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Abstract 
New advances in polarized light microscopy were employed to image 

Congo red stained cerebral amyloidosis in sharp relief. The rotating polarizer 
method was used to separate the optical effects of transmission, linear 
birefringence, extinction, linear dichroism, and orientation of the electric dipole 
transition moment, and to display them as false color maps. These effects are 
typically convolved in an ordinary polarized light microscope. In this way, we 
show for the first time that the amyloid deposits in Alzheimer’s disease plaques 
contain structurally disordered centers, providing clues to possible mechanisms 
of crystallization of amyloid in vivo. Comparisons are made with plaques from 
tissues of subjects having Down syndrome and prion disease. In plaques 
characteristic of each disease, the Congo red molecules are radially oriented 
about the centers. The optical orientation in amyloid deposited in blood vessels 
from subjects having cerebral amyloid angiopathy was 90° out of phase from that 
in the plaques, suggesting that the fibrils run tangentially with respect to the 
circumference of the blood vessels. Our result supports an early model that 
Congo red molecules are aligned along the long fiber axis and is in contrast to 
the most recent binding models that are based upon computation. This 
investigation illustrates that the latest methods for the optical analysis of 
heterogeneous substances are useful for in situ study of amyloid. 
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Introduction 

The abnormal transformation of proteins to amyloid fibrils is closely related 
to the so-called conformational diseases that include the common 
neurodegenerative disorders, such as Alzheimer’s disease (AD) and prion 
diseases. The kinetic and structural bases of fibrillogenesis in these diseases are 
as yet undetermined. Nevertheless, the presence of amyloid in diseased tissues 
has been utilized for the purpose of pathological diagnosis and construction of 
theories of pathogenesis. A structural characterization and categorization of 
various forms of amyloid aid accurate diagnosis of amyloid disorders and further 
our mechanistic understanding of an increasing list of conformational diseases. 

The principal diagnostic criterion of amyloidosis, established by Divry and 
Florkin (1), is the detection with a polarizing optical microscope of so-called 
“apple green” birefringence (2-6) from Congo red (CR) stained tissue sections 
(7).  Despite the durability of this assay, the optical characterization of amyloid 
has not progressed and is ambiguous (8, 9). The birefringence is rarely 
quantified, a problem further confounded by the fact that CR does not stain 
amyloid consistently, and diagnosis by staining is dependent on the skill of the 
investigator. Clearly, new optical contrast mechanisms are required for simple, 
reliable amyloid diagnosis (10, 11).  

Here we show that recent advances in polarized light microscopy can be 
used to quickly quantify and refine our description of CR stained amyloid.  In 
particular, we have applied a newly developed imaging system to separate the 
optical transmission, refractive index anisotropy (linear birefringence, LB), and 
optical extinction that are otherwise convolved to produce the ill-defined apple 
green birefringence by conventional techniques. Moreover, we show that the 
system can be used to determine the absorption anisotropy (linear dichroism, 
LD) and the average orientation of the electric dipole transition moment. The 
resulting micrographs that rely on sensitive CCD intensity measurements provide 
polarized light images of Congophilic amyloid with greater structural resolution 
than previously reported. In this way, we have studied two forms of amyloid seen 
in the brains of AD subjects: amyloid in neuritic plaques, one of the hallmarks of 
Alzheimer pathology, and cerebral amyloid angiopathy (CAA). These two forms 
of amyloid, albeit in different anatomic structures, are both largely composed of 
amyloid-β protein (Aβ) species. For comparison, we have also studied amyloid 
seen in Gerstmann-Sträussler-Scheinker disease (GSS), composed principally of 
the transformed prion protein, as well as plaques seen in Down syndrome (DS), 
also composed of Aβ. 
 
Materials and Methods 
Tissue Preparation 

 All brain tissues used were obtained from the brain bank of the 
Alzheimer’s Disease Research Center at the University of Washington, Seattle. 
The protocols used in this study were approved by the IRB of the University of 
Washington. The average postmortem interval for the tissues was ten hours. Five 
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to ten plaques from temporal cortex sections of the following subjects were 
analyzed for LB and LD anisotropy: sixteen cases of sporadic Alzheimer’s 
disease (AD, age 71 to 92 years), all of them with cerebral amyloid angiopathy 
(CAA), five cases of Down syndrome (DS, age 45 to 68 years), and three cases 
of the telencephalic form of Gerstmann-Sträussler-Scheinker syndrome (GSS, 
age 32 to 38 years) with the A117V mutation of prion protein (12).  Sections were 
typically obtained from mid-temporal gyrus. CR staining was performed by the 
method of Puchtler (13).  Briefly, 10 µm formalin-fixed, paraffin-embedded 
sections were deparaffinized and hydrated to distilled water. Sections were then 
sequentially dipped in Meyer’s hematoxylin for 3 min, alkaline sodium chloride for 
20 min, and Congo red for 50 min, before dehydration with three changes of 
absolute alcohol and mounted.  
Optical Imaging 
 Microscopy 

The polarizing microscope, a prototype of the MetriPol System 
(http://www.metripol.com) now available from Oxford Cryosystems (Oxford, UK), 
was adapted with a stepper motor driven rotating polarizer, circular analyzer 
consisting of a linear analyzer and quarter wave plate aligned at 45°, an 8-bit 
monochrome CCD digital camera, and a PC with custom software able to deduce 
the absolute phase δ.  The optical train, rotating polarizer-sample-circular 
analyzer, or rotating polarizer-sample, was used to image LB or LD, respectively.  
All measurements were made at 40x magnification. Three wavelengths, 547, 
589, or 610 nm, were accessed with interference filters. The measurements were 
calibrated for a linear camera response, quarter wave plate alignment, and 
polarization bias of the light source, camera, and objective. Triplets of optical 
images associated with transmission, birefringence or dichroism, and optical 
orientation appear on the computer monitor within 15 seconds of centering the 
structure beneath the microscope objective. Image resolution is ~ 0.5% of the 
transmission, 0.2 nm of the retardance L∆n, 0.2 mm of the absorbance difference 
L∆k, and ~ 0.1° of the orientation (14). 

Theory 
The modified polarizing microscope is operated in two modes, where the 

full optical path (rotating polarizer-sample-circular analyzer) and reduced path 
(rotating polarizer-sample) are used to measure LB and LD, respectively.  By 
modulating the intensity signal as a function of the polarizer angle α, the intensity 
ratio I/Io (α) for each pixel is subject to a Fourier sum of the disparate optical 
contributions that are then displayed in false color images representing the 
overall transmission, the anisotropy (refraction (LB) and absorption (LD)), and the 
orientation (optical extinction (LB) and transition dipole moment (LD)).  The 
expressions for transmitted intensity for the full and reduced paths are given in 
expressions (a) and (b) and are derived with Jones matrices (15). 
 
(a)  
 

I
I°

=
1
2

1 + sin2 α − ϕ( )sinδ[ ]
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(b)  
 

Here, δ  = 2πL∆n/λ (L is the thickness of the sample, ∆n is the difference 
between the principle refractive indices or LB, λ is the wavelength of light) is the 
phase shift of the extraordinary and ordinary rays at the interface of the sample, 
ϕ is the orientation of the slow vibration direction as measured counterclockwise 
from the horizontal axis. When using the reduced light path, φ’ is the orientation 
of the maximally absorbing axis as measured counterclockwise from the 
horizontal direction. 

The LB is a function of the phase δ by which the light waves propagating 
along the eigenmodes of the sample are offset. Similarly, the LD is measured in 
terms of the scaled differential transmission ∆k along the eigenmodes of the 
sample, where ε = 2πL∆k/λ and ∆k = 2(T0° – T90°)/(T0° + T90°)  (T0°,90° are the 
transmissions along the primary polarization directions).  In this way, we 
precisely quantified LB and LD, creating an optical matrix of the diseased tissue. 

Fourier analysis of the intensity data gives images of LB that are 
expressed as the absolute value of the sine of the phase difference (|sin δ|). 
Because |sin δ| is a periodic function, the absolute value, or order, of δ is not 
determined by this method.  This ‘order dilemma’ was resolved by measuring the 
phase δ at three close wavelengths and computing the derivatives of the 
resulting relative phases (16). The set of signs of the three derivatives 
unambiguously defines the absolute phase δ and therefore the absolute 
birefringence.  
 
Results 

CR stains the core structure of two kinds of plaques distinguishable by 
Bielschowsky’s silver stain. They are classical plaques consisting of an amyloid 
core and a corona, and compact plaques that are cores without coronas. 
Representative micrographs of tissue sections containing CR stained amyloid 
cores are shown in Figure 1 (A = AD, B = GSS, C = DS).  Each plaque is red 
(λmax = 515-538 nm) (17) in linearly polarized white light (I). Between crossed 
polarizers the apple-green birefringence is apparent (II). Figure 2 shows images 
of each pathologic structure in Figure 1, as well as an additional DS plaque 
indicated as D in Figure 2. The Fourier separation of the intensity signal as a 
function of polarizer rotation angle yields the anisotropies of refraction, |sinδ| (I), 
and absorption, tanhε (III), with the related orientations of the optical extinction 
position, φ (II) and transition dipole moment, φ’ (IV). 

AD plaque amyloid is unambiguously characterized by its affinity for CR 
(Figure 1/IA) and apple green birefringence (Figure 1/IIA), punctuated by a dark 
cross of extinction indicating a radially ordered spherical body (1, 18). These 
features are reiterated in the orientation images of LB (Figure 2/IIA) and LD 
(Figure 2/IVA). The colors that represent the angular orientation of the slowest 

I
I°

= cosh ε + sinhε cos 2α − 2 ′ ϕ ( )
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light vibration and most strongly absorbing direction, respectively, move smoothly 
around the black holes in the plaques, regions below which the birefringence and 
dichroism was vanishingly small. Perhaps the most striking feature of the 
MetriPol images (see Figures 2/IA through IVC) is the disordered center within 
the amyloid core, which is disguised by the extinction condition in Figure 1/II. 
These centers have an average diameter of 5 µm (range, 2-8 µm). In maps of 
transmission (not shown) these black holes clearly contain CR and presumably 
protein, but nevertheless anisotropy can not be detected. 

The amyloid core in AD plaque in Figure 1 is compact and round, in the 
GSS plaque is stellated and larger, and in the DS plaque has a morphology and 
size that is somewhere in between. These morphological observations are 
consistent with those revealed by other microscopic methods (19, 20). While 
these general characteristics were most frequently representative of each 
disease, all three morphologies were observed sometimes in tissue samples 
from subjects having suffered from each of the three diseases. A subset of DS 
plaques shows an alternative amyloid morphology, broken rather than radial 
(Figure 2, column D). They were present in all 5 DS cases. Morphologically they 
appear similar to the “fibrous plaques” described in DS (20). 

The ambiguity of the π periodicity inherent in the sinusoidal equation (a) 
governing LB was resolved using the order method previously described. All 
samples showed first order birefringence (δ < π/2). 

Figure 3 shows CR stained amyloid from the blood vessels of a subject 
burdened with CAA. Again the CR molecules are oriented radially, but there is a 
90° phase shift as compared with the plaques. The phase shift is apparent when 
comparing the colors representing the optical orientation in Figure 2/II A-C as 
well as IV A-C (red is horizontal) with lower images in Figure 3 (red is vertical).  
 
Discussion 

Our in situ investigation of CR stained amyloid illustrates a new way to 
visualize and quantify birefringence.  The images presented above are the most 
detailed and informative pictures of amyloid yet made with an optical microscope, 
revealing previously obscured structural features including disordered centers 
and well defined contours. Using the MetriPol method, we have demonstrated an 
absolute first order LB of amyloid deposits in tissues sections and the LD in the 
same tissue sections. Our results demonstrate with unprecedented precision the 
orientation of the slow axis of CR stained amyloid deposits and the orientation of 
the CR molecules with respect to the fibrils, a long debated issue. Our results 
also provide clues to the in vivo mechanism of amyloid formation. Significantly, in 
contrast to methods employed in many previous biophysical studies of amyloid, 
our method does not require isolation of fibrils from their tissue environment, the 
procedures of which potentially alter the structure of amyloid.  

As well stated by Steensma:  “At the dawn of the 21st century…the 
diagnostic test of choice for amyloidosis has not changed in decades…Congo 
red is still the ‘king of dyes’.” (21)  Therefore, it may well be of value to bring the 
latest methods for the optical analysis of heterogeneous substances to bear on 
the characterization of CR stained amyloid. A standard procedure for staining 
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amyloid with CR was established by Puchtler et al. (12) who surmised that the 
dye was attached via unspecified hydrogen bonds and “ionic linkages”.  Lillie (22) 
invoked hydrogen bonding as the major mechanism of association as did 
Glenner et al. (23), Mera and Davies (24), and Turnell and Finch (25), but 
Glenner assigned equal importance to hydrophobic interactions, the principal 
non-covalent interaction according to Pigorsch et al. (26) while Mera and Davies 
invoked van der Waals forces, the principle non-covalent interaction according to 
Horobin (27).  Turnell and Finch, leaving no stone unturned, cited the importance 
of hydrophobic and van der Waals interactions in addition to H-bonding.  Ionic 
forces were specified by Klunk et al. (28) as well as Puchtler (29) who later 
favored “non-ionic” interactions, similarly preferred by Katenkamp and Stiller (30).  
Recent experiments were aimed as specifying more precisely the CR point(s) of 
attachment.  Kirschner (31, 32) and coworkers identified histidine residues as the 
most “Congophilic”.  Cavillon et al. (33) preferred arginine while Li et al. (34) liked 
lysines (as well as hydrophobic interactions).  It is safe to conclude that the 
process of amyloid staining by CR is not fully understood. 
 Irrespective of the staining mechanism, simple inspection with a polarizing 
microscope can nevertheless provide information about the orientation of the 
dyes within amyloid plaques.  However, there does not seem to be a consensus 
as to whether the transition dipole moments of the CR molecules are parallel (30, 
35, 36) or perpendicular (34, 37, 38) to the fiber axes.  Clearly, new methods for 
the optical analysis of CR stained amyloid would be desirable in order to identify 
the dyeing mechanism. The φ and φ’ images in Figures 2 and 3 clearly show the 
radial orientation of anisotropic structures. Furthermore, their relationship 
suggests a solution to this fundamental question regarding the mechanism of 
staining of amyloid. 

It is known that the amyloid fibrils in AD plaques form radial aggregates, 
and that the transition moment in CR runs along the long molecular axis (39). 
Therefore, the CR molecules are aligned along the long fiber axis as required by 
the fact that the fibrils lying on the horizontal axis have values of φ and φ’ of ~ 0° 
in Figure 2/ΙΙ and IV. In CAA there is a 90°-phase shift. Assuming that the 
molecular mechanism of CR staining is the same in both CAA and amyloid 
plaques, this indicates that the fibrils run around the blood vessels. A summary of 
our view of CR orientation in plaques and blood vessels is shown in Figure 4. 
Our judgments in this regard merely confirm what the earliest polarized light 
microscopists proposed, however, this judgement has been curiously 
disregarded in recent years. 

A recent contribution to the debate on CR orientation comes from Carter 
and Chou (40) who built an atomic model of CR bound to amyloid by analogy 
with a published crystal structure of CR bound to insulin (25). In this model, CR is 
interleaved between the two strands of the amyloid β−sheet. Other model 
builders have supported the view of orthogonal CR and amyloid fibril long axes 
(41). This picture can no longer be supported in light of the MetriPol images that 
make the dichroism and the orientation of the transition moment strikingly 
apparent. 
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The anisotropy maps (Figure 2/I&III) demonstrate the disordered centers 
of amyloid cores, despite that these centers incorporated CR. This finding is 
reminiscent of the thioflavin S-positive and non-Aβ-immunoreactive centers of AD 
amyloid cores described by Schmidt et al (20). However, the structurally defined 
centers observed here may not exactly correspond to the reported 
cytochemically defined centers. First, the former are in average smaller than the 
latter. Second, the former are equally observed in DS amyloid, while the latter 
are not. In any event, our findings of the sharp change in the order of the medium 
undoubtedly holds clues to the biopathological crystallization mechanism of 
amyloid. Are the fibrils organizing around a catalytic, disordered core, or is the 
mass crystallizing from the outside in, like a geode? An answer to this question 
has significant implications. Amyloid formation is considered to be a nucleation-
dependent process analogous to the seeding of a crystal (42). However, the 
molecular composition of the “nucleus” and its seeding mechanism in amyloid 
formation is not understood. In vitro and in vivo evidence has suggested that 
amyloid formation can be seeded by a preformed fibril (11, 42). Assuming the 
fibrils grow around the disordered center, then the center may be composed of 
preformed fibrils (with affinity to CR, but not yet organized to give detectable 
anisotropy) as seeds for amyloid crystallization, and may be composed of 
additional molecules that have been shown to promote amyloid formation, such 
as cholesterol, fatty acids, or proteoglycan. Alternatively, if the fibrils grow from 
the outside in, the disordered center may represent the partially structured 
intermediates undergoing active organization, catalyzed by surrounding 
structured fibrils. Our results point out the necessity of analyzing the molecular 
composition of the disordered centers, in order to understand the nature of either 
the catalytic center or the transforming intermediates that are instrumental in the 
development of structured fibrils. 

Comparable methods of orientation independent imaging have been 
developed. These include the PolScope (43), as well as differential polarized light 
microscopies developed by Bustamante and coworkers (44), Tower and 
Tranquillo (45), Poenie and coworkers (46), and Ho and coworkers (47). These 
techniques, should in principle provide a similar view of CR stained amyloid.  

In a very forward thinking paper, Benditt and coworkers (17) realized that 
a complete characterization of CR stained amyloid would ultimately include 
optical rotary dispersion and circular dichroism. New microscopes are currently 
being developed in our laboratories in order to image chiroptical effects in 
ordered media. 
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Figure Legends 
 
Figure 1. CR stained amyloid plaques characteristic of three diseases: (A) AD; 
(B) GSS, and (C) DS. I: amyloid in linearly polarized white light, II: amyloid 
between crossed polarizers showing apple-green birefringence. 
 
Figure 2. Optical images of CR stained plaques characteristic of: (A) AD, (B) 
GSS, and (C,D) DS. I: |sinδ| = the absolute value of the sine of the phase 
difference where δ = 2π∆nL/λ. II: φ = the optical extinction angle in degrees as 
measured counterclockwise from the horizontal axis. I and II are measured off-
resonance at 610 nm. III: hyperbolic tangent of the extinction where ε = 2πL∆k/λ 
and ∆k = 2(T0° – T90°)/(T0° + T90°)/(T0°,90° ). IV. φ = angle in degrees from the most 
absorptive direction as measured counterclockwise from the horizontal axis. . III 
and IV are measured on-resonance at 5547 nm. Scales for |sinδ| and tanhε are 
not indicated in the legends and are given here:  Ι.A. 0.07-0.23; Ι.B. 0.07-0.28; 
Ι.C. 0.05-0.24; Ι.D. 0.05-0.18; ΙΙΙ.A. 0.05-0.25; ΙΙΙ.B. 0.06-0.46; ΙΙΙ.C. 0.04-0.29; 
ΙΙΙ.D. 0.04-0.16. Pixels with values below the minimum specified here were set to 
black. In the centers of the plaques sinδ and tanhε were ~ 0.02. 
 
Figure 3. Optical images of CR stained amyloid associated with a blood vessel 
from a subject burdend with CAA. A (top): |sinδ|, A (bottom): φ, B (top): tanh ε, B 
(bottom) φ’.  
 
Figure 4.  Cartoon showing fibril and CR orientations in plaques (A) and blood 
vessels (B). The state of amyloid in the disorder center in (A) is not represented, 
as it is unresolved. 
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