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Summary

Phosphorylation, cleavage and conformational changes in tau protein all play pivotal
roles during Alzheimer’s disease (AD). In an effort to determine the chronological
sequence of these changes, in this study, using confocal microscopy, we compared

199/202/396/404/422_Thr205 and the second repeat

phosphorylation at several sites (Ser
domain), cleavage of tau (D*!) and the canonical conformational Alz-50 epitope.
While all of these posttranslational modifications are found in neurofibrillary tangles
(NFTs) at all stages of the disease, we found significantly higher numbers of phos-
pho-tau positive NFTs when compared with cleaved tau (P = 0.006 in Braak III;
P =0.002 in Braak IV; P = 0.012 in Braak V) or compared with the Alz-50 epitope
(P < 0.05). Consistent with these findings, in a double transgenic mice model
(Tet/GSK-3B/VLW) overexpressing the enzyme glycogen synthase kinase-3f (GSK-
3B) and tau with a triple FTDP-17 mutation (VLW) with AD-like neurodegenera-

1997202 Thy?05 was greater than truncated tau.

tion, phosphorylation at sites Ser
Taken together, these data strongly support the notion that the conformational
changes and truncation of tau occur after the phosphorylation of tau. We propose
two probable pathways for the pathological processing of tau protein during AD,
either phosphorylation and cleavage of tau followed by the Alz-50 conformational
change or phosphorylation followed by the conformational change and cleavage as

the last step.
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In Alzheimer disease (AD), an important role for tau pro-
tein is well-documented (Igbal et al. 1998; King et al. 1999;
Gamblin et al. 2000; Avila et al. 2004; Binder et al. 2005)
with neurofibrillary tangles (NFTs) composed of highly
phosphorylated forms of tau accumulating in the hippo-
campus and correlating to dementia (Van Hoesen & Hyman
1990; Van Hoesen et al. 1991; Baumann et al. 1993;
Bramblett et al. 1993; Alonso et al. 1996, 2001). In addition
to the well known changes in phosphorylation state, tau also
undergoes multiple truncation and conformational changes
that likely occur in an orderly pattern (Carmel ez al. 1996;
Garcia-Sierra et al. 2001, 2003; Ghoshal et al. 2001; Gam-
blin et al. 2003a,b; Binder ez al. 2005; Guillozet-Bongaarts
et al. 2005; Luna-Munoz et al. 2005). Nonetheless, an accu-
rate spatial pattern of the appearance of each pathological
event remains to be further investigated.

One of the major physiological roles for tau involves
microtubule dynamics and stabilization. Additionally, tau is
also proposed to be involved in signal transduction, orga-
nelle transport and cell growth (Timm et al. 2006; Yu &
Rasenick 2006; Bullmann et al. 2007). The C-terminal
region of tau plays an important role in binding to microtu-
bules (Timm et al. 2006; Yu & Rasenick 2006; Bullmann
et al. 2007), which is regulated by phosphorylation and
dephosphorylation of the repeat domain and other regions
(Gustke et al. 1994; Goode et al. 1997).

In AD, tau is highly phosphorylated at several sites,
including those recognized by AT8 and PHF-1 antibodies,
and while this phosphorylation results in reduced binding to
microtubules in vitro, the effect in vivo is less clear (Otvos
et al. 1994; Goedert et al. 1995; Cash et al. 2003).

In AD, cell loss is another major characteristic and enzymes
involved in apoptosis, such as cysteine aspartate proteases,
including activated caspases (caspases 3, 6, 8 and 9), are
increased in hippocampal and temporal cortical neurons in
AD brains (Raina et al. 2001; Rohn et al. 2001, 2002; Matsui
et al. 2006). While it is likely that these proteases contribute
to neurodegeneration, whether this relates to bona fide apop-
tosis remains obscure (Raina et al. 2001, 2003; Rohn et al.
2001, 2002; Zhu et al. 2004, 2006). On the other hand, the
role of caspase-3 in the cleavage of tau at D**! is irrefutable
(Gamblin et al. 2003b; Rissman et al. 2004).

As discussed above, while the phosphorylation, conforma-
tional changes and cleavage of tau protein are important
events that lead to the pathological state of tau protein
observed during AD, the chronology of these changes is still
under investigation. Very recently it was demonstrated in
AD brains that phosphorylation precedes truncation during
NFTs maturation, particularly the phospho-$**? residue
occurring early than the cleavage at D**! (Guillozet-Bongaarts

et al. 2006). To further analyse this, in the present study we
used double and triple labelling laser scanning confocal
microscopy to determine the spatial and temporal relation-
ship of phosphorylation, conformational changes, and cleav-
age of tau protein during AD pathology. We selected a
population of cases displaying characteristic neurofibrillary
degeneration according to Braak stages II-V. Our findings
show a well-defined pathway with phosphorylation as the
earliest event when compared with other pathological events
such as cleavage at site D**' and the canonical Alz-50
conformational change.

Material and methods

Brain tissue

Brain tissue was obtained from a population-based sample
of elderly cases in the city of Cambridge (UK). Clinical diag-
nosis of AD was made using CAMDEX (Roth ef al. 1986).
Cases included AD and control age-matched normal individ-
uals. From the entire population, we randomly selected cases
with progressive neurofibrillary degeneration according to
Braak stages II-V, [BST II: four cases; BST III: six cases;
BST IV: four cases; BST V: six cases, (Braak & Braak 1991;
Braak et al. 1994)]. We excluded Braak stages I and VI from
this morphometric study because of their relatively small
sample size.

The brains were obtained postmortem and cut in the
sagittal plane. Half was frozen at =70 °C, while the other half
of the brain was fixed in buffered 10% formalin for 3 weeks.
The paraffin-embedded blocks were cut into 10-pm thick sec-
tions and used for immunostaining and morphometry.

Double and triple labelling immunofluorescence

After rehydration (fixed tissue) through xylene and graded
ethanols, sections were blocked with 10% normal goat
serum (Sigma, St. Louis, MO, USA) in Tris-buffered saline
(TBS, 50 mM Tris, 150 mM NaCl pH 7.6) for 30 min.
Double and triple labelling experiments were conducted
using combinations of the antibodies listed in Table 1. IgG
and IgM primary mouse monoclonal antibodies were
detected with FITC, TRITC or CyS conjugated goat anti-
mouse IgG (y-specific) and FITC or TRITC anti-mouse
IgM (p-specific) (Jackson Immuno Research Laboratories,
Bar Harbor, ME, USA) as secondary antibodies. For exper-
iments using a rabbit primary polyclonal, anti-rabbit IgG
secondary antibodies were used (Jackson Immuno Research
Laboratories, Bor Harbor, ME, USA). Adjacent serial sec-
tions were used to directly compare pathological structures
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recognized by different antibodies. In all the experiments,
incubation with primary antibodies was overnight at 4 °C,
followed by 1h at room temperature with corresponding
secondary antibodies. The sections were mounted in
antiquenching medium (Vectashield; Vector Laboratories,
Inc. Burlingame, CA, USA).

Some sections were also labelled with tiazin red (TR) to

localize pathological B-sheet structures.

Immunobhistochemistry

After
incubated for 15 min with 0.3% hydrogen peroxide in phos-
phate-buffered saline (PBS), pH 7.4, to inactivate endo-
genous peroxidases. The monoclonal antibodies Tau-C3 and

deparaffinization and rehydration, sections were

ATS8 (on adjacent serial sections), were incubated overnight
at 4 °C. Horseradish peroxidase (HRP) secondary antibodies
were respectively used, and the enzymatic reaction was
developed by incubation with 0.01% hydrogen peroxide
in PBS (pH 7.4) containing 0.06% diaminobenzidine. The
reaction was stopped and sections dehydrated and mounted
in DPX.

Confocal microscopy

Labelled brain sections were viewed with a 40x oil immer-
sion Plan-Apochromat on a TCP-SP2 Leica (Heidelberg, Ger-
many) laser scanning-confocal microscope. Additional high
power lenses (60x and 100x) were used to critically evaluate
co-localization in single optical sections. Confocal images
were obtained as single sections and the stack of images was
projected as individual 2D extended focus images. Resulting
images were analysed using the software included with the
microscope.

Statistical Analyses and Morphometry

Using the peroxidase technique, NFTs were counted in the
hippocampal area. Per case, morphometric quantification in
the areas was assessed on three microscopic fields from ran-
domly chosen regions in the area of interest. Observations
were conducted by bright field microscopy (eclipse 80i;
Nikon Inc., Melville, NY, USA). Identification and counting
of pathological structures was conducted using 20x and 40x
objective lenses and values expressed per square millimetre
as previously described (Garcia-Sierra et al. 2001).

Student’s #-test was applied when NFTs counts were com-
pared between different antibodies (Figures 2 and 5). Statis-
tical analysis was conducted with spss for Windows 10.0
version (SPSS Inc., Chicago, IL, USA) and GRAPHPAD PrIsSM
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software 3.0 version (GraphPad Software Inc., San Diego,
CA, USA).

Transgenic mice

Using the tet-regulated system (Gingrich & Roder 1998), a
double transgenic mice model (Tet/GSK-3B/VLW) was pre-
viously generated (Engel et al. 2006c) and used here. For
this purpose, the transgenic model overexpressing the
enzyme glycogen synthase kinase-3B (GSK-3B) (Tet/GSK-3
mice) was combined with transgenic mice expressing tau
with a triple frontotemporal dementia and parkinsonism
linked to chromosome 17 (FTDP-17) mutation which
develop prefibrillar tau-aggregates (VLW mice) (Engel et al.
2006a—c).

Results
Phosphorylation at sites Ser'®®”?%>-Thr*% and cleavage
at site D**1 are hallmarks of Alzheimer’s disease

Single-labelled cases

representative of several Braak stages was performed using
199/202 ;205

immunohistochemistry in  AD
ATS8 (phosphorylation at sites Ser and
Tau-C3 (cleavage tau at D**!) antibodies. We found the well
described NFTs pathology within the hippocampal area
contained tau phosphorylation at sites Ser!”?2°2-Thr?%
(Figure 1d-f). We also found substantial NFTs pathology
with truncated tau at D**' (Figure la—) in the same area.
As shown in Figure 1c,f, there were quantitative differences
with greater numbers of NFTs-containing phosphorylation
at those sites than cleavage at site D**1.

Significantly higher numbers of AT8 immunoreactive
NEFTs were found in AD brains from Braak stages 111 to V

199/202_Thr205 is

To further analyse if phosphorylation at Ser
an event that precedes cleavage at D**!, we analysed cases
with progressive neurofibrillary pathology [stages II-V
(Braak & Braak 1991; Braak et al. 1994)]. Neurofibrillary
tangles were counted in adjacent CA1 hippocampal areas
using AT8 and Tau-C3. In all cases, including Braak III-V,
the density of intracellular tangles containing phosphory-

1997202 7295 was significantly higher

lated tau at sites Ser
when compared with cleavage at D**! (P = 0.006 in Braak
III; P =0.002 in Braak IV; P = 0.012 in Braak V respec-
tively, Figure 2). In those cases from Braak II, no significant
difference was found between AT8 and Tau-C3 immuno-
labelled NFTs, however, at this stage the CA1 area demon-

strated a large amount of pretangle cells displaying ATS
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Table 1 Antibodies employed

State Antibody Class Epitope Reference
Phosphorylation dependent ATS IgG pSer?%2, pThr?® Goedert et al. (1995)
pTau IgG Second repeat domain ABR, Inc. Golden, CO 80401, USA.
Ser®”® IgG pSer>?¢ Bramblett et al. (1993)
Ser*?? IgG pSer*?? Biosource, Camarillo, CA, USA.
Conformation dependent Alz-50 IgM 5-15; 312-322 Carmel et al. (1996)
Truncation dependent Tau-C3 IgG Truncation D**! Gamblin et al. (2003b)

staining with no fibrillar appearance. Moreover, neuritic
component immunoreactive to AT8 antibody was also pre-
dominant along the neuropil of CA1 area. These results sug-
gest that phosphorylation of tau in assembled and
non-assembled conformation precedes D**! truncation. No
pretangles stages were decorated by Tau-C3 antibody (data
not shown).

These data support the hypothesis of phosphorylation
as an earlier pathological feature than the truncation at site
D*! in tau protein during AD pathology at early stages.

@ [ (@

(b) ©)

A L r .ﬁ‘ 1 : : \
Figure 1 Immunohistochemistry of tau protein in the hippo-
campal area of AD cases demonstrating that Tau-C3 reacts
with the canonical neurofibrillary tangles (NFTs) (a—c) as well

as AT8 (d-f). Identification of structures was conducted using
20x (a, b, d and e) and 40x (c and f) objective lenses.

Phosphorylation at sites Ser'”’, second repeat domain

y
(pTau) and Ser*?? are coincident with cleaved tau protein
at D*!

The pattern of phosphorylation at Ser'®® and cleavage at D**!
was examined in the hippocampus in several AD cases. We
observed that both events (phosphorylation at Ser'®’
cleavage at D**') were coincident in the NFTs pathology (Fig-

and

ure 3a). When we analysed the phosphorylation at the second
repeat domain (pTau) we saw a similar pattern, the phosphor-
ylation in the second repeat domain and cleaved tau at D**!
were always coincident (Figure 3b). Interestingly, in no case
were NFTs present with the opposite pattern, i.e. no struc-
tures present with truncation but no phosphorylation at
199 or the second repeat domain (see Discussion).

422 was observed co-labelled

Ser

Tau phosphorylated at Ser
with hippocampal NFTs pathology (Figure 3d). Interestingly,
here immunostaining patterns emerged, NFT pathology with
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Figure 2 Significantly higher numbers of phosphorylation at sites
Ser'??7202_Thr2%5 (AT8) immunoreactive NFTs were found in
Alzheimer’s disease (AD) brains corresponding to Braak’s staging
III-V. Paraffin embedded brain sections from CPLL cases were
studied by inmunohistochemistry with Tau-C3 (cleavage at site
D*?1) and ATS8 and analysed under bright field. Significant differ-
ences (*) between the density of neurofibrillary tangles (NFTs)
with AT8 and Tau-C3 were found (P = 0.006 in Braak III;

P = 0.002 in Braak IV; P = 0.012 in Braak V respectively).
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Figure 3 Confocal microscopic images demonstrating that cleavage at D**! and phosphorylation colocalize in Alzheimer’s disease
(AD) brain. Double immunofluorescence was used to examine the association of cleavage at D**! (red) and the phosphorylation
at several sites (green). The cleavage of tau at D**! was coincident with the phosphorylation at sites Ser'®® (a), Ser**? (d) and
the second repeat domain labelled by pTau (b). Truncation at D**! (red) was coincident with phosphorylation at Ser*?* (green)
in the latest structures (d), but in the youngest, we did not found tau truncated protein at D**! associated with this phosphory-
lation (c).

both events (phosphorylation at site D**? and cleavage at In sum, tau protein cleavage at D**! was coincident with

422 199

site D*?') and NFTs with just phosphorylation at site Ser phosphorylation at sites Ser~”", second repeat domain, and

(Figure 3c,d). Ser*?? sites in early stages of NFTs development.
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Figure 4 Neurofibrillary tangle (NFTs) pathology in CA1 for-
mation from the hippocampal area mainly composed by phos-

phorylated tau at sites Ser'*®/?92-Thr**S was found in

transgenic mice (green NFTs, d). Lack of B-sheet conformation
as assessed by tiazin red (TR) staining in the AT8 pathology
was observed (e, f). Neurofibrillary tangle pathology composed
by truncated tau at site D**! was also found in the same area
(white arrow, a). Identification of structures was conducted
using 20X (a—c) and 40x (d—f) objective lenses.
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Figure 5 Significantly higher numbers of phosphorylation at

sites Ser’”® immunoreactive neurofibrillary tangles (NFTs) were

found in Alzheimer’s disease (AD) brains. Phosphorylation at
site Ser®”® is significantly increased when compared with cleav-
age at site D**! and significantly increased when compared with
the conformational Alz-50 epitope (for both comparisons:

P < 0.05).

NFTs containing byperphophorylated tau were increased
when compared with NFTs containing truncated tau in
GSK-3B conditional transgenic mice

Using a double transgenic mice (Tet/GSK-3B/VLW) AD-like
neurodegeneration model (Engel et al. 2006¢), we analysed
whether the chronology of phosphorylation at sites
Ser!??7292.Thr?% labelled by AT8 and the cleavage of tau at
site. D**! labelled by TauC3 followed what was observed
in AD. Tiazin red (TR) was used to identify B-sheet
conformation. In the CA1 formation of the hippocampal

Figure 6 Confocal microscopic images demonstrating that
cleavage at D**!, phosphorylation and the conformational Alz-
50 epitope colocalize in Alzheimer’s disease (AD) brain. Triple

labelling immunofluorescence with Tau C3, Alz-50 and pSer®*°.

Neurofibrillary tangles (NFTs) with truncated tau at D**! and
phosphorylation at Ser**® were found (white-blue NFTs, d); as
well as NFT with phosphorylation at site Ser®*®, cleavaged at
site D**! and the Alz-50 conformational change (white NFTs,
d); and finally NFTs with nothing but phosphorylation at site
Ser®?® (blue NFTs, Figure 4d).

area we found considerable NFTs pathology containing
phosphorylated tau at sites Ser'”®/2°2-Thr?® (green NFTs,
Figure 4d). Interestingly, we observed a lack of B-sheet con-
formation as assessed by TR staining in the AT8 pathology
(Figure 4e,f). Neurofibrillary tangle pathology containing
truncated tau at site D**! was also found in the same area
(white arrow, Figure 4a), although it was markedly reduced
in comparison to the pathology labelled by ATS8. As
expected, the TauC3 pathology showed the typical B-sheet
conformation as assessed by TR staining (white arrow, Fig-
ure 4b,c).

In AD, phosphorylation at sites Ser®”®, cleavage of tau
at D*?1 and the canonical Alz-50 epitope were found
coincident during the NFT pathology

We found that phosphorylation at site Ser’”® is increased
when compared with cleavage at site D**' and also
increased when compared with the conformational Alz-50
epitope (Figure §).
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Phosphorylation at Ser®*® (blue colour, Figure 6c) and

cleavage at site D**! (green colour, Figure 6a) were coinci-
dent in NFTs pathology (white and light blue colour,
Figure 6d), similar to what we found when comparing trun-
cated tau at D**' with phosphorylation at Ser'®® and the
second repeat domain (see results above). The phosphoryla-

396 was also observed co-labelled with the

tion at site Ser
canonical Alz-50 epitope (white colour, Figure 6d). Interest-
ingly, some NFTs pathology display phosphorylation at
Ser’”® without the Alz-50 conformational change (blue
NFTs, Figure 6d). On the other hand, the Alz-50 conforma-
tional change is mostly found co-localized with cleaved tau
at D**', while some truncated tau at this site (D**!) was
found in the NFTs pathology without the Alz-50 conforma-
tional change (light blue NFTs, Figure 6d).

We also observed a population of NFTs that had all the
events, phosphorylation at site Ser>®®, the Alz-50 conforma-
tional change and the cleavage at site D**! (white colour
NFTs, Figure 6d), suggesting a close and complicated rela-
tionship between all those events.

C-Term

421

.
Thr205

(b)

Figure 7 Maturation of Neurofibrillary tangles during Alzhei-
mer’s disease (AD) pathology follows a well defined pattern of
phosphorylation in several sites such as Ser'®? 202 396, 404, 422/
Thr*% and second repeat domain, followed by cleavage of tau
at D*! during early stages. According to our data, the patho-
logical process of tau protein during AD could follow two
pathways; (a) phosphorylation, conformational change and
cleavage, or (b) phosphorylation, cleavage and conformational
change.

© 2008 The Authors
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Overall, in the hippocampal area of the AD cases, three
populations of NFTs were found: (1) NFTs with only phos-
phorylation at site Ser**® (blue NFTs, Figure 6d); (2) NFT
with truncated tau at D**' and phosphorylation at Ser’”®
(white-blue NFTs, Figure 6d); and (3) NFTs with phosphor-
, cleavage at site D**' and the Alz-50

conformational change (white NFTs, Figure 6d).

ylation at site Ser>”®

Discussion

The phosphorylation, cleavage, and conformational changes
of tau protein seem to play critical roles during AD
pathology (Grundke-Igbal et al. 1986; Bramblett er al.
1993; Alonso et al. 1996, 2001; Mena et al. 1996; Garcia-
Sierra et al. 2001; Gamblin et al. 2003b; Gong et al.
2004; Luna-Munoz et al. 2005). Here, using specific anti-
bodies to phsophorylation at Ser!**”292-Thr?%S (AT8) and
cleavage at D**! (Tau-C3), we found the typical NFTs
pathology within the hippocampal area (Figure 1). To
understand the spatial relationship of phosphorylation and
cleavage at site D**' we used AD and control cases of
varying pathological stages (Braak II-V) and found signifi-
cantly higher numbers of AT8 immunoreactive NFTs com-
pared with cleaved tau in most of the stages. Of note, at
Braak II, NFTs composed of phosphorylated tau, while not
significant, were more predominant than those composed
of D**! truncated tau (Figure 2). Significantly, however, at
this stage, large numbers of AT8-positive non-fibrillar pre-
tangles are also detected, as well as a prominent neuritic
component. This non-fibrillar pathology was not quantified
in the present study but may be a previous step that con-
tributes to NFTs formation. Tau-C3 immunoreactivity, on
the other hand, was exclusive to NFTs and scarce labelling
of neuritic component was evidenced at this stage (not
shown). These data suggest that phosphorylation may func-
tion as an initiator, while cleavage could act as propagator
during AD pathology.

To further analyse the spatial relationship of phosphory-
lation and cleavage during AD pathology, we performed
double and triple confocal microscopy. A strong colocaliza-

199 and

tion was observed between phosphorylation at Ser
the second repeat domain with cleaved tau in early NFTs
(Figure 3a,b). The opposite pattern was never found, i.e.
cleaved tau without phosphorylated tau. We also compared
the phosphorylation at site Ser**? vs. the cleavage of tau at
D*!, We found two patterns, phosphorylation at site
Ser*?? coincident with cleavage at D**! and phosphoryla-
tion at the same site without cleavage at D**! (Figure 3c,d).
Similar to previous findings (Guillozet-Bongaarts et al.
2006), our data suggest that phosphorylation takes place
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prior to the cleavage of tau at D**! and, as the phosphory-
lated epitope remains after the cleavage of tau, those NFTs
are composed of different kinds of tau protein at different
stages. These patterns also showed a dependent correlation
between phosphorylation at several sites and cleavage at
D*!. While little is known about downstream intracellular
phosphorylation pathways, the activation of GSK-3B has
been postulated to mediate AD tau hyperphosphorylation
(Lucas et al., 1993). Here, using a double transgenic mice
(Tet/GSK-3B/VLW) AD-like neurodegeneration model (En-
gel et al. 2006¢), we observed a similar chronological pat-

tern  between  phosphorylation and

199/202 T}, 205

cleavage. The
phosphorylation at Ser was increased when
compared with cleavage at D**! (Figure 4a,d). Interestingly,
the phosphorylated NFTs were TR negative (Figure 4e),
showing a lack of B-sheet structure, while the truncated
NFTs were TR positive (Figure 4b, white arrow). These
data suggest that phosphorylation is an event that takes
place even when the tau protein is not fully processed as
the B-sheet structure is not present.

At this point, our data suggest a well-defined pattern of
cleaved tau at D**' preceded by phosphorylation at several
396 take

place before the canonical Alz-50 epitope as well as the

sites. We also found that phosphorylation at Ser

cleavage, as higher numbers of NFTs containing phosphory-
3% were observed when compared with the
cleavage at site D**! and the Alz-50 conformational change
(Figure 5). The Alz-50 conformational change, phosphoryla-
tion, and cleavage of tau were found coexisting in the same

lation at Ser

NFTs (Figure 6d), suggesting a close and complicated rela-
tionship between all those events during the pathological
process. We also observed NFTs with nothing but phos-
phorylation, situating phosphorylation as the earliest event
(Figure 6d) and directly contradicting earlier chronological
schemas (Rissman et al. 2004). Interestingly, we found NFTs
with phosphorylation and cleavage at D**! without the
Alz-50 conformational change. These data suggest that phos-
phorylation takes place before the Alz-50 conformational
change and the cleavage.

In conclusion, in this study, we show that phosphorylation
and cleavage of tau are related during AD pathology, and
both are early events that have a well-defined pattern of
phosphorylation followed by cleavage. Our data also shows
that phosphorylation is a major event during the early stages
of AD pathology when compared with cleavage or the
Alz-50 conformational change. Taken together, our analysis
suggests that the tau processing during AD is taking two
possible pathways: cleavage before Alz-50 conformational
change, and vice versa, conformational change before
cleavage (Figure 7).
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