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Abs t rac t  This double-labelling confocal microscopy 
study of the neuropathology of Alzheimer 's  disease (AD) 
reports the use of  a fluorescent dye, thiazin red, which 
has staining properties similar to thioflavin-S. Thiazin red 
fluorescence can be visualised selectively in the red chan- 
nel, and we have used this property to compare it with the 
labelling seen using monoclonal antibody (mAb) 423, 
which detects tan protein C-terminally truncated at Glu- 
391, and mAb 4G8, which detects [3-amyloid protein. Thi- 
azin red is shown to recognized the typical histopatholog- 
ical deposits associated with both proteins. However, not 
all deposits containing these proteins are stained. Specifi- 
cally, diffuse ~-amyloid plaques and severely degraded 
extracellular tangles are unlabelled. Likewise a character- 
istic mAb 423-reactive granular plaque-like structure, typi- 
cally present in cases with abundant extracellular tangels, 
is unlabelled by thiazin red. Such plaques can be shown to 
be continuous with the basal dendrites of  degraded tangle- 
bearing pyramidal cells. These findings suggest that paired 
helical filaments (PHFs) continue to undergo degradation 
in the extracellular space, which is associated with loss of  
thiazin red binding sites, but preservation of mAb 423 im- 
munoreactivity. This epitope appears to be characteristic 
of  a stable core element of  the PHF which is highly resis- 
tant to proteolysis. Compounds such as thiazin red with 
high affinity for ~-pleated protein structures can be used 
to monitor the state of  pathological assembly of amy- 
loidogenic protein species found in AD. 
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Introduction 

Neurofibrillary tangles (NFTs) and senile plaques (SPs) 
are the major neuropathological features of  Alzheimer 's  
disease (AD) brains and their presence in large amounts 
usually correlates with dementia. Although heterogenous 
in composition, all subtypes of SP contain the so-called 
~/A4-amyloid protein [10]. Molecular cloning studies 
have shown that [~/A4 derives from a larger precursor pro- 
tein [5]. The classical SP is a complex lesion containing a 
central core of ~/A4-amyloid surrounded by dystrophic 
neuritic processes and glial components. NFTs represent 
dense accumulations of  insoluble abnormal filaments re- 
ferred to as paired helical filaments (PHFs) [7]. The mi- 
crotubule-associated protein tau is an integral structural 
constituent of  the PHFs [9, 20, 21]. The monoclonal anti- 
body (mAb) 423 recognises a specific C-terminal trunca- 
tion at Glu-391 of tan protein which is within PHFs [13]. 

In a previous immunohistochemical study we reported 
on the progressive accumulation of C-terminally trun- 
cated tan protein in AD brain tissues using mAb 423 [11]. 
We found that a feature of AD cases with extensive extra- 
cellular neurofibrillary pathology was the presence of 
plaque-like structures with granular mAb 423 immunore- 
activity. Such granular plaques appear to be distinct in ap- 
pearance from SPs of both the classical and primitive 
types. In formalin-fixed brain tissue the presence of this 
type of plaque was always found to be associated with an 
abundance of ghost tangles present in the same area. Typ- 
ically these plaques were found in layers II and III of the 
neocortex and in the CA1/subicular area of  the hippocam- 
pus [11, 12]. Moreover, these structures share similar im- 
munoreactive properties with tangles and thread-like 
structures stained with mAb 423, i.e. trypsin and phos- 
phatase resistance. 

We have used a laser scanning confocal microscope for 
serial reconstruction and double labelling to investigate 



the re la t ionship be tween  granular  m A b  423 immunoreac -  
t ivi ty  and [3-amyloid plaques.  To permi t  compar i son  be-  
tween dif ferent ia l ly  labe l led  structures,  we have used a 
f luorescent  dye,  thiazin red, which labels  [3-pleated pro-  
tein structures and has h is to logica l  s taining proper t ies  
ident ical  to those of  thiof lavin-S.  Thiazin  red is more  ho- 
mogeneous  chemica l ly  [15, 19] and emits  f luorescence  
which  can be v isua l i sed  se lec t ive iy  in the red channel ,  
thereby permit t ing  compar i son  with f luoresce in-conju-  
gated second ant ibodies.  

We repor t  that the granular  m A b  423- immunoreac t ive  
p laque is der ived  f rom extens ive  degradat ion  of  neuri t ic  
aggregates  which,  at least  in some cases,  represent  sites o f  
pa tho log ica l  arborisat ion of  the basal  dendri tes  of  py rami -  
dal  cells.  The  process ing  o f  PHFs  in the ext racel lu lar  
space involves  loss not  only  o f  the N- te rmina l  half  of  the 
tau molecu le  loca ted  in the fuzzy coat  o f  the PHF, as re- 
por ted  prev ious ly  [2], but  also loss of  b inding  sites for 
molecules  such as thiazin red. This  dye  was also found to 
dis t inguish be tween  amorphous  and f ibr i l lar  [3-amyloid- 
deposits .  Thus,  molecu les  such as thiazin red can be used 
to moni to r  the state o f  a s sembly  o f  amylo idogen ic  protein  
species  found in A D  brain  tissues. 
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Materials and methods 

Frontal cortex and hippocampi from 18 AD cases with dementia 
duration of 10 years or more (mean age 75.5 + 15 years) and 8 
non-AD control cases (mean 77.8 _+ 9.2 years) were used in this 
study. The brain tissue were fixed in either 4% paraformaldehyde 
solution or a mixture of 4% paraformaldehyde/10% formalin (0.1 
M PBS buffer) for 3 days at 4 ~ C. Specimens were double labelled 
with thiazin red and either mAb 423 or mAb 4G8. mAb 423 recog- 
nises a truncation at the Glu-391 of the PHF-associated tan protein 
[13]. mAb 4G8 recognises amino acids 17-23 of mature ~-amy- 
loid [8]. Thiazin red (Fluka, Busch) is a red fluorescing dye which 
labels plaques and tangles in AD [15, 19]. Double labelling with 
thiazin red and mAb 423 or mAb 4G8 was performed on free- 
floating 50- to 60- gm-thick vibratome sections. Sections were 
placed in PBS-Triton X-100 (0.2%) and then incubated with the 
primary mAbs (423, dilution 1 : 20 or 4G8, dilution 1 : 30), over- 
night at 4~ This was followed by incubation in FITC-tagged 
goat anti-mouse IgG (Vector laboratories, Burlingame; dilution 
1/40). After several rinses with PBS-Triton X-100, the sections 
were counterstained with thiazin red (diluted 1/100 in water), for 5 
min. Prior to the incubation with the mAb 4G8, sections were 
treated with 98% formic acid for 2 min followed by extensive 
washing with PBS. Likewise, selected sections were pretreated 
with formic acid prior to the mAb 423 immunostaining. The dou- 
ble-labelled sections were transferred to gelatine-coated slides and 
mounted in anti-quenching media (Vectashield, Vector Labs.). Ad- 
ditional sections were single immunostained with 423 and anti- 
mouse/anti-horseradish peroxidase (HRP) mAb, McC10 [6] fol- 
lowing previously described protocol [ 11]. 

Specimens were viewed with a 60x (N.A.1.4) oil immersion 
objective on a Nikon microscope with attached confocal system 
(Bio-Rad MRC 600, Watford, UK). From each region 5-25 serial 
optical Z-sections (0.5-2.0 gin thick) were collected using the dual 
channel imaging system with a green exciter filter (514 nm) and a 
blue exciter filter (418 nm). The resulting optical sections were 
fully projected onto the two-dimensional plane. Data was stored on 
1000 or 200 Mbytes rewritable optical disk cartridges (Panasonic 
or IBM 3363, respectively). 

Fig. 1 Double labelling with 4G8 (green channel, A, C) and thi- 
azin red (red channel, B, D) in formic acid pre treated sections. A, 
B Classical plaques present in the field display labelling with the 
two markers. C A diffuse plaque is identified by monoclonal anti- 
body (mAb) 4G8 but is not labelled with thiazin red (D). Lipofuc- 
sin granules are fluorescing in both the channels (arrows). (c com- 
pact core of the classical plaque). A, B x 480; C, D • 600 

Results 

Label l ing  of  A D  pa tho logy  by  thiazin red 

Thiof lavin-S is widely  used to label  the neuropathological  
lesions seen in A D  brain tissues, including NFTs and amy- 
loid plaques [1, 3, 16, 22, 26]. We have found that another 
dye, thiazin red produces s imilar  labell ing in ~histological 
sections [15, 19], but can be visual ised at wavelengths 
above 520 nm when exci ted in the vicinity of  418 nm, the 
"rhodamine filter" configurat ion commonly  used in fluo- 
rescence microscopy.  Al though autofluorescent  l ipofuscin 
granules are also seen in the red channel,  these can be dif- 
ferentiated from the thiazin red- label led structures both by 
characterist ic morpho logy  and by the autofluorescence 
which can be seen in both channels in the absence of  thi- 
azin red staining (Fig. 1C, D, arrows). The specific utility 
of  thiazin red consists in providing a stain which can be vi- 
sualised select ively in the red channel,  permit t ing compar-  
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Fig.2 Hippocampus of a non- 
demented normal elderly 
control case double-labelled 
with A mAb 423 and B thiazin 
red. The thiazin red-labelled 
classical plaque (B) is not 
stained by mAb 423 (A). A 
cluster of lipofucsin granules 
display strong red fluorescence 
in the vicinity of the amyloid 
deposit (arrowheads) (c com- 
pacted core of the classical 
plaque) A, B • 880 

ison with immunohistochemical labelling that can be visu- 
alised in the green channel using FITC-conjugated second 
antibodies. Thin layer chromatography also shows that thi- 
azin red is chemically more homogeneous than the com- 
plex mixture sold as thioflavin-S (C.M. Wischik and H-C. 
Thogersen, unpublished observation). 

Double labelling of classical plaques 
with thiazin red and a [3-amyloid antibody 

Figure 1 illustrates the comparative labelling of classical 
amyloid plaques with thiazin red and the anti-[3-amyloid 
mAb 4G8 [8]. The latter typically requires formic acid 
treatment of the histological section. When the two are 
compared by double-labelling confocal microscopy, both 
markers have very similar patterns of labelling, including 
the dense core of the plaque (c in Fig. 1A, B) and the more 
diffuse periphery (Fig. 1A, B). Formic acid treatment also 
reveals diffuse deposits of ~3-amyloid not associated with 
classical plaques (Fig. 1C). Such plaques are not labelled 
by thiazin red (Fig. 1D). Thus, although the [3-amyloid 
protein is present in these diffuse deposits [23, 24], they 
do not contain the binding sites required for thiazin red 
staining. 

Double labelling of plaques in brain tissues 
from non-demented aged controls 
with thiazin red and mAb 423 

~-amyloid deposits are frequently found in brain tissues 
from non-demented elderly controls. As expected, such 
plaques are stained by thiazin red (Fig. 2B). mAb 423 was 

not found to label plaques or any other pathological struc- 
ture in such cases (Fig. 2A). 

Double labelling of classical plaques 
with thiazin red and mAb 423 

SPs can also be labelled with anti-tau antibodies, such as 
mAb 423, because they contain PHFs [18]. A comparison 
of thiazin red and mAb 423 labelling shows that the [3- 
amyloid plaque labelled by thiazin red (Fig. 3B) is not 
labelled by mAb 423 (Fig. 3A). However, double label- 
ling was observed in some of the neuritic components as- 
sociated with this plaque (Fig. 3A, B, short arrows). In 
addition, mAb 423 labels dystrophic neurites scattered 
throughout the neuropil, some of which are also labelled 
by thiazin red (Fig. 3A, B, arrowheads). Furthermore, some 
dystrophic neurites were labelled by thiazin red but not by 
mAb 423 (Fig. 3B, long arrows) or by mAb 423 and not 
thiazin red (Fig. 3A, open arrows). In general, the neuropil 
threads labelled by mAb 423 did not show any particular 
clustering in the vicinity of the amyloid plaque visualised 
with thiazin red (Fig. 3A, B). Thus, in addition to staining 
classical ~-amyloid plaques, thiazin red also stains some 
neuritic structures which can also be labelled with a PHF 
tau-specific antibody. 

We have found that formic acid pretreatment of the 
section very much enhances the immunoreactivity seen 
with mAb 423. This is shown in Fig. 3C, where strong la- 
belling of neurites is seen throughout the field. This en- 
hancement of labelling did not extend to labelling by mAb 
423 of the classical plaque labelled by thiazin red in the 
same field (Fig. 3D), and again there was no evidence of 
clustering of formic acid enhanced neurite labelling in the 
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belling by confocal microscopy. Figure 4A shows a typi- 
cal granular plaque labelled by mAb 423 and visualised in 
the green channel. When the same field was examined in 
the red channel, thiazin red labelling was seen to be re- 
stricted to the tangles and swollen neurites adjacent to the 
granular plaque (Fig. 4B). None of the granular material 
labelled by mAb 423 was labelled by thiazin red. Formic 
acid pretreatment of  the sections did not affect this mutu- 
ally exclusive pattern of labelling, Thus, although mAb 
423 immunoreactivity is typically associated with PHFs, 
which are also labelled by thiazin red, the deposits which 
characterise the granular plaque contain tan protein im- 
munoreactive with mAb 423, but without thiazin red 
binding sites. 

Fig. 3A-D mAb 423/thiazin red double-labelled sections. A mAb 
423 does not stain the classical plaque which is labelled by thiazin 
red (B). Some plaque-associated dystrophic neurites are double-la- 
belled (short arrows). However, some other are either labelled by 
mAb 423 (A, open arrows) or thiazin red (B, long arrow). Formic 
acid pretreatment enhances mAb 423-labelled neuritic elements 
(C) but does not affect the labelling of the amyloid plaque that is 
in the red channel and stained with thiazin red (D). Projection of 
14 optical sections at every 1.0 gm A, B x 720; C, D x 880 

vicinity of  such plaques. As shown by comparison with 
Fig. 3C and D, mAb 423 labelling of neurites generally 
coincided with thiazin red labelling, although there was a 
tendency for the latter to be reduced in sections which had 
been treated with formic acid. 

Double labelling of granular plaques 
with mAb 423 and thiazin red 

We have previously reported that in some AD cases, typi- 
cally of long duration and containing abundant extracellu- 
lar NFTs, plaques of  granular appearance are seen which 
can be labelled by mAb 423 [11]. These plaque-like struc- 
tures differ somewhat in appearance from either classical 
or diffuse [3-amyloid plaques (Fig. 1A, C). 

In view of the properties of thiazin red labelling de- 
scribed above, it is of  some interest to compare the mAb 
423-labelled granular plaques with the thiazin red la- 

Topographical relationship 
between granular plaques and tangles 

It has been noted above that the mAb 423-reactive granu- 
lar plaques are typically found in cases with abundant ex- 
tracellular tangles. In the material used in the present 
study, it was possible on occasion to visualise both types 
of structures in close proximity to each other (Fig. 5A). 
Using the confocal microscope, a given histological field 
can be examined either at single optical sections of  1 gm, 
or as a summed projection image from a large number of 
optical sections. Figure 5A shows a projection image after 
mAb 423 labelling. The two granular plaques appear to be 
linked to the adjacent extracellular NFT by the two large 
"ghost" basal dendrites of the latter (Fig. 5A, arrows). 
This is further supported by examination of single optical 
sections at higher magnification. A direct link between el- 
ements of the granular plaque and both basal dendrites can 
be seen at different optical levels 5 g m  apart (Fig. 5 B, C). 
We conclude from such images that the labelling of gran- 
ular plaques seen with mAb 423 may derive from neuritic 
structures which were continuous with tangle-bearing 
neurons prior to their extrusion into the extracellular 
space in the course of  cell death. 

Labelling of extracellular tangles 
with mAb 423 and thiazin red 

The anatomical continuity between mAb 423-reactive 
structures with and without binding sites for thiazin red 
implies the existence of distinct configurations of mAb 
423-reactive material derived from the same cell. NFTs 
can be shown to undergo loss of thiazin red binding sites 
in the course of  degradation in the extracellular space. 
Thus, as shown in Fig. 6, a typical extracellular tangle la- 
belled by mAb 423 (A, green channel) is shown to be la- 
belled only very weakly with thiazin red (B, red channel), 
in contrast to the strong labelling shown, for example, in 
Fig. 4B. 
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Fig.4 Double labelling with 
mAb 423 (A) and thiazin red 
(B). A The granular plaque 
fluorescing in green channel is 
not labelled by thiazin red. 
B Most of the thiazin red 
labelled enlarged neurites 
(small arrowheads), and the 
tangle (large arrow) is not 
labelled by mAb 423. How- 
ever, some structures are 
double labelled (small arrow). 
Lipofucsin strongly fluoresces 
in red channel (large arrow- 
head). A, B x 880 

Fig.5 A mAb 423 stains a extracellular neurofibrillary tangle 
(NFT; arrowhead) which shows a granular plaque deposit at both 
ends of its basal neurites (arrows). Higher magnification of the left 
(C, arrow) and right (C, arrow) end of the mAb 423-immunoreac- 
tive tangle shown in A to better appreciate the continuity of the 
end with the ganular components of the plaque. A Projection of 24 
optical sections each 0.5 gin. x 840; B, C single optical sections x 1120 

Discussion 

This is the first study reporting the use o f  thiazin red as a 
fluorescent dye which can be used like thioflavin-S to 
study the neuropathology of  AD. Since dye preparations 
sold as thioflavin-S are chemical ly heterogeneous,  it is 
not possible to determine which constituents are useful 

histologically. Thiazin red has histological staining prop- 
erties which are very similar to thioflavin-S, but is more  
homogeneous  chemically. In particular, thiazin red is a 
useful dye in confocal microscopy because its fluores- 
cence can be visualised selectively in the red channel, 
thereby permitting comparison with immunohis tochemi-  
cal labelling which can be visualised in the green channel 
by means o f  f luorescence-conjugated second antibodies, 
as has been done in the present study. 

Fluorescent dyes such as thiazin red have staining 
properties which both overlap with and differ f rom anti- 
bodies which label amyloid deposits in AD brain tissue. 
The mAbs  4G8 and 423 used in this study are selective for 
particular proteins: 4G8 recognising residues 17-24  of  the 
~-amyloid  peptide [8], and 423 recognising tau protein C- 
terminally truncated at Glu-391 [13]. We have shown in 
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Fig. 6 A The extracellular NFT which is strongly labelled by mAb 
423 is not stained by thiazin red (B). Clusters of lipofucsin gran- 
ules area present in the vicinity of the tangle (arrows). A, B Pro- 
jection of seven optical sections each of 1.0 ~tm; x 1120 

the present study that thiazin red recognises the typical 
histological deposits associated with both these proteins. 
Thus, thiazin red labels typical [3-amyloid plaques, and 
this labelling coincides with mAb 4G8 in double-labelled 
preparations (Fig. 1). Thiazin red also labels typical NFTs 
and dystrophic neurites (Fig. 3B, D), and these too can be 
shown to coincide with mAb 423 labelling in double-la- 
belled preparations (Fig. 3). Thus, pathological deposits 
which are distinct at the protein level nevertheless contain 
similar dye-binding sites. 

Conversely, structures that contain the same proteins 
need not be the same in terms of dye binding. This can be 
shown both for 13-amyloid deposits and for accumulations 
of  PHF-tau. Thus, some of the ~-amyloid deposits found 
in AD brain tissues, specifically those of  the diffuse type, 
are not labelled by thiazin red (Fig. 1C). Similar observa- 
tions have been reported in relation to thioflavin-S [3, 22, 
24]. The difference is thought to reside in the state of ag- 
gregation of the ~3-amyloid peptide, which has been 
shown to be amorphous in diffuse ~-amyloid deposits, and 
fibrillar in the compact deposits. This suggests that pres- 
ence or absence of binding sites for thiazin red coincides 
with presence or absence of a fibrillar state of aggregation 
of the ~3-amyloid peptide. 

A similar situation exists in relation to the PHF-tau de- 
posits detected by mAb 423. NFTs undergo proteolytic 
degradation in the extracellular space which involves the 
loss of epitopes associated with the N-terminal half of the 

tau molecule located in the fuzzy coat of the PHF [2]. 
This process is associated with the progressive exposure 
of the epitope identifed by mAb 423, which has been 
demonstrated to correspond to Glu-391 [13]. We now re- 
port that tangle degradation in the extracellular space pro- 
gresses to the point of loss of binding sites for thiazin red, 
which is particularly evident in severely degraded extra- 
cellular NFTs (see Fig. 6). By analogy with the diffuse [3- 
amyloid deposits, we presume that the loss of thiazin red 
binding sites coincides with loss of  fibrillar structure of 
PHFs in the extracellular space. Electron microscopic 
studies of tangles in the extracellular space are in agree- 
ment with this interpretation with highly degraded extra- 
cellular PHFs appearing as linear amorphous deposits 
[17]. This suggests that the ghost tangle is not the final 
form of the tangle [4], but that it continues to undergo 
degradation in the extracellular space. In this regard, the 
preservation of mAb 423 immunoreactivity in structures 
which have even lost thiazin red binding sites is particu- 
larly striking, since the removal of a single amino acid 
residue at Glu-391 is enough to abolish immunoreactivity 
[13]. We conclude that this epitope is characteristic of a 
stable core element of the PHF which is highly resistant to 
proteolysis. 

These properties make it possible to understand the ob- 
servations relating to the granular plaques labelled by 
mAb 423. In the case shown in Fig. 5, two such plaques 
are continuous with structures which appear to be derived 
from the two basal dendrites of the NFT-bearing pyrami- 
dal cell. Their continuity with the NFT via the basal den- 
drites suggests that the whole complex is the residue of 
extensive PHF accumulation occupying the somatoden- 
dritic compartment of a pyramidal cell. The absence of 
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thiazin red  label l ing  o f  the granular  p laque  is consis tent  
with extens ive  degrada t ion  in the ext race l lu lar  space,  with 
preserva t ion  o f  m A b  423 immunoreac t iv i ty ,  as obse rved  
in h igh ly  degraded  ext racel lu lar  tangles.  P resumably  ex- 
t racel lu lar  pro teo ly t ic  act ivi ty  leads to the format ion  of  
compac t  granular  deposi ts  o f  mod i f i ed  tan f ragments  
which  retain m A b  423 immunoreac t iv i ty  after the disinte-  
grat ion of  PHFs  and loss of  thiazin red b ind ing  sites. 

The  present  s tudy demonst ra tes  that in AD,  deposi ts  o f  
[3-amyloid and C- te rmina l ly  t runcated tan exis t  in forms 
with different ia l  b inding  aff ini ty for  a compound  (thiazin 
red) which  has high aff ini ty for [3-pleated sheet prote in  
structures [15]. We interpret  this different ia l  b ind ing  to be 
due to the state of  a s sembly  of  these proteins,  rather  than 
the par t icular  prote in  species  present.  Silk,  for  example ,  
b inds  thiazin red with high aff ini ty [15]. In AD,  diffuse 
p laques  which  are thought  to contain  non-f ibr i l la r  [3-amy- 
loid  prote in  have  low aff ini ty for  thiazin red, in contras t  to 
the h igh-aff in i ty  b ind ing  seen in c lass ical  plaques.  Like-  
wise,  ghost  tangles  which  have undergone  extens ive  
degrada t ion  in the ext racel lu lar  space have  low aff ini ty 
for  thiazin red binding,  in contrast  with the h igh-aff in i ty  
b ind ing  seen in in t racel lu lar  tangles.  This  lat ter  is the op- 
posi te  o f  what  would  be  expec ted  i f  thiazin red  b inding  to 
tangles  were  due to the presence  o f  associa ted  [3-amyloid, 
which  is larger ly  assoc ia ted  with ext racel lu lar  tangles  [2, 
14, 17, 25]. We conc lude  that compounds  such as thiazin 
red can be  used to moni to r  the state o f  pa tho log ica l  as- 
s embly  of  amylo idogen ic  prote in  species  found in AD.  
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