structures results in an overall and intrinsic left-handed
chirality.*® Consequently, A# plaques are composed in great
part of Af fibrils with intrinsic chirality, which thus gets
imprinted in the nonchiral ruthenium red molecules. This
induced dichroism, also termed the Cotton effect,’” has been
observed when ruthenium red binds to the ordered structure of
DNA.*!

Transition metal complexes present an interesting and
relatively unexplored alternative for new amyloid-binding
molecules with potential application to Af aggregates labeling
and inhibition. The advantages of metal complexes include
formation of stable complexes, the tuning of ligand affinities,
and good photostability, among others.”> One caveat of the use
of ruthenium red in living systems is that it alters calcium
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Figure 4. Birefringence and circular dichroism of in vitro prepared Af fibrils stained with ruthenium red. Cross-polarized microscope images of (A)
in vitro grown A fibrils, (B) monomeric Af in the presence of ruthenium red (10X magnification), and (C) ruthenium red in the absence of Af
peptide. (D) Circular dichroism spectrum of in vitro grown Af fibril (green line), in vitro grown Af with ruthenium red (blue line), prefibrillar
monomeric Af with ruthenium red (black line), and ruthenium red in buffer solution (red line). Inset: Circular dichroism spectral region from 500
to 600 nm obtained with additional acquisitions and with in-program line smoothing.

. L3234 . .
uptake via several mechanisms, and at high concentrations

can cause seizures and paralysis.35 However, it has been used in
vivo for imaging cancer cells, and for cancer and ischemia
therapy 2236=%

In conclusion, we clearly demonstrate ruthenium red binding
and birefringence upon binding to amyloid plaques via ionic
interaction with birefringence due to induced chirality. Such
staining is important as it introduces novel, inorganic, metal—
ligand chemistry into the field of Alzheimer’s disease brain
imaging.

B METHODS

Materials. Thioflavin S (ThioS) was obtained from VWR,
ruthenium red (ammoniated ruthenium oxychloride) from Sigma,
and ruthenium 360 from EMD Millipore. Vectashield without DAPI
was purchased from Vector Laboratories. All water used in
experiments was purified to 18 MQ using an ion exchanger and
reverse osmosis unit (Purlab Ultra, Elga, Lowell, MA).

Transgenic Mice. Mouse brain tissues from 13 month old Tg2576
(n = 10) and control (n = 6) mice were obtained from Dr. Kelly T.
Dineley. All animal procedures and protocols were in accordance to
University of Texas Medical Branch (UTMB) animal use protocols
and JACUC approval. The animal colony was maintained as described
previously.40 Mice were euthanized with ketamine (10 mg/mL)/
xylazine (1.5 mg/mL) and transcardially perfused with PBS, pH 7.4,
followed by 4% (w/v) paraformaldehyde fixative in PBS, pH 7.4.
Whole brains were removed, postfixed overnight at 4 °C, sucrose
protected, and stored at —80 °C. The brains were then postfixed again
in 4% paraformaldehyde/saline overnight prior to paraffin embedding.
The brains were sectioned sagittally at S ym by the Texas A&M
Histology Core and used for the following experiments.

Histochemistry. Slides were deparaffinized by twice immersion in
xylenes for S min each, followed by rehydration through decreasing
concentrations of ethanol (100%, 95%, 80%, and 70%) for 1 min each
and ending in water.

Ruthenium red staining. Ruthenium red (0.05% w/v) was
prepared by dissolving 0.025 g into SO mL of PBS (100 mM, pH
7.4),"® with brief sonication. Rehydrated slides were immersed in this
ruthenium red solution for 10 min, washed in 100 mM PBS for 5 min,
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coverslipped with Vectashield (without DAPI), and imaged using light
microscopy.

Ruthenium Red Destaining. Ruthenium red was destained with a
CaCl, solution (250 mM or higher) for 20 min and washed in 100
mM PBS for § min. For subsequent staining with ThioS, the Ca** was
removed by immersion in 250 mM EDTA for 10 min and then rinsed
in ddH,O for 3 min.

Thioflavin S (ThioS) Staining. ThioS staining was performed as
previously described.*' The ThioS solution (0.0125%) was prepared
by dissolving 0.0125 g of ThioS in 100 mL of 40:60% PBS/ethanol.
Slides were stained with this ThioS solution and resolved in 50% PBS/
ethanol for 3 min each. The slides were washed twice in 100 mM PBS
for 1S min each, then in ddH,0, coverslipped in Vectashield (without
DAPI), and viewed using fluorescence microscopy.

Ruthenium 360 Staining. Ruthenium 360 was prepared by
dissolving 1 mg of the material into 1 mL of ddH,O. Rehydrated slides
were immersed in ruthenium 360 diluted to 0.5 mg/mL for 10 min,
washed in ddH,O for 5 min, and coverslipped with Vectashield
(without DAPI).

Ruthenium Red Birefringence of Murine Plaques and
Fibrillar Ag. Slides were stained with ruthenium red as described
above. Images were acquired using a Zeiss Axioplan 2 microscope
equipped with polarizers, under crossed polarization. Ruthenium 360
stained brain sections on slides were imaged in a similar fashion.

For images of in vitro grown Ap fibrils, 100 yM samples were
prepared in PBS buffer. After 24 h of incubation at 37 °C and with
orbital shaking at 900 rpm in an Eppendorf Thermoshaker, samples
were centrifuged at 16 000g for 30 min. The excess supernatant was
removed, and the pellet was resuspended in a minimal amount of
buffer. For samples with ruthenium red, a minimal volume of
concentrated ruthenium red stock solution was added to the
suspension to obtain a final concentration of 0.05% (w/v). Rectangular
capillary tubes (Vitrotubes) were used to hold the samples for imaging.

Ruthenium Red Induced Circular Dichroism with Ag Fibrils.
Circular dichroism spectra were obtained using a Jasco J-810
spectropolarimeter with 0.4 cm quartz cuvettes containing pH 7.4
PBS (100 mM phosphate, 300 mM NaCl), AS (100 um), and
ruthenium red (0.05% w/v). The molar residual ellipticity was
calculated from the measured ellipticity using the following equation:

(0] = om

cln,
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where @ is the measured ellipticity in mdeg, m is the molar mass of the
peptide in g/mol, ¢ is the concentration of the peptide in mg/mL, [ is
the path length of the cuvette in cm, and n, is the number of
residues.*” Af fibrils were incubated as reported above.'®

Transmission Electron Microscopy. Two microliters of Af
sample (100 yM) was deposited on a glow discharged copper grid
(Ted Pella 01811) and allowed to adsorb for 1 min. The sample was
then wicked dry and washed with S0 uL of water. Then 3 uL of a
0.025% solution of ruthenium red was applied to the grid, and the
staining was allowed to proceed for 1 min until the sample was wicked
dry. The samples were then imaged on a JEOL 1230 transmission
electron microscope operating at 80 kV.

B ASSOCIATED CONTENT

© Supporting Information

Additional TEM and cross-polarized microscopy images as
described in the text. This material is available free of charge via
the Internet at http://pubs.acs.org.
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