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Active caspase-6 (Csp6) and Tau cleaved by Csp6
(TauACsp6) are abundant in neuritic plaques (NPs),
neuropil threads (NPTs), and neurofibrillary tangles
(NFTs) in end-stage Alzheimer’s disease (AD) (Guo H,
Albrecht S, Bourdeau M, Petzke T, Bergeron C,
LeBlanc AC: Active caspase-6 and caspase-6 cleaved
Tau in neuropil threads, neuritic plaques and neuro-
fibrillary tangles of Alzheimer’s disease. Am J Pathol
2004, 165:523-531). The goal of this study was to
determine whether active Csp6 is present in young
and aged noncognitively impaired (NCI); aged mild
cognitively impaired (MCD); and aged mild, moderate,
severe, and very severe AD individuals. Csp6 activity
was assessed with anti-p20Csp6 and TauACsp6 immu-
noreactivity. Active Csp6 is present in NFTs, NPTs,
and NPs at all stages of AD. Active Csp6 is present in
NFTs of all MCI cases and present in NPTs and NPs of
some MCI cases. Active Csp6 is present in NFTs and
NPTs of all NCI cases but is absent in younger cases.
The level of TauACsp6-positive NFI's and NPTs corre-
lates inversely with global cognitive scores in NCI
individuals. Therefore, Csp6 activity can occur with
aging in the absence of AD and is always associated
with clinical and pathological features of confirmed
AD cases. Given the ability of active Csp6 to increase
amyloid-f8 peptide production and cleave Tau and
several synaptic proteins (LeBlanc AC, Liu H,
Goodyer C, Bergeron C, Hammond J: Caspase-6 role
in apoptosis of human neurons, amyloidogenesis and

1200

Alzheimer’s disease. J Biol Chem 1999, 274:23426—
23436; Petzke TL, Rousselet E, Goodyer C, LeBlanc
AC: Substrates of caspase-6 in human primary
neurons: a proteomic study. Program No. 80.9. 2005
Abstract Viewer/Itinerary Planner. Washington, DC:
Society for Neuroscience. Online), we suggest that
active Csp6 could be an early instigator of neuronal
dysfunction. (4m J Pathol 2007, 170:1200-1209; DOI:
10.2353/ajpath.2007.060974)

|dentification of the early events of Alzheimer’s disease
(AD) is essential for effective treatment. Although neuritic
plagues (NPs) and neurofibrillary tangles (NFTs) have
been the main focus of fundamental research efforts to
quell the progressive dementia associated with AD, few
investigations have been dedicated to elucidating events
that lead to the formation of plagues and tangles in the
sporadic form of the disease. Our research has focused
on identifying key molecular components that initiate neu-
ronal dysfunction and degeneration and subsequent NP
and NFT formation in AD. We have identified caspase-6
(Cspb) as a strong candidate for such a role. Csp6 is
activated in human neurons on an apoptotic insult, indi-
rectly increases the levels of amyloid-B peptide (AB)
production, and directly induces a protracted type of cell
death in the absence of any other insult.'* The active
Csp6 and Tau cleaved by Csp6 (TauACsp6) are highly
abundant in the neuropil threads (NPTs), NFTs, and NPs
of severe AD brains.® In AD brains, Csp6 remains neuritic
and is not nuclear, in contrast to human ischemia, in
which Csp6 translocates to the nuclei, a mechanism
known to be important for lamin A cleavage and subse-
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guent condensation of the chromatin in apoptotic cells.®
These results indicate that Csp6 may be involved in
neuritic remodeling rather than cell death in AD. A pro-
teomic approach revealed that several cytoskeleton or
associated proteins involved in learning and memory are
substrates of Csp6.” Therefore, the activation of Csp6
may play an important role in the early phases of AD
when cognitive problems are first observed and in the
progressive dementia associated with AD. To determine
whether Csp6 is activated during the prodromal stages of
AD, we immunostained hippocampi from young and old
individuals with no cognitive impairment (NCI); mild cog-
nitive impairment (MCI); or mild, moderate, severe, and
very severe AD. In many instances, people with a clinical
diagnosis of NCI or MCI progress to AD.®2~'* The anti-
active p20Csp6 or TauACsp6 antisera strongly immuno-
stain the hippocampi at all stages of AD and MCI. Inter-
estingly, anti-p20Csp6 immunostains neurons in some
NCI cases, and TauACsp6 also immunostains NFTs and
NPTs in NCI aged control hippocampi. In contrast, there
is no anti-p20Csp6 or TauACsp6 immunoreactivity in any
of the young hippocampi. We observe an inverse rela-
tionship between the level of TauACsp6 immunoreactivity
and the global cognitive score of aged NCI individuals.
We conclude that Csp6 activity precedes the clinical
diagnosis of AD and could be an early instigator of neu-
ronal dysfunction in aged individuals.

Materials and Methods

Antibodies and Reagents

The antibody to active Csp6 (p20Csp6) is the 1277 anti-
serum developed against the p20 subunit C-terminal
PLDVVD sequence of human Csp6.° The TauACsp6 an-
tiserum is the 10635 antiserum developed against the
C-terminal KSPVVSED epitope generated by cleavage
with Csp6.®> The anti-amyloid-8 peptide antiserum was
generated from rabbits using amyloid-B peptide 1-40 as
antigen.? The PHF-1 antibody was generously provided
by Dr. Peter Davies (Department of Neuroscience, Albert
Einstein College of Medicine, New York, NY).'® The neu-
ropathologist (S.A.) has extensively used these antibod-
ies for routine diagnosis of AD in autopsied brains, and
there is no decrease in antigen recognition for fixation
durations of up to 1 year.

Collection of Brain Tissues, Fixation, and
Preparation of Slides

Brain tissue was obtained from subjects who participated
in the Religious Orders Study (ROS). Details of the clinical
evaluation, brain autopsy, and Braak staging have been
previously reported.'®'” The Braak staging scores were
done by the ROS and were unveiled only after this study
was completed. Briefly, more than 1000 older nuns,
priests, and brothers agreed to annual detailed clinical
evaluation and brain donation at death. The evaluation
included a medical history, neuropsychological perfor-
mance tests, and a clinical evaluation.'® The diagnosis of
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AD followed the National Institute for Neurological and
Communicative Disorders and Stroke-Alzheimer’'s Dis-
ease and Related Disorder Association criteria. MCI re-
ferred to those persons impaired on cognitive testing who
did not meet criteria for dementia. NCI referred to per-
sons without cognitive impairment. Each member of the
ROS was cognitively assessed using a global cognitive
score. In brief, 19 cognitive test scores are converted to
z-scores based on the mean and SD of all ROS partici-
pants at baseline. The 19 z-scores are averaged to yield
a composite measure of global cognition.'® Brains were
removed in a standard and uniform fashion at predeter-
mined sites across the country. Tissue blocks from one
hemisphere were fixed for 3 to 14 days in 4% parafor-
maldehyde and paraffin-embedded before sectioning at
4-um thickness. In addition, hippocampal tissue was har-
vested from seven young cases, ranging in age from 12
to 22 years, obtained from Baylor College of Medicine
(Houston, TX). The mean age of these cases, composed
of three females and four males, was 17.28 years. None
of these subjects had central nervous system involve-
ment except for one case with Rothia mucilaginosa men-
ingitis. In addition, six male hippocampal tissues aged 20
to 39 years and with no history of neurological diseases
were obtained from the Brain and Tissue Bank for Devel-
opmental Disorders (University of Maryland, College
Park, MD).

Immunostaining of Tissue Sections with
TauACsp6, PHF-1, and Anti-AB

The immunohistochemistry was performed using the
Ventana Benchmark Automated Immunostainer (Ventana
Medical Systems, Tucson, AZ) as described previously.®
The dilutions for the neoepitope p20Csp6 (1277 anti-
sera), TauACsp6 (10635 antisera), PHF-1, and F25276
anti-Ag antisera® were 1/2000, 1/16,000, 1/100, and
1/100, respectively. The p20Csp6 antiserum was ad-
sorbed on purified recombinant active Csp6, and
TauACsp6 antiserum was adsorbed on purified recombi-
nant Tau, generously provided by Dr. Hemant Paudel
(Department of Neurology and Neurosurgery, McGill Uni-
versity), cleaved by active Csp6 as described.® The au-
tomated immunostaining allows constant conditions and
eliminates the uneven staining that can occur with man-
ual staining.

Assessment of the Immunohistochemical
Staining

Scoring was done by the neuropathologist (S.A.) in a
blinded manner and as is customary for the diagnosis of
AD. The densities of NFTs, NPs, NPTs, and B-amyloid
deposits were scored semiquantitatively as absent (0),
low/mild (1), moderate (2), or high/severe (3). Scoring
diagrams developed by The Consortium to Establish a
Registry for Alzheimer’s Disease for assessing AD pathol-
ogy in autopsy brains were used as guides.'® Alzheimer-
type tau pathology (neurofibrillary tangles, neuropil
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Table 1. Demographics Based on Cognition Status

NCI MCI AD
N 6 6 18
Age at death (years) 79.50 = 5.5 8717 +7.0 88.89 + 4.2*
Education (years) 19.50 = 3.1 19.83 = 2.7 17.78 = 4.0
Gender Three males, three females Three males, three females Nine males, nine females
MMSE 28.50 = 1.1 2720+ 17 12.6 = 8.1*
Interval since last exam (days) 238.80 + 192.9 463.5 + 539.1 246.5 + 108.4

Data represent mean = SD. Statistically significant differences evaluated by paired t-test of NCI versus MCI or AD.

*P < 0.05.

threads, and neuritic plaques) was assessed using con-
ventional well-established neuropathological diagnostic
criteria. Flame- or skein-shaped filamentous, tau-immu-
noreactive inclusions in neuronal cell bodies were con-
sidered to represent NFTs, whereas neurons with diffuse
or finely granular or diffuse homogeneous perikaryal tau-
immunoreactivity were considered to contain pre-tan-
gles. Thin linear tau-immunoreactive profiles in the neu-
ropil were considered to represent NPTs. NPs had an
amyloid core surrounded by a halo of radially arranged
thickened, beaded tau-immunoreactive neurites. We
considered a structure to be tau-immunoreactive if it was
decorated with either monoclonal PHF-1 antibody or the
10635 (Csp6-cleaved tau) antiserum. The structures that
were decorated only by the 10635 antiserum had the
exact same morphology as those that were decorated
only by monoclonal PHF-1 antibody or both.

Results

Characterization of the AD, MCI, and NCI Cases
Used in This Study

The demographic information of the aged cases is shown
in Table 1. The NCI cases were slightly younger but not
significantly different from the MCI cases. There was no
difference in age between the MCI and AD cases. The
mini-mental state examination (MMSE) score was not
significantly different between NCI and MCI cases but
was much lower in AD cases. Each group had equal
numbers of males and females and equivalent levels of
education. The AD clinical diagnoses were supported by
the Braak staging scores of IV or V, except for one case
with an MMSE score of 20 that had a Braak staging score
of | (Table 2). The Braak staging scores, measured inde-
pendently by the ROS, were consistent with the semi-
quantitative assessment of PHF-1 immunostaining scores
in NFTs and NPTs assessed blindly by SA, even in the AD
case that had a Braak stage of I. Only 1 of 18 AD cases
with a Braak stage of V had lower PHF-1-immunopositive
NFTs and NPTs. Anti-AB-positive NPs were present at
varying levels in all of the AD cases, and the level did not
seem to correlate with the severity of AD. However, there
was clearly more anti-AB immunoreactivity in AD than in
MCI and NCI cases, as expected.

The MCI cases had more variable Braak staging
scores of | to IV, and NCI cases varied from 0 to Ill. The
one Braak stage IV MCI case had high PHF-1 immuno-

reactivity in NFTs, NPTs, and NPs. There was no corre-
lation between Braak stage levels 0 to Il and the level of
PFH-1 immunoreactivity in NCI and MCI cases. There
was also no correlation with the global cognitive score, as
expected because the Braak stage Il correlates poorly
with cognitive status.’”'® However, there was generally
more NFT and NPT PHF-1 immunoreactivity in MCI cases
than in NCI cases. Likewise, when present, higher levels
of anti-AB-immunoreactive NPs were seen in MCI cases
than in the NCI cases.

The global cognitive scores were the lowest in AD
cases and the highest in NCI cases. Therefore, the
clinico-pathological assessment of these AD, MCI, and
NCI cases allowed us to determine whether Csp6 activity
precedes the clinical and pathological diagnosis of AD.

Tau Cleaved by Csp6 (TauACsp6b)
Immunostaining Is Present in the Hippocampus
of Mild, Moderate, Severe, and Very Severe AD

Previously, we have shown active Csp6 in the NPTs, NPs,
and NFTs of very severe AD cases.® Also, we have shown
that the Csp6 p20 subunit and TauACsp6 are present in
pre-tangles, indicating that Csp6 is activated at a very
early stage of tangle formation. To determine whether
Csp6 is activated in the brains of persons without clinical
AD, we immunostained hippocampal formations from
young and older individuals with NCI and aged individu-
als with MCI, in addition to mild, moderate, severe, and
very severe AD, with antisera to the p20 subunit of active
Csp6 (p20Csp6) or TauACsp6. Active Csp6 and
TauACsp6 both immunostained all AD cases, regardless
of the stage of severity (Figure 1A; Table 2). The speci-
ficity of both antisera was confirmed by the fact that the
pre-bleed antiserum was not immunoreactive to brain
tissue, and the immunoreactivity of both antisera was
immunoadsorbed on recombinant epitopes (Figure 1C).
Active Csp6 immunoreactivity was localized in NFTs,
NPTs, and NPs as described previously,® but it was also
present in the cytoplasmic compartment of neurons.
TauACsp6 was stronger than p20Csp6 immunostaining
because Tau protein is both more abundant and more
stable than Csp6. Therefore, we conducted our investi-
gations with the TauACsp6 antiserum. A semiquantitative
assessment of TauACsp6 showed strong immunoreactiv-
ity in NFTs, NPTs, and NPs of all AD cases regardless of
the MMSE, global cognitive, or Braak staging scores with
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Immunostaining for TauACsp6, PHF-1, or AB in NCI, MCI, and AD Cases

Age at Days since
death Education

MMSE last MMSE  Clinical

NFT NPT NP

Braak Global
stage TauA- TauA- TauA-

cognitive

Individual (years) (years) Gender score at death diagnosis score Csp6 PHF-1 Csp6 PHF-1 AB Csp6 PHF-1  score

MMSE 0 to 5 AD

1 89 18 M 2 61 4
2 90 I F 0 323 4
3 84 16 M 3 29 4
4 90 22 M 1 349 4
MMSE 6 to 10 AD
1 90 20 F 10 331 4
2 95 16 F 7 323 4
3 97 16 F 9 339 4
4 94 16 F 7 243 4
MMSE 11 to 15 AD
1 92 19 M 15 202 4
2 86 20 M 12 145 4
3 94 22 M 15 265 4
MMSE 16 to 20 AD
1 83 16 F 16 86 4
2 88 24 F 19 21 4
3 87 8 M 20 350 4
MMSE 21 to 25 AD
1 84 16 F 22 190 4
2 84 22 F 24 276 4
3 86 20 M 21 381 4
4 87 18 M 24 333 4
MMSE 26 to 30 MCI
1 90 20 F 26 350 2
2 92 19 F 29 98 2
3 95 25 F 28 1442 2
4 82 18 M 29 282 2
5 76 16 M 26 318 2
6 88 21 M 25 291 2
MMSE 26 to 30 NCI
1 77 18 F 29 186 1
2 78 18 F 29 584 1
3 89 21 F 30 289 1
4 83 16 M 28 59 1
5 76 25 M 28 68 1
6 74 19 M 27 247 1

\ 3 3 3 3 1 3 1 —3.66753
\Y 3 3 3 3 1 3 3 —3.44916
\ 3 3 3 3 1 3 1 —3.86259
v 3 3 3 3 1 3  1to2 —4.24437
\Y 3 3 3 3 2 3 1 —2.53453
\ 3 1 3 1 1 3 5 —2.38578
\Y 3 3 3 3 1to2 3 3 —1.49416
\ 3 4 3 4 4 3 4 —2.69227
\ 3 3 3 3 2 3 2 *

\Y 3 3 3 3 1to2 3 3 —2.53204
Y 2 3 1to2 3 1 2 1 —2.95918
\ 3 3 3 3 1 3 1 —1.83198
v 3 3 1to2 3 2 2 1 —1.19181
| 1 5 0Oto1 O 1 Oto1 O —1.44703
\ 3 3 3 3 2 3 3 —1.53034
v 3 3 3 3 2 3 2 —0.97412
Y 3 2to3 3 2to3 1 2 2to3 —1.26995
\Y 3 3 3 3 1 3 1 —1.23048
1l 3 3 3 3 0 1to2 1 -0.8602
v 3 3 2 3 3 3 3 —0.43836
Il 2 3 3 3 2 2 1 —0.39552
1l 2 3 2 3 0to1 O 1 —0.45539
I Oto1 O 0 0 0 0 0 —0.62942
I Oto1 1 Otol 1 0 0 0 -0.21812
m 2to3 1 2to3 1 1 1 0 —0.07983
Il 2 1 2 0 0 0 0 0.61261
1l 1 1to2 1 1to2 O 0 0 0.5143
i 2t3 1 3 1 0 1 0 —0.61081
M 1to21t02 2 1to2 05 1 0 0.26269
0 1 0 1 0 0 0 0 0.59916

A clinical diagnosis of 1 represents NCI, of 2 represents MCI, and of 4 represents AD. AD cases are divided based on MMSE scores as a measure
of the severity of the disease. The global cognitive score was assessed as described.'” M, male; F, female.
*The global cognitive score of this case was not taken at the time that the MMSE score was 15. Scores taken 3 to 7 years before death indicate

declining function.

one exception. The AD case with a MMSE score of 20, a
global cognitive score of —1.44703, and a Braak stage of
| showed low levels of PHF-1, anti-amyloid B peptide
(AB), and TauACsp6 immunoreactivity that was most
consistent with the Braak stage of |I. Overall, the immu-
noreactivity of TauACsp6 in AD cases was gender inde-
pendent and did not depend on the levels of education.
Together, these data show the presence of Csp6 activity
at the very onset of clinically diagnosed AD.

TauACsp6-Immunopositive NFTs Are Present in
the Hippocampus of MCI Cases

TauACsp6-positive NFTs were present in all MCI cases,
TauACsp6-positive NPTs were present in five of six MCI
cases, and TauACsp6-positive NPs were present in three
of six cases (Figure 1B; Table 2). Although there was less
or no TauACsp6 immunoreactivity in two cases with
Braak stage | and Il, there was one MCI case with a Braak
stage of Il that had relatively strong TauACsp6-immuno-

reactive NTs, NPTs, and NPs. There was no correlation
between Braak staging or the global cognitive scores
and the level of TauACsp6 in the MCI cases. However,
the presence of TauACsp6-positive NFTs in all MCl cases
showed that Csp6 activity precedes a clinical and patho-
logical diagnosis of AD.

TauACsp6-Immunopositive NFTs and NPTs Are
Present in the Hippocampus of NCI Cases, and
the Level Correlates Inversely with the Global
Cognitive Score

Unexpectedly, TauACsp6-immunopositive NFTs and
NPTs were present in all NCI cases, and TauACsp6-
immunopositive NPs were present in three of six cases
(Figure 1B; Table 2). As with MCI cases, the level of
TauACsp6 immunoreactivity in NCI cases did not cor-
relate with the Braak stage score. Interestingly, in
these NCI cases, the two cases with the highest levels



1204  Albrecht et al
AJP April 2007, Vol. 170, No. 4

AD MMSE9 AD MMSE 16 AD MMSE22

TauACsp6

L

anti-p20Csp6

TauACsp6

Figure 1. Active Csp6 and TauACsp6 immunostaining in NCI, MCI, and AD hippocampus. Representative micrographs of active Csp6 (p20Csp6) and TauACsp6
immunostaining in the hippocampi of NCI, MCI, and AD individuals with varying MMSE scores. A: AD cases at various stages of the disease as indicated by the
MMSE score. B: Two NCI and two MCI cases with and without immunoreactivity to the p20Csp6 or TauACsp6 antisera. C: Immunohistochemistry of the rabbit
pre-bleed and the p20Csp6 and TauACsp6 antisera without and with adsorption of the neoepitope. D: PHF-1 immunostaining of 13- and 22-year-old hippocampi.
Arrows indicate rare PHF-1 immunoreactive neuropil threads. There was no immunoreactivity with the p20Csp6, anti-AB, or TauACsp6 antisera.

of TauACsp6 (2 to 3) have the most negative global TauACsp6 (0 to 1) occurred in two cases with high
cognitive scores, despite the absence or very low lev- global cognitive scores despite one of these cases
els (0 or 1) of PHF-1-positive NFTs and NPTs and having level 1 to 2 PHF-1-positive NFTs and NPTs. One
anti-Ap-immunopositive NPs. The lowest levels of case with intermediate levels of TauACsp6 (1 to 2) had



a lower but positive global cognitive score of 0.26269.
The remaining case had also an intermediate level of
TauACsp6 (2 in NFTs and NPTs) but had a high global
cognitive score. This case was unfortunately only ex-
amined 584 days before death (1 year and 7 months),
so it is unclear whether this person remained cogni-
tively intact at the time of death. The Braak stage of Il
indicates that the individual did not progress to AD.
There was a good correlation (r? = 0.70) between the
level of TauACsp6 and the global cognitive score of
these individuals (Figure 2).

TauACsp6 Immunoreactivity Is Absent in 13
Younger Control Cases

Immunostaining of the hippocampi of 13 young individu-
als failed to reveal any immunoreactivity for TauACsp6 or
active Csp6 in seven cases of 12 to 22 years of age and
six additional cases of 20 to 40 years of age, except for
one 33-year-old case, which showed one TauACsp6-
positive tangle. One 13-year-old hippocampus had three
short PHF-1-positive neuropil threads (Figure 1D), and
none immunostained with the anti-AB antisera.

TauACsp6 Greatly Exceeds PHF-1
Immunoreactivity in the Entorhinal Cortex

To determine whether active Csp6 is present in the ab-
sence of PHF-1 pathology, we performed co-immuno-
staining of TauACsp6 and PHF-1. Of the 12 cases that
were clinically either NCI or MCI, nine had only minimal to
mild AD pathology essentially restricted to the entorhinal
cortex, the transentorhinal cortex, and the hippocampus
(especially the CA1). In the three other cases (all cate-
gorized as MCI), AD pathology was either moderate or
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Figure 2. TauACsp6 levels correlate inversely with global cognitive scores of
NCI individuals. The highest level of Tau-positive NFTs and NPTs were
plotted against the cognitive score and submitted to linear curve fitting with
Delta Graph software (RockWare, Golden, CO). Ax) = —4.510225E—1*x +
1.118400E+0; R = 6.976118E—1.

Caspase-6 Activity in Aging and MCI 1205
AJP April 2007, Vol. 170, No. 4

marked, with diffuse hippocampal involvement and in-
volvement of the temporal neocortex. In all cases, pre-
tangles (ie, rounded areas of diffuse or finely granular
perikaryal tau immunoreactivity) were mostly immunore-
active with PHF-1 or with both PHF-1 and TauACsp6
(Figure 3, A-D). There was a strikingly different regional
distribution of immunoreactivity of NFTs in the entorhinal
cortex on the one hand (Figure 3, A, C, and E) and the
hippocampus and transentorhinal cortex on the other
hand (Figure 3, B, D, and F). In seven of the nine cases
with mild pathology, TauACsp6 immunoreactivity in the
entorhinal cortex far exceeded that for PHF-1, with four of
these seven being completely negative for PHF-1 (Figure
3, A and C). The TauACsp6 immunoreactivity was local-
ized in tangle-like structures that appeared to be similar
to PHF-1-positive NFTs of AD or in the hippocampus of
the NCI and MCI cases. In contrast, all of these cases
showed immunoreactivity for both antibodies, with NFTs
being decorated by either or both antibodies in the hip-
pocampus and transentorhinal cortex (Figure 3, B and
D). In the three cases with moderate to marked AD pa-
thology, one had the same pattern (Figure 3, E and F),
whereas the other two had extensive staining with both
antibodies in all regions. NPTs had a similar pattern, with
predominant or exclusive staining with TauACsp6 in the
entorhinal cortex and a “mixed” pattern in the other re-
gions (Figure 4). However, there was no correlation be-
tween TauACsp6 immunoreactivity in absence of PHF-1
immunoreactivity in the entorhinal cortex and either the
Braak or global cognitive scores. These results show that
the TauACsp6 precedes or is present in the absence of
PHF-1 Tau in the entorhinal cortex. Overall, the results of
these experiments show that Csp6 activity occurs with
aging and precedes the clinical diagnosis of AD.

Discussion

In this study, we investigated whether Csp6 is activated
in aged individuals with NCI; MCI; or mild, moderate,
severe, and very severe AD. We find that active Csp6 is
intimately linked to the pathological hallmarks of AD in the
hippocampus of persons with all stages of AD. In addi-
tion, we find that active Csp6 is associated with AD
pathology in several aged cognitively normal (NCI) or
mildly affected (MCI) individuals. Interestingly, the active
Csp6 is present in the entorhinal cortex of several of the
NCI and MCI individuals despite the virtual absence of
PHF-1 tau immunopositivity. Furthermore, in NCI individ-
uals, the level of TauACsp6 in the hippocampus inversely
correlates with the level of cognition. Together, the
present results indicate that the active Csp6 occurs be-
fore clinical dementia but may influence cognition in the
elderly.

We show here that the active Csp6 is present in the
hippocampus of very severe, severe, moderate, and mild
forms of AD and that it is intimately associated with NPs,
NFTs, and NPTs. The level of TauACsp6 is similar in the
very severe and the milder cases as defined by the
MMSE and the global cognitive scores. Therefore, Csp6
activity is not the result of end-point neurodegeneration
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Figure 3. TauACsp6 and PHF-1 co-immunostaining in NCI and MCI cases. Co-immunostaining of TauACsp6 (brown) and PHF-1 (red) is shown in entorhinal
cortex (A, C, and E) and hippocampus (B, D, and F) of two mild pathological cases labeled NCI (MMSE, 28 in both) (A-D) and one more affected pathological
case labeled MCI (MMSE, 29). Solid arrows indicate NFT; open arrows indicate pre-tangles. Original magnification, X400.

that arises with time in brains but is present at the very
onset of AD. Of the 18 AD cases studied, two cases stand
out from the others. One case with an MMSE of 20 and a
low global cognitive score indicative of dementia has a
Braak staging score of only | and also displays weak
immunoreactivity to PHF-1, AB, and TauACsp6 antisera.
This case is likely a non-AD dementia. The other case has

a MMSE of 7, a low global cognitive score, a Braak
staging score of V, and strong TauACsp6-immunoposi-
tive NFTs, NPTs, and NPs but low PHF-1-positive pathol-
ogy. Because the immunostaining was performed on all
AD cases together, low levels of PHF-1-positive immuno-
reactivity are nevertheless detected, and the TauACsp6
antiserum strongly immunostains these sections, we can
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Figure 4. TauACsp6 and PHF-1 co-immunostaining of neuropil threads. Co-immunostaining of TauACsp6 (brown) and PHF-1 (red) in neuropil threads in
entorhinal cortex and hippocampus (same case as Figure 3, A and B). Solid arrows indicate TauACsp6 immunostaining; open arrows indicate PHF-1
immunostaining. Original magnification, X600. Inset shows a higher magnification of the double-arrowed neuropil thread, which is decorated by both antibodies.

probably exclude antibody or fixation technical problems
with these sections. Therefore, in this case, the PHF-1
epitope is much lower compared with the other AD
cases. The reason for this is unclear, but sometimes
phospho-epitopes of Tau disappear in ghost tangles,
which appear with time of disease.?"

The MCI and NCI cases have Braak staging scores
of | to IV. A Braak stage of | indicates AD pathology in
the transentorhinal cortex, which in stage Il extends to
the entorhinal cortex and the hippocampus.?° At stage
Ill, neocortical association areas are additionally af-
fected, and at stage |V, there is also involvement of the
frontal and occipital cortex. The MCI and NCI cases
used in this study were classified according to the
clinical diagnosis because the Braak staging score
does not correlate well with cognitive status in
MCI.'"'® |t is expected that some MCI and some NCI
cases will progress to AD, so it is difficult to draw
correlative conclusions from these studies. Neverthe-
less, TauACsp6 is present in NFTs of all MCI and NCI
cases investigated but not in normal young and
younger adult control brains. These results indicate
that active Csp6 precedes AD and remains associated
with pathological features of AD. At this time, it is not
possible to say whether Csp6 activity leads to AD. In
MCI cases, there is no correlation between the level of
active Csp6 and the global cognitive score of these
individuals. This result indicates that the levels of Csp6
activity do not predict MCI progression to AD. How-
ever, it is not possible to exclude the possibility that
MCI cases have already advanced to a stage of cog-
nitive deficit due to the activity of Csp6. In NCI cases,
which have normal but more variable cognitive scores,
the level of TauACsp6 is inversely proportional to the
global cognitive score (r? = 0.70). Therefore, it is pos-
sible that Csp6 activity is a harbinger of more serious
cognitive deficit.

Interestingly, although TauACsp6 immunoreactivity
overlaps that of PHF-1 Tau in the hippocampus and

transentorhinal cortex, it far exceeds PHF-1 Tau pathol-
ogy in the entorhinal cortex of 7 of 12 of the NCI and MCI
cases. Braak staging scores indicate that all of these
seven cases have Gallyas-positive pathology in the
transentorhinal cortex (appears at stage 1), entorhinal
cortex, hippocampus (appears at stage Il), and neocor-
tex (appears at stage lll). PHF-1 antibodies detect hyper-
phosphorylated Tau at amino acids 396 and 404, and this
occurs relatively late compared with the AT8 antiserum
against hyperphosphorylated Tau 199 and 202.2°722
Therefore, the presence of TauACsp6 before PHF-1 im-
munoreactivity does not exclude the possibility that Tau is
hyperphosphorylated at other sites. However, because
PHF-1 and TauACsp6 immunostaining appear in the en-
torhinal cortex at all stages of AD, these results indicate
that the TauACsp6 immunoreactivity in the absence of
PHF-1 immunoreactivity is an early event in AD pathol-
ogy. Braak and Braak®® have noted the first neurofibrillary
changes in the layer Il of the entorhinal cortex in AD. The
entorhinal cortex is affected at a very early stage of AD
and even in preclinical AD. In cases evaluated from the
ROS cohort, there is a 26% reduction in entorhinal cortex
volume in MCI similar to that reported for early (CDR 1)
AD that increases to 40% in severe AD.?*2° The reduc-
tion of volume is proportional to the severity of the dis-
ease as measured by MMSE scores.?* There is a 32%
loss of neurons in the entorhinal cortex of individuals with
MCI (CDR 0.5) compared with normal controls with as
much as a 60% loss in the layer Il of the entorhinal cortex
of these and the ROS study individuals.?® This loss in-
creases significantly to 90% in AD (CDR 3). There is a
reduction of synaptic densities in the molecular layer of
the dentate gyrus that is likely a consequence of the
reduction of neurons in the entorhinal cortex.?” The pres-
ence of active Csp6 in this area before clinical manifes-
tation of disease indicates either that the active Csp6 is
involved in the degeneration process or that it is involved
in some physiological function. Because active Csp6 is
neuritic and not nuclear, we know that in AD, it is not
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associated with classical neuronal apoptosis.® However,
active Csp6 cleaves many cytoplasmic cytoskeleton and
cytoskeleton-associated proteins in neurons.” Our results
show a good correlation between levels of TauACsp6
immunoreactivity in NFTs and NPTs and the lowest global
cognitive scores in NCI individuals, indicating that the
active Csp6 may promote cognitive decline. It is therefore
possible that the active Csp6 could be initiated to repair
some local damage in the neurites, but without a down-
regulation of this activity, active Csp6 would contribute to
the demise of the synapses and neuritic cytoskeleton.

Recently, two studies have shown that elimination of
the caspase-6 cleavage sites in disease-associated
mutant amyloid precursor protein and huntingtin pro-
tein abrogates cognitive deficits and synaptic loss,
despite normal production of the AB in the AD mod-
el.?®29 These data indicate that Csp6 cleavage of pro-
teins in AD and Huntington’s disease promotes neuro-
degeneration by producing small toxic fragments of
proteins. Because active Csp6 has a considerable
number of protein substrates in neurons,” it is unlikely
that only one of these proteins is the trigger for neuro-
degeneration when Csp6 is activated. However, these
results combined with our findings of active Csp6 at
very early stages of AD highlight the importance of
finding Csp6 inhibitors as a potential treatment for
neurodegeneration.

We conclude from these experiments that the activity
of Csp6 precedes the clinical and pathological diagnosis
of AD. This raises the possibility that the active Csp6
contributes to the generation of AD pathology because
we know that active Csp6 in primary cultures of human
neurons increases the production of AB"? and cleaves
Tau protein® and several cytoskeleton and cytoskeleton-
associated proteins involved in maintaining the structure
and function of synapses.” Active Csp6 may contribute
significantly to the cognitive impairment of aged, MCI,
and AD individuals depending on its level of activation
and its location in the brain. Therefore, inhibition of Csp6
may be an early target that could prevent or delay neu-
rodegeneration in AD.
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