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Abstract Double immunofluorolabeling for 3-repeat

(3R) and 4-repeat (4R) tau was performed with two

monoclonal antibodies, RD3 and RD4, after an additional

pretreatment with potassium permanganate and oxalic acid

to eliminate nonspecific 3R tau cytoplasmic staining. This

method involves hyperdilution of one of the primary

monoclonal antibodies (C100-fold), making it undetectable

by usual secondary antibodies. The hyperdiluted primary

antibody can then only be detected after tyramide ampli-

fication. Subsequent application of the other monoclonal

antibody at its usual concentration allows double immu-

nofluorolabeling without cross-reaction. This novel method

revealed that tau immunoreactivity (IR) in the hippocampal

pyramidal neurons of Alzheimer’s disease (AD) brains is

heterogeneous in that pretangle neurons exhibit 4R-selec-

tive (3R-/4R?) IR, ghost tangles exhibit 3R-selective

(3R?/4R-) IR, and neurofibrillary tangles exhibit both 3R

and 4R (3R?/4R?) IR. Some nigral neurons exhibited

RD3 IR in both AD and corticobasal degeneration/pro-

gressive supranuclear palsy (CBD/PSP) brains. However,

in CBD/PSP cases, 3R IR was always superimposed on 4R

IR, while 3R-selective neurons were present in AD cases.

These differential isoform profiles may provide a pivotal

molecular reference, closely related to the morphological

evolution of tau-positive neurons, which may be variable

according to disease (CBD/PSP vs. AD), lesion site

(cerebral cortex and substantia nigra), or the stage of

evolution (from pretangles to ghost tangles). These findings

should provide a more comprehensive understanding of the

histological differentiation of various tau deposits in

human neurodegenerative disease.
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Introduction

Tau deposits are classified biochemically according to their

isoform profiles. Pick body disease is characterized by

3-repeat (3R) tau deposits (Uchihara and Tsuchiya 2008),

while progressive supranuclear palsy (PSP) and cortico-

basal degeneration (CBD) are thought to contain predom-

inantly 4-repeat (4R) tau deposits (Delacourte 2008;

Flament et al. 1991). Although homogenates of Alzhei-

mer’s disease (AD) brains include both 3R and 4R tau, it is

still unclear how differences in the expression and function

of these isoforms at the cellular or subcellular level may

affect tau deposition.

Despite the development of isoform-specific antibodies,

RD3 and RD4 against 3R and 4R tau, respectively (de Silva

et al. 2003), specific immunohistochemical differentiation

of each isoform has been hampered by diffuse RD3

immunoreactivity (IR) in the neuronal cytoplasm, most

likely representing normal 3R tau (de Silva et al. 2003;

Hanger et al. 2002). Recently, we found that an additional

pretreatment with potassium permanganate and oxalic acid,

prior to the standard pretreatment with formic acid and

autoclaving, successfully eliminated this diffuse RD3 IR in

formalin-fixed, paraffin-embedded brain samples with tau
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deposits (Uchihara et al. 2011). Precise immunolocaliza-

tion of pathological 3R tau using this method demonstrated

the presence of 3R tau-positive neurons in the substantia

nigra (SN) in CBD/PSP, the so-called 4R tauopathies.

To observe the spatial relationship between 3R and 4R

tau in more detail, double fluorolabeling to differentiate 3R

and 4R tau is necessary but difficult to achieve, because the

antibodies against 3R and 4R tau (RD3 and RD4, respec-

tively) are both mouse IgG antibodies. Here, double im-

munofluorolabeling was accomplished by a combination of

tyramide amplification of the signal from a hyperdiluted

primary antibody, followed by conventional immunofluo-

rolabeling of the other primary antibody (Hunyady et al.

1996; Nakamura and Uchihara 2004; Uchihara et al. 2000,

2003). Although both AD and PSP/CBD brains contained

3R tau-positive neurons, the SN neurons from PSP/CBD

cases were characterized by the presence of 3R IR only in

conjunction with 4R IR.

Materials and methods

Four patients with AD (an 87-year-old man, a 79-year-old

woman, an 85-year-old man, and a 93-year-old woman),

two patients with PSP (both 71-year-old men), and a

patient with CBD (a 68-year-old man) were enrolled in this

study. Pathological diagnoses were based on the published

criteria (Dickson et al. 2002; Hauw et al. 1994; Litvan et al.

1996).

Five-micron-thick, formalin-fixed, paraffin-embedded

sections from the hippocampus and the midbrain were used

for immunohistochemical analysis. After deparaffinization,

serial pretreatment with potassium permanganate (0.25%

for 15 min), oxalic acid (2% for 3 min), formic acid

([99%, 30 min), and autoclaving (120�C in 0.05 M citrate

buffer for 20 min) was performed to eliminate diffuse non-

pathologic IR of RD3 (clone 8E6/C11, Upstate, Lake

Placid, NY) and to enhance RD4 (clone 1E1/A6, Upstate)

IR (Uchihara et al. 2011). After pretreatment with hydro-

gen peroxide (1%, 15 min), sections were incubated with

bovine serum albumin (5%, Nacalai, Kyoto, Japan) diluted

in phosphate-buffered saline containing 0.03% Triton X

100 (PBST, Wako, Tokyo, Japan).

To perform double immunofluorolabeling with two

antibodies of the same class from the same species (mouse

monoclonal IgG), one of the antibodies was serially

hyperdiluted to find the antibody concentration at which

the target epitope is immunofluorolabeled after amplifica-

tion with biotinylated tyramide but not without amplifica-

tion. To determine this concentration, different dilutions of

one of the antibodies were also probed in parallel with an

anti-mouse IgG conjugated with horseradish peroxidase

(1:200), amplified with biotinylated tyramide (1:1,000,

Perkin Elmer), and visualized with streptavidin-Alexa 488

Fluor� (1:200, Molecular Probe, Carlsbad, CA, USA).

After this amplified-immunofluorolabeling, the other anti-

body was applied at its usual concentration (1:300 for RD3

and 1:100 for RD4). Because the secondary anti-mouse

antibody conjugated with Alexa Fluor� 546 (1:200,

Molecular Probe) is not sensitive enough to label the

hyperdiluted antibody of the first cycle, it selectively labels

the primary antibody of the second cycle without cross-

reacting with the hyperdiluted antibody (Hunyady et al.

1996; Uchihara et al. 2003).

Double-labeled sections were mounted with glycerol

containing p-phenylenediamine and observed under a

confocal microscope (Leica SP5, Heidelberg, Germany)

equipped with multiple laser lines. Midbrain sections were

scanned for their fluorescent profiles with high-resolution

digital micrographs (0.33 lm/pixel, with 209 objective)

that overlapped each other and were automatically tiled to

encompass the entire 2D area of the preparation. Tiled two-

dimensional double-fluorescent images (maximum

26 9 64 mm2 area) were screened to identify tau-positive

lesions in the SN (VS120, Olympus, Tokyo, Japan)

(Kanazawa et al. in press). After identifying representative

regions of interest, detailed images were obtained using

confocal microscopy.

Results

Although not detectable using the usual secondary anti-

body (anti-mouse IgG) conjugated with Alexa 488 Fluor�

(Fig. 1b), it was possible to visualize the RD3 antibody

after its hyperdilution (1:30,000) through amplification

with biotinylated tyramide (Figs. 1a, 2c, green). Sub-

sequent RD4 immunostaining at the usual concentration

(1:100) was labeled by a secondary antibody conjugated

with Alexa Fluor� 546 (Fig. 2b, red). Because this sec-

ondary antibody is not sensitive enough to label the

hyperdiluted primary antibody (Fig. 1b) of the first cycle, it

selectively labeled RD4 without cross-reacting with RD3.

As a result, double labeling with tyramide-amplified RD3

(1:30,000, Fig. 2c, green) and non-amplified RD4 (1:100,

Fig. 2b, red) was possible even though RD3 and RD4 are

both mouse-monoclonal antibodies (Fig. 2a, merged).

Double labeling with tyramide-amplified hyperdiluted RD4

(1:10,000, Fig. 2e, green) followed by non-amplified RD3

(1:300, Fig. 2f, red) yielded an essentially identical picture

with reversal of the color representation (Fig. 2a, d) on

neighboring sections of the hippocampus.

Tau-positive neurons were either 4R selective (3R-/

4R?, green empty arrowhead, Fig. 2g–i), 3R selective

(3R?/4R-, Fig. 2g–i, red empty arrowhead), or both 3R

and 4R positive (3R?/4R?, Fig. 2g–i, yellow empty
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arrowhead). These immunohistochemical tau isoform pro-

files largely correlated with different morphological char-

acteristics of tau-positive neurons. For example, pretangle

neurons without apparent fibrillary structure were 4R

selective (3R-/4R?, green), while ghost tangles with

loosened coarse fibrils were 3R selective (3R?/4R-, red).

Typical neurofibrillary tangles with compact fibrillary

structures were both 3R and 4R positive (NFTs, 3R?/4R?,

yellow). Scanning the entire midbrain for these fluorescent

profiles was very helpful in finding the appropriate regions of

interest (ROIs) in the SN (Fig. 3a, b). In AD brains (Fig. 3a,

c, e), neurons in both the hippocampus and the SN were

either 3R-/4R? (green), 3R?/4R? (yellow), or 3R?/4R-

(red). This is in contrast with CBD cases (Fig. 3b, d, f), where

3R?/4R- (red) neurons were absent, and 3R IR was always

superimposed on 4R IR in the SN (Fig. 3f). A similar profile

was observed in the SN of PSP brains.

Discussion

Tau isoform-specific immunostaining became feasible after

introduction of the monoclonal antibodies RD3 and RD4,

which distinguish 3R and 4R tau, respectively (de Silva

et al. 2003). Unfortunately, immunostaining with the RD3

antibody sometimes results in diffuse cytoplasmic staining,

thereby complicating the differentiation between 3R and 4R

tau in formalin-fixed, paraffin-embedded samples (de Silva

et al. 2003). Recently, we were successful in eliminating this

diffuse cytoplasmic staining, most likely representing nor-

mal 3R tau, by additional pretreatment with potassium per-

manganate and oxalic acid prior to conventional formic acid,

and autoclaving. Moreover, this pretreatment was found to

enhance RD4 IR (Uchihara et al. 2011), suggesting that the

RD4 epitope is conformationally modified by the additional

pretreatment (Espinoza et al. 2008).

Here, we have capitalized on the improved RD4 IR and

selective pathological 3R tau immunostaining obtained

using our additional pretreatment to achieve double

immunofluorolabeling using these two mouse monoclonal

antibodies. Cross-reaction between the two mouse-anti-

bodies was successfully avoided by hyperdiluting one of

the primary antibodies (1:30,000 for RD3 and 1:10,000 for

RD4). After hyperdilution, the usual secondary antibody

failed to label this primary antibody, and the signal could

only be visualized after amplification with biotinylated

tyramide. Based on this difference in the detection

thresholds, the first cycle was performed with the

Fig. 1 Enhanced fluorescent

signal by biotinylated tyramide.

Hyperdiluted primary

antibodies (RD3, 1:30,000 for a,
b and RD4, 1:10,000 for c, d)

are detectable after signal

enhancement with biotinylated

tyramide (a, c) but not with

conventional secondary

antibodies (b, d). Hippocampal

pyramidal neurons from a

patient with Alzheimer disease

(AD). Bar = 100 lm
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hyperdiluted antibody to be detected after amplification. It

was then possible to apply the other primary antibody at its

usual concentration (1:300 for RD3 and 1:100 for RD4) to be

detected selectively with a conventional secondary antibody

without cross-reaction to the hyperdiluted antibody of the

first cycle (Hunyady et al. 1996; Nakamura and Uchihara

2004; Uchihara et al. 2003). Comparison of neighboring

sections in which RD3 or RD4 was amplified (Fig. 2a–f)

confirmed that each antibody exhibits essentially the same

isoform profile not influenced by tyramide amplification.

This established that the double labeling was sensitive and

well balanced enough to display both RD3 and RD4 epitopes

in equivalent intensities (Fig. 2a–f).

In agreement with previously published results, both 3R

and 4R tau IR were present in hippocampal neurons from

AD brains; however, isoform profiles were highly hetero-

geneous from one neuron to another. Immunostaining was

either 4R-selective (3R-/4R?, Fig. 2g–i, green empty

Fig. 2 Double immunofluorolabeling with two monoclonal antibod-

ies RD3 and RD4, specific to three repeat (3R) and four repeat (4R)

tau. Hippocampal pyramidal neurons of AD patient. In the first cycle,

one of the monoclonal antibodies (RD3, 1:30,000 for c or RD4,

1:10,000 for e, h) was hyperdiluted and tyramide-amplified to be

visualized with Alexa488 (green). The second cycle labeling with the

other antibody at usual dilution (RD3, 1:300 for f, i, or RD4, 1:100 for

b) was labeled with an anti-mouse IgG conjugated with Alexa 546

(red). This anti-mouse IgG conjugated with Alexa 546 (red)

selectively labels the primary antibody at usual dilution in the second

cycle, because it is not sensitive enough to label the hyperdiluted

antibody in the first cycle. 3R-selective neurons (3R?/4R-: red
empty arrowheads, g–i) consist of coarse fibrillary structures,

resembling ghost tangles. In contrast, 4R-selective neurons (3R-/

4R?: green empty arrowheads, g–i) lack fibrillary structure, resem-

bling pretangle neurons. Neurons positive for both 3R and 4R (3R?/

4R?: yellow empty arrowheads, g–i) are typical neurofibrillary

tangles. b, e, h: 4R tau, c, f, i: 3R tau, a, d, g: merged. Bar = 100 lm:

a–f. Bar = 50 lm: g–i
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arrowhead), 3R-selective (3R?/4R-, Fig. 2g–i, red empty

arrowhead) or positive for both 3R and 4R (3R?/4R?,

Fig. 2g–i, yellow empty arrowhead). Furthermore, differ-

ences in tau isoform profiles correlated with distinctive

morphologies of tau-positive neurons. Namely, 4R-selec-

tive (3R-/4R?, Fig. 2, green) neurons exhibited diffuse

cytoplasmic IR without apparent fibrillary structures,

resembling the so-called ‘‘pretangle neurons’’ (Bancher

et al. 1989; Iseki et al. 2001; Jellinger and Attems 2007;

Uchihara et al. 2001). In contrast, most of the 3R-selective

(3R?/4R-, Fig. 2, red) neurons were characterized by

loosened, widely spaced parallel fibers, compatible with

ghost tangles. Neurons positive for both 3R and 4R tau

largely correlated with typical NFTs with tight fibrillary

structures.

These findings are compatible with previous observa-

tions that pretangle neurons are positive for 4R tau and

ghost tangles are positive for 3R tau (Espinoza et al. 2008;

Iseki et al. 2006; Jellinger and Attems 2007; Kitamura et al.

2005; Lace et al. 2009). However, this correlation may be

debatable if the diffuse cytoplasmic staining of RD3 noted

previously (de Silva et al. 2003) actually represents the

non-fibrillary tau deposits found in pretangles. The com-

bined pretreatment with potassium permanganate and

oxalic acid established in our earlier study provides clarity

by eliminating the diffuse RD3 staining and selectively

labeling the apparent fibrillary structure of NFTs (Uchihara

et al. 2011). In addition, double immunofluorolabeling with

RD3 and RD4 antibodies clearly demonstrates the differ-

ence between pretangles that are 4R-selective (3R-/4R?,

green) and ghost tangles that are 3R-selective (3R?/4R-,

red), which has not been achieved in previous single-

labeling studies or double-labeling studies without this

combination of pretreatments.

Cortical neurons in CBD/PSP are usually 4R-selective,

while some of their brainstem neurons exhibit RD3 IR,

similar to neurons in AD brains (Uchihara et al. 2011;

Yoshida 2006). However, double labeling with RD3 and

RD4 antibodies demonstrated for the first time that in

nigral neurons of CBD/PSP, RD3 IR is always superim-

posed on RD4-positive neurons (Fig. 3f). In other words,

3R-selective neurons (3R?/4R-, Fig. 3e, red empty

arrowhead) are absent in the SN of CBD/PSP (Fig. 3b, d,

f), but present in AD brains, not only in the hippocampus

and cortex but also in the SN (Fig. 3e). This is the first

demonstration that 3R-selective neurons found in AD are

absent in CBD/PSP.

Chronological evolution from 4R-selective pretangle

neurons to 3R- and 4R-positive neurofibrillary tangles

and then to 3R-selective ghost tangles (Jellinger and

Attems 2007; Lace et al. 2009) in AD may be shared

with CBD/PSP. Indeed, abundant pretangle neurons in

the extrahippocampal cortex of CBD/PSP (Li et al. 1998)

may be related to their 4R-selective profile (Uchihara

et al. 2011), possibly representing an earlier phase of tau

deposition. This is in contrast with the more frequent

3R?/4R? neurons and rare pretangles in AD neocortex

(Iseki et al. 2006; Jellinger and Attems 2007; Li et al.

1998), representing an advanced phase of tau deposition.

Additional 3R IR superimposed on 4R IR in nigral

neurons present in CBD/PSP may also represent an

Fig. 3 Double immunofluorolabeling for 3R (red) and 4R (green) tau

in the midbrain of AD and corticobasal degeneration (CBD). Double

labeled midbrain sections were scanned for their fluorescent profile

with high resolution digital micrographs to encompass the entire

midbrain area (a, b, see ‘‘Materials and methods’’ for details).

Progressive close up views of the squares in a, c for AD and those in

b, d for CBD. 4R-selective neurons (3R-/4R?: green empty
arrownead) and neurons positive for both 3R and 4R (3R?/4R?:

yellow empty arrowhead) are present in the substantia nigra of AD

and CBD brains. 3R-selective neurons, present in AD (3R?/4R-: red
empty arrowhead e), are absent in CBD (f). Bar = 1 mm: a, b.

Bar = 500 lm: c, d. Bar = 100 lm: e, f
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advanced stage of tau deposition. In this context, the

lack of 3R-selective neurons in CBD/PSP may be cor-

related with the relative lack of ghost tangles in CBD/

PSP compared with AD (Arima et al. 1999; Jin et al.

2006).

It remains to be clarified how each tau isoform con-

tributes to aggregation (Adams et al. 2010); however,

recent biochemical experiments with synthetic tau have

demonstrated isoform-dependent conformation of aggre-

gates (Siddiqua and Margittai 2010), which may corre-

spond to pathological states specific to disease.

Moreover, preformed seeds may dictate a seeding barrier

or trigger subsequent aggregation, where the seeding

efficacy is dependent on both the isoform and confor-

mation of the seeds and the recruited tau (Dinkel et al.

2011; Nonaka et al. 2010). For example, preformed

seeds of 3R tau recruit both 3R and 4R tau, while pre-

formed seeds of 4R tau selectively recruit 4R tau, but

not 3R tau for their fibril elongation (Dinkel et al. 2011).

Inability of 4R tau aggregates to recruit 3R tau may be

related to the pretangle state, which is more predominant

in cortical neurons of CBD/PSP. Once 3R tau is

recruited, the aggregates may further recruit 3R tau to

develop NFTs positive for both 3R and 4R tau. Although

the underlying molecular mechanisms driving this chro-

nological evolution remain to be identified, differential

tau isoform profiles may provide a pivotal molecular

reference for the morphological evolution of tau-positive

neurons. This morphological evolution of tau-positive

neurons is differentially represented according to disease

(CBD/PSP vs. AD), lesion sites (cortex vs. brainstem),

and evolution of tau deposition (pretangle to ghost tan-

gle), and thus, potentially useful for histological differ-

ential diagnosis. Furthermore, this molecular reference

may be helpful in identifying factors involved in the

evolution of tau-positive deposits, which may be highly

variable between diseases or even between neurons.

Conclusions

Double immunofluorolabeling using two monoclonal anti-

bodies against 3R and 4R tau demonstrated cell-to-cell

heterogeneity in their immunohistochemical profiles in tau-

positive neurons in AD and CBD/PSP brains. In AD, 3R-/

4? pretangle neurons may evolve into 3R?/4R? NFTs

and finally 3R?/4R- ghost tangles, while 3R? neurons in

CBD/PSP brainstems always accompany 4R IR. Cell-to-

cell discrimination of this immunohistochemical profile

should provide insight into how tau proteins are differen-

tially expressed and deposited according to different stages

and in different diseases.
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