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Summary. Several studies have demonstrated that the
accurate visualization and quantification of pathological
lesions in neurodegenerative disorders depend on the
reliability of staining methods. In an attempt to gain a
better assessment of the density and distribution of the
neuropathological markers of Alzheimer’s disease, we
compared the staining efficiency of a modified thiofla-
vine S protocol for neurofibrillary tangles (NFT) and
senile plaques (SP) to different argentic impregnation
techniques (Bielchowsky, Gallyas, Globus, Campbell-
Switzer-Martin) and to immunohistochemical stainings
obtained with two different antibodies against the
amyloid § protein A4 and the microtubule-associated
tau protein. The modified thioflavine S technique
(MTST) detects up to 60 % more SP and up to 50 %
more NFT than the Bielschowsky and Globus methods,
respectively. The results obtained with the specitic
antibodies are comparable to those obtained with the
MTST, but these immunotechniques are more expensive
and time consuming for routine neuropathological eva-
luation, and the appropriate antibodies are not always
commercially available. Furthermore, the morphologi-
cal appearance of NFT and SP with MTST is greatly
improved when compared to the classical thioflavine S
and the increased signal-to-noise ratio between specifi-
cally stained structures and background permits an
accurate semi-automatic quantification.
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Clinical criteria are used to establish a diagnosis of
probable Alzheimer’s disease (AD) [35], but a definite
diagnosis requires the histological demonstration of
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senile plaques (SP) and neurofibrillary tangles (NFT)
[20, 31]. Both the presence and the density of these
neuropathological markers constitute crucial criteria for
the characterization of AD [19, 36, 42]. In addition, the
variations in the regional and laminar distribution
patterns of SPand NFT[1, 34, 37, 39, 40] may lead to the
isolation of AD subtypes with specific neurological
symptoms [3, 15, 21, 23, 25, 29].

Routine staining methods currently used include the
modified Bielschowsky and the thioflavine S techniques
|4, 36, 46]. However, many other methods are available
such as Campbell-Switzer-Martin [6], Gallyas [12],
Globus [14] and Bodian techniques. The Bodian method
is the less sensitive method [33, 44—46] and was not used
in the present study.

Several immunohistochemical methods are used
together with the “classical” techniques to demonstrate
amyloid or preamyloid deposition, paired helical fila-
ments and several abnormally phosphorylated proteins
[30, 43]. In the present study we have used two highly
specific antibodies, one to the amyloid f protein A4 {32,
38] and the other to the microtubule-associated protein
tau |7, 8], to compare the immunohistochemical staining
of senile plaques and NFT to the staining obtained with
the MTST or classical methods.

Our results demonstrate that the MTST [18] is the
easiest to perform and the less expensive, displays a
much higher sensitivity than argentic and classical
thioflavine S methods and is extremely reliable for
routine diagnostic evaluation as well as for detailed
quantitative neuropathological investigations.

Materials and methods

Seven brains from patients with clinically diagnosed and neuropa-
thologically confirmed Alzheimer’s disease (80.5 £ 10.5 years old)
were used in the present study. Tissues were obtained at autopsy
(post-mortem delay up to 36 h; mean 14.5 h, fixed by immersion in
15 % (v/v) formalin for 30 days and then stored in 5 % formatlin for
several years. Hippocampal and parahippocampal regions at the
level of the mid part of the hippocampus were systematically



sampled from each brain. Frontal (Brodmann areas 9, 10, 11, 12)
and temporal cortices (Brodmann areas 20, 21, 28, 36) were
removed only from one brain. For each block, a series of serial
frozen sections (30 pm thick) were made with a Jung-freezing
microtome (CO,) and immersed in H,O.

The 1st, 3rd, 5th, 7th, 9th and 11th sections were stained with
MTST [16, 18]. Thioflavine S method [41] was applied to the 10th
and 12th, Globus method [14] to the 2nd, 4th, 13th, 15th, 17th and
19th, Gallyas method [12] to the 6th, 8th, 14th, 16th and modified
Bielschowsky [46] to the 18th and 20th. In addition, similar series
including Bielschowsky versus MTST, Campbell-Switzer-Martin
staining [6] versus MTST, anti-amyloid f§ protein A4 versus MTST
and anti-tau versus MTST on adjacent sections were realized.

The histochemical procedure for the MTST was performed as
previously described [18]. Floating sections were treated with
0.25 % KMnO, for 20 min and bleached in a solution consisting of
1% K;S,05 and 1 % oxalic acid for 2 min. Afterwards the sections
were treated with a solution containing 1 g NaOH and 3 ml of 30 %
H,0; in 100 ml H,O for 20 min and dipped for 5 s in 0.25 % acetic
acid. Between each step, sections were washed in H,O. The
sections were then mounted on albumin-coated slides, dried,
rehydrated and subsequently stained with thioflavine S diluted up
to 0.0125% in 50 % ethanol for 3-5 min. Finally, sections were
rinsed twice in 50 % ethanol and twice in H,O and coverslipped
with glycerin-H,O (3:1). Deparaffinized floating sections (30 um)
can also be stained with MTST using the same protocol. For
comparison, adjacent sections were stained using the “classical”
thioflavine S method as follows: floating sections were stained for 5
minina 1 % thioflavine S aqueous solution and were differentiated
in 70 % alcohol (3-5 min). After washing in H,O, sections were
mounted and coverslipped with glycerin-H,O (3:1) [41].

The Globus stain [14], used for routine diagnosis in our
laboratory, was modified as follows: frozen sections were immersed
in 5% bromhydric acid - 5 % formalin neutralized by 2 % CaCOj3
for 2 h, rinsed twice in H,O and dipped in 1% Ag,COj; solution
containing 4 % pyridine (Merck) at 37 °C for 45 min. Sections were
then rinsed again and placed in 20 % neutral formalin for 45 min.
They were mounted on albumin-coated slides and dried. After
rehydration, sections were dipped in 1 % HAuCl, solution until a
grey tint was obtained. Subsequently they were placed in 5%
Na,S,0y4 for 20 min to stabilize the staining and finally washed in
H;0, dehydrated, and mounted in Entellan (A. Schoeb, personal
communication).

The Bielschowsky staining method was performed according to
the Yamamoto and Hirano modification using 20 % silver nitrate
[46], the Gallyas staining following the original description [12] and
the Campbell-Switzer-Martin method from Campbell et al. [6].

Immunohistochemistry with anti-f protein A4 and anti-tau was
performed according to Guntern et al. [17]. Highly specific and
previously characterized antibodies to the amyloid f protein A4
[32, 38] and the tau protein [7, 8, 11] were incubated at 1:4000
overnight after pretreatment of the tissues [17]. Following incuba-
tion the section were processed by the PAP method with 3,3'-
diaminobenzidine used as chromogene.

On each section, pathological lesions were counted using an
ocular reticule at a magnification of X 100 (field: 1 mm?). Ten
selected fields [CA1, CA3 and subiculum) containing lesions were
surveyed and compared to the same field on adjacent sections. The
same protocol was used to count SP and NFT in other cortical
areas. Thioflavine S- and MTST-stained sections were analyzed
under a Zeiss Axiophot fluorescence light microscope (BP 485
nm).

The high signal-to-noise ratio between labeling and background
obtained with MTST, Gallyas and immunostaining is highly
suitable for the semi-automatic quantification of the lesions using a
computer-assisted microscopy system consisting of a Zeiss Axio-
plan microscope, a high sensitivity LH-4036 camera (LHESA
Electronic), a COMPAQ Deskpro 386/20 microcomputer and a
SAMBAT™ 2005 software system developed by TITN Inc. (ALCA-
TEL, Grenoble, France). To count semi-automatically SP and/or
NFT stained with MTST in a predefined area, all the stained

171

profiles are selected by thresholding, the results being a series of
binary mask representations. For each surveyed field, labeled
isolated points and artifacts, determined by size and by form, can
be automatically removed. Moreover, the operator can clear any
irrelevant element by manually editing the mask.

The difference between two different methods in densities of
stained lesions in each field were compared on adjacent sections
using a two-sided paired Student’s #-test. Finally the time consump-
tion for performing each method and costs were also assessed and
compared.

Results

Among the five histological staining methods, we found
that the MTSTgave the best quantitative and qualitative
results for the detection of SP and NFT (Figs. 1-3). The
lesion densities assessed with the different histological
procedures are presented in Table 1. The most striking
differences in lesion counts were observed between
MTST and the Bielschowsky method (59 % ‘more SP
with MTST in hippocampus; Fig. 2C,D). The Globus
method stained only 54 % of SP and 52% of NFT
observed with MTST in the hippocampus (Figs. 1C,D;
2A,B). In the other frontal and temporal areas sur-
veyed, 71 % and 76 % of SP were stained with argentic
impregnation as compared to MTST. The difference in
staining between MTST and thioflavine S was more
pronounced in these cortical fields than in the hippo-
campus, especially for NFT (frontal cortex: about 82 %
temporal cortex: about 71 % ; Table 1). The number of SP
was also significantly higher with MTST than with
Globus (29 %) (see Table 1). The Gallyas technique (Fig.
3A) appears to be slightly more sensitive than the
Globus for NFT counting (28.6 = 5.4 and 23.4 & 4.6; P
< 0.025) because the former technique stains mostly
NFT and neuropil threads but does not label SP. We
found that the staining of specific lesions with Campbell-
Switzer-Martin is less homogeneous than the Gallyas
method (Fig. 3C) and is not reliable for semi-automatic
quantification analysis. In Fig. 1 (A and B), a non-
significant difference in SP and NFTdensities is observed
between the two thioflavine S methods when counted
using a reticule. However, the differentiation between
stained structures and background is so greatly
improved on MTST-stained sections that semi-automat-
ic quantification by a computerized image analysis
system is possible. Results obtained by semi-automatic
analysis of MTST-treated materials were comparable to
those obtained with the reticule and do not require a
fastidious and time-consuming microscopic monitoring.

Fig. 1A-D. Comparison between classical thioflavine S method
(A) and the modified thioflavine S technique (MTST) (B) and
between Globus (C) and MTST (D). Note the optimal anatomical
definition of senile plaques (SP) and neurofibrillary tangles (NFT)
on MSTS-stained materials, and the increased signal-to-noise ratio
of MTST as compared to classical thioflavine S. Subiculum (A, B)
and CA3 (C, D). Scale bar (on C) = 100 pm
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Table 1. Comparison of number of neurofibrillary tangles (NFT) and senile plaques (SP) counted in adjacent fields from three different

brain areas

Hippocampus (CAl, CA3 and Subiculum

NFT SP

MTST 344 £ 142 Vs ThioS 348 + 142 MTST 239+ 34 Vs ThioS 213+ 34
MTST 473+ 8.6 Vs Glob. 249 £ 55%  MTST 246 £49 Vs Glob. 13.5 & 3.4%
MTST 2.6+ 34 Vs Gall. 289+ 42 MTST 17.0 £ 2.0 vs  Biel. 7.0 £ 1.8*
MTST 69.0 = 44 Vs CMS 392+ 24% MIST 192+ 1.5 Vs CSM 14.2 + 3.0*
Glob. 234+ 46 Vs Gall. 286 £ 54 Glob. 94+29 vs Biel. 5.8 £ 1.3%*
MTST 47.7 £ 4.5 Vs anti-tau 407+ 39 MTST 26.1 £ 4.8 Vs Anti-A4 26.3 £ 4.4
Frontal Cortex (Area 10)

MTST 128 + 2.6 Vs ThioS 22+ 0.6 MTST 7.6 £ 0.8 Vs ThioS 32 £ 0.4%
MTST 23+ 34 Vs Gall. 214 £ 35 MTST 14.0 £ 1.4 vs Glob. 10.0 £ 1.2*
Temporal cortex (Areas 20, 21)

MTST 8.8+ 1.5 Vs ThioS 54+ 1.1¥ MIST 75+12 Vs ThioS 6.5+ 0.8
MTST 259+ 1.7 Vs Gall. 237+ 19 MTST 142 +19 Vs Glob. 10.9 + 1.4%*

Results represent means £ SEM from ten surveyed fields from a series of sections from six brains with Alzheimer’s disease. Data
from frontal and temporal cortices wee obtained in one brain. Comparable observations were made in other cases as well as in other

frontal and temporal areas (see methods)

MTST: New modified thioflavine S technique; ThioS: classical thioflavine S method; Glob.: Globus; Biel.: Bielschowsky; Gall.: Gal-

lyas; CSM: Campbell-Switzer-Martin

* Significantly different from MTST P <0.01; ** Significantly different from Globus P <0.01; paired two-sided Student’s ¢-test

However, in addition to routine neuropathological case
documentation, valuable quantitative data can be
recorded at the same time.

Only minimal fading problems were encountered
with the new method as compared to classical thiofla-
vine S and the intensity of the specific fluorescence could
be preserved for several months if sections are kept at
4°C. The pretreatment with KMnO, and NaOH totally
removes lipid autofluorescence resulting in an improved
definition of the pathological lesions [16, 17]. Results
were comparable for short or long fixation periods (for
up 40 years).

In a few cases with severe gliosis, some reactive
astrocytes were occasionally stained with MTST and
were predominantly located in the superficial part of
layer 1 and in the white matter. Staining of the glial
element never influenced in quantification protocol.
Diffuse amyloid deposits are also evidenced in hippo-
campal cortex as well as amyloid accumulation in the
wall of small blood vessels [18]. The intense staining of
neuropil threads (Fig. 2B) may be another advantage of
this new method.

No statistical differences were obtained between the
number of NFT and SP by using MTST and anti-tau or
anti-f protein A4, respectively (Fig. 4 A-C).

The time consumption of the MTST protocol is
slightly increased (about 1 h) in comparison to classical
thioflavine S, but is shorter than the immunostaining
techniques and argentic impregnations which requires
up to 2 days. However, discrimination of specific lesions
are so highly improved that time consumption for
carefu] microscopic observation is considerably reduced
and semi-automatic analysis is easy to perform. More-
over, the MTST is 5 to 100 times less expensive than any
of the other methods.

Discussion

The present study reveals the discrepancy between
staining patterns obtained using the following methods:
Bielschowsky, Campbell-Switzer-Martin, Globus, Gal-
lyas, both thioflavine S methods and two immunostain-
ing techniques. The MTST appears to give the best
results for the demonstration of SP and NFT in AD. In
hippocampus, this method permits the visualization of
as much as 60 % more SP than the classical Bielschowsky
argentic impregnation, and 47 % more NFT than the
Globus technique. Immunohistochemical methods gave
results comparable to MTST but are more expensive and

Fig. 2A~D. Comparison of SP staining between argentic impreg-
nations [Globus (A) and Bielschowsky (C)] and MTST (B, D) on
adjacent sections. There are higher SP densities on the MTST-
stained sections. Both pairs of microphotographs are from the CA3
field of the hippocampus. Scale bars (A and C) = 50 pm

Fig. 3A-D. Comparison of NFT staining between argentic
impregnations [Gallyas (A) and Campbell-Switzer-Martin (C)]
and MTST (B, D) on adjacent sections. There are quite similar NFT
densities on the MTST-stained sections; however, the definition of
NFET is enhanced on MTST-stained sections. Both pairs of
microphotographs are from the subiculum of the hippocampus.
Scale bars (A and C) = 20 um
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Fig. 4A—C. Comparison of immunostaining for amyloid {3 protein
A4 (A) and tau protein (C) with MTST (B). There is a comparable
number of SP and NFT. Note that the anti-tau antibody lightly
stains the SP as well as neuropil threads. Subiculum. Scale bar (A)
= 50 pm

time consuming, although this approach is now currently
used to demonstrate SP and NFT [2, 9, 13, 28, 44, 45].
According to Wisniewski et al. [44] the Bielschowsky
and immunostaining methods revealed similar number
of SP.

A recent survey addressed to 261 neuropathologists
[43] about the histological diagnosis of AD showed that
the main discrepancy between data on the density of
NFTand SP arises from the type and quality of staining
techniques. In addition the quantification of the AD
lesions were not performed with a standardized proto-
col. Only 21% of respondents were following the
specific quantitative criteria proposed by Khachaturian
[31]. Our present data as well as observations by other
investigators {9, 13, 28, 33} confirm that significant

differences can be observed depending on the staining
method. Differences in the pathological diagnosis of AD
were also evident in a recent overview by Duyckaerts et
al. [10]. Tt is worth noting that the classical thioflavine S
method may be more sensitive to tissue preservation
than MTST, since in neocortical areas of some cases we
observed higher NFT densities with MTST (see Table 1).
This suggest that the pretreatment may be useful to
reveal the full NFT staining pattern. Thus, MTST [16,
18] offers a convenient protocol for routine neuropatho-
logical diagnosis as reliable as immunohistochemical
methods. Also, MTST could be used as a rapid protocol
on floating deparaffinized or frozen sections and may be
adequate to develop standard criteria for AD diagno-
sis.

The differences in staining of SP and NFT observed
between different methods indicate that a more accurate
definition of the existing criteria for AD diagnosis
should be proposed. Moreover, the fact that this
improved thioflavine S technique can be used to visual-
ize neuropil threads [5], amyloid deposits, vascular
lesions, indicates that new criteria may be added to
those currently used for AD diagnosis. In view of the
differences in NFT and SP distribution between cytoar-
chitectonic areas [1, 15, 21, 22, 24-27, 34, 37, 39, 40]
criteria should also rely on a precise laminar and regional
quantitative analysis. Such an analysis is easy and rapid
to perform using the MTST method [21, 26].

In conclusion, the use of our modification of the
thioflavine S method permits rapid and reliable quanti-
tative assessments of histopathological diagnosis of AD
and, therefore, is useful for further detailed neuro-
pathological investigations.
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