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Abstract: Objective: Measure total tau levels in the circulation of living humans, validate the methods employed and
determine if there are consistent differences in total tau levels between normal controls and individuals with mild
cognitive impairment (MCI) and/or Alzheimer’s disease (AD). Methods: Employing ELISA methods, validated by West-
ern bolts using three separate tau antibodies, we quantified total tau levels in serially collected serum and plasma
samples from individuals longitudinally evaluated for cognitive performance. Results: We identified substantial levels
of tau in human circulation using plasma, but not serum. The measurement of authentic tau protein was verified by
Western blots using a C-terminal specific antibody, an N-terminal specific antibody and antibody used in the commer-
cially available ELISA kit. We revealed a significant decrease in plasma levels of total tau among subjects with MCI
compared to cognitively normal controls, with a further highly significant reduction in AD patients compared to both
MCI and normal controls. We also found a significant positive correlation between changing levels of plasma tau and
cognitive performance within the entire population and among AD patients. Conclusions: The data suggest that
changes in circulating tau levels quantified in plasma samples, but not serum samples, may represent a viable bio-
marker for tracking the progression of AD and the efficacy of medications in its treatment.
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Introduction

The search for a reliable biomarker for Alz-
heimer’s disease (AD) has been ongoing for the
last decade or longer. Initially, blood samples
were assessed for changes in amyloid-beta (AB)
- driven by the abundant data that AB in the
brain was a prime candidate for precipitating
AD. It has been reported that there are in-
creased tau and 181-p-tau levels in CSF of MCI
subjects converting to AD and that levels are
stable in controls and MCI subjects not convert-
ing to AD, while the levels of AB42 were de-
creased at baseline in MCI subjects converting
to AD [1]. It has been reported that increasing
231-p-tau levels may also be a predictor of con-
version from MCI to AD [2].

The initial observations of Blennow’s group [3]
between predictable changes in CSF levels of

tau and amyloid beta (AB) and the risk of AD as
well as transition from MCI to AD [4-7] are cur-
rently being verified, validated and standardized
by the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) [8, 9]. A number of the research
groups - including the ADNI cooperative - have
repeatedly reported on tau levels in CSF as a
biomarker for AD [10-14] without ever reporting
circulating tau levels. There is one report of
antibodies to tau in human blood with higher
levels to phosporylated-tau occurring in a lim-
ited number of patients with AD [15], and re-
cently it was noted by the ADNI group that
“methods to analyze tau in blood are at the ex-
perimental beginning” [16].

Initial studies focused on measuring tau in the
blood of individuals with AD were discouraging
[17]. Employing sandwich ELISA methods
plasma tau was quantifiable in only 1 of 16 indi-
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viduals with AD and 7 of 15 normal controls.
These authors noted that plasma tau levels
were not increased in AD and concluded that
circulating tau levels cannot be utilized diagnos-
tically for the disorder [17]. More recently, using
carboxylated microsphere bead methods to
quantify tau levels in plasma [18], increased
level of tau were observed 48 hours after onset
of coma after a cardiac arrest, reaching levels
as high as 500 pg/ml. Most recently more sen-
sitive ELISA kits for quantifying tau have been
developed and used to study serum.

Studies investigating serum samples using this
more sensitive ELISA for tau have also been
mixed, in that increased levels have been noted
in CJD [19] with levels below detection limits in
AD and Controls, in multiple sclerosis but being
below detection limits in the controls [20], in
ischemic stroke [21, 22] and in adult [23] and
pediatric head trauma [24]. It is of note that in
rats with experimental brain injury, serum tau
levels are increased from a basal level of 18
pg/ml to 74 pg/ml one hour after insult using
these more sensitive ELISA kits [25].

Using the same sensitive ELISA kits noted
above, we measured total tau in human plasma,
and now report significant differences between
cognitively normal control individuals, subjects
with MCI and patients with AD. Using the anti-
body employed in the ELISA kit and antibodies
supplied by Dr. L. “Skip” Binder we validated the
ELISA methods and results by Western blots.

Materials and methods
Population pool

Inclusion of control, MCI and AD subjects in the
current biomarker study was predicated on their
participation in the Banner Sun Health Re-
search Institute Brain Donation Program. After
an IRB approved consent was attained for par-
ticipation in the Donation program, subjects
received complete medical, neurological, and
neuropsychological assessments. All subjects
included in the Brain Donation Program were
prospectively characterized, diagnosed, and
assessed during life and followed to autopsy. AD
subjects met NINCDS-ADRDA criteria for a clini-
cal diagnosis of probable or possible AD [26].
The MCI subjects were diagnosed clinically us-
ing Petersen criteria [27-29]: all were catego-
rized as single or multi-domain MCI. Control
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subjects were defined as having no demonstra-
ble cognitively based limitations of activities of
daily living including, when applicable, employ-
ment. Rigorous criteria were used to exclude
anyone with any type of symptomatic or severe
brain-related neurologic or psychiatric illnesses.
This was done by prospective interview of the
participant and careful scrutiny of the medical
records.

Patient population

Subjects investigated in this biomarker study
were a sub-set of individuals participating in our
Brain Donation Program at Banner Sun Health
Research Institute noted above. Studies were
performed on plasma and sera samples from
this sub-set of individuals participating in Brain
Donation Program (thus allowing us access to
the clinical data and diagnosis for each individ-
ual gathered under the umbrella of the larger
study). Participation in this study was voluntary
and at no cost to the subjects.

All subjects entered into the study were thor-
oughly informed of the details of the study.
Each subject signed (and dated) a second sepa-
rate written IRB approved Informed Consent
Statement, which was witnessed in order to
participate in this biomarker study. These indi-
viduals were rigorously evaluated clinically
predicated on their willingness to donate their
brain upon demise (Brain Donation Program
Participants). Standardized clinical instruments
were administered to assess cognitive function.

Study design

Individuals participating in the ongoing longitu-
dinal study provide a blood sample on each day
that they are assessed for cognitive perform-
ance and consensus diagnosis as part of the
Brain Donation Program. The MMSE [30], Rey’s
AVLT [31, 32], and the clock draw [33] were
performed annually as part of the clinical
evaluation. Blood samples were collected in
purple top tubes, centrifuged and the plasma
was stored at -70°C in 100 ul aliquots within 30
minutes of collection until analysis for total tau
levels and other selected biomarkers. On the
same day, a red top tube of blood was obtained
from each individual and resultant sera was
collected and similarly stored until biomarker
analysis. Apolipoprotein-E genotyping was not
performed and CSF samples were not available
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for investigation. Tau levels (total human tau)
were established in each plasma sample and
selected serum samples processed according
our protocol using ELISA quantification methods
employing ELISA (Immunoassay) kits and stan-
dards purchased from Invitrogen Corp., Cama-
rillo, CA.

Of the over 350 individuals we have longitudi-
nally collected both plasma and sera in the last
decade we selected all individual having a diag-
nosis of MCI or AD for investigation (N = 47 and
49 respectively). We randomly selected twice as
many age-matched cognitively normal controls
for assessment (N = 110). In 38 control indi-
viduals we performed test-retest assessment;
separate 100ul samples were thawed and ana-
lyzed for total tau levels in independent assays.
In 29 individuals we performed tissue type and
deterioration assessments; we quantified total
tau levels in plasma and serum collected simul-
taneously, and then allowed the thawed plasma
sample to sit at 40 C for 24 hours and then re-
assessed the level of total tau.

Tau ELISA assay

Samples were assayed using the ELISA kit from
Invitrogen (#KHBOO042) as previously detailed
[34]. All reagents used are supplied in the kit.
Each ELISA plate was read at 450nm in a Bio-
Tex ELx800 plate reader. Reader software (4
parameter algorithm) calculated all data.

Western blots

Plasma samples were stripped of Albumin/IgG
using ProteoSeek columns (IgG removal kit
#89875, Thermo Sci). We found that by reduc-
ing the volume of the final wash that we could
reduce the dilution of samples from 1:17 as
called for in the kit to a dilution of only 1:9, thus
increasing the concentration of protein applied
to the gel lanes. Ten to fifteen microliters of
resultant eluant were added per well using 4-
12% Bis-Tris gels (Invitrogen)., transferred to
nitrocellulose .45 micron pore size papers, and
papers were immersed in antibody overnight
and developed the next day. No fluorescent en-
hancement was used to visualize stained
bands. The non-commercially available Total-
tau antibody employed by Invitrogen in making
their ELISA kit was quite generously supplied by
Invitrogen. Two antibodies, Tau-7 (N-terminal
specific) and Tau-12 (C-terminal specific), were
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generously supplied by Lester ‘Skip’ Binder.

A total of 10 control individuals, 6 individuals
with MCI and 8 AD patients were assessed for
tau immunoreactive bands by Western blots
using all three antibodies. Plasma samples from
an additional 3 control individuals were incu-
bated with and without proteinase-K (Promega)
after IgG stripping to affirm that tau immunore-
active bands were proteins (employing tau-7
and tau-12 antibodies), likewise samples from
an additional 6 control individuals were incu-
bated with and without phosphatase at 37 C for
60 minutes to affirm that higher MW bands
stained by tau-12 were likely various forms of p-
tau.

Statistical analysis

In the cross sectional analysis the mean level of
total tau was compared among the three
groups: control, MCI, and AD by using a one way
analysis of variance (ANOVA) with post hoc com-
parison of means depending on Fisher’'s pro-
tected least significant differences procedure.
In addition, for each group total tau was corre-
lated with the MMSE, AVLT, AVLT-A7 and clock
draw scores using Pearson’s correlation coeffi-
cient.

Longitudinal analysis was conducted using two
methods. In the first, slopes were computed by
taking the change in tau between successive
visits and dividing it by the length of time be-
tween visits (estimated slope of the change in
total tau between visits). Each slope was as-
signed to one of seven groups: control to con-
trol; CC, control to MCI; CM, control to AD; CA,
MCI to AD; MA, MCI to MCI; MM, MCI to control;
MC, or AD to AD; AA depending on the diagnosis
at the two visits. For example, if a subject was
cognitively intact at the first visit but MCI at the
second, then that slope was assigned to the CM
group. Mean slopes were compared among
these 7 groups using a linear mixed model
(LMM) since some subjects had three visits and
were assigned to different groups on the suc-
cessive visits. The LMM accounts for the corre-
lation between multiple slopes are computed on
the same subject. An alternative analysis used a
different LMM to regress total tau on time on
study using a random intercept model with fixed
effects being the diagnosis at that visit and a
potential for interaction between diagnosis and
the effect of time on study. Statistical
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Figure 1. Western blot of standards and plasma samples immunostained with the total-tau antibody employed in the
total-tau quantification ELISA kits produced by Invitrogen. Molecular weight standards are in lane 1, tau isoform stan-
dards are in lane 2, and authentic human 441 tau is seen in lane 4. No sample (blanks) was added to lanes 3, 5, 6,

8, 10, 12 and 14. A plasma sample - after stripping IgG - from an Alzheimer’s patient was applied to lane 7, from an
individual with MCI to lane 9, from a control subject to lane 11, from a rabbit fed control diet to lane 13 and from a

rabbit fed a 1% cholesterol diet to lane 15.

significance is set at p < 0.05 throughout.
Results
Western blot validation of ELISA methods

A sample of Tau isoform ladder standard shows
the characteristic six prominent bands and au-
thentic full length h441 tau standard show a
prominent band at about 58 kilodalton stained
with Invitrogen total-tau antibody (employed in
the ELISA kits; Figure 1), tau-7 (not shown) and
tau-12 (Figure 2). Bands consistent with authen-
tic tau were found in every plasma sample from
control, MCI and AD individuals, (and in rabbit
plasma from animals receiving normal control
or cholesterol-enriched diet [34], Figure 1), thus
validating the ELISA methods for measuring tau
in plasma with three separate specific tau anti-
bodies. It is of note that there are both lower
MW and higher MW protein bands identified by
all three tau antibodies in the human samples.
Incubation of plasma samples with proteinase-K
eliminated all tau-7 and -12 immunoreactive
bands thus verifying that observed immunoreac-
tive bands were different MW proteins. Each
plasma sample incubated with phosphatase
showed a reduction in higher MW immunoreac-
tive bands and increased intensity of bands
consistent with authentic h441 (not shown),
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thus indicating that p-tau in the samples had
likely been converted to non-phosphorylated
tau.

Tau quantification by ELISA

The mean age (years *+ SD) for the control (78.5
+ 7.3) and the MCI (78.7 + 12.3) populations
were somewhat younger than the AD (84.4 +
7.1) study population. The percent males in the
control population was less (39 %) than in the
MCI and AD populations, which were similar
(MCI = 56 %; AD = 53 %).

Cross sectional analysis of ELISA data

The mean circulating tau level (picograms/ml) is
depressed in plasma of patients with AD when
compared to both cognitively normal control
and individuals with mild cognitive impairment
(MCI) (P< 0.0001 and p=0.0002, respectively)
(Table 1). The mean Tau levels were also signifi-
cantly reduced in MCI compared to control (P =
0.048, Table 1).

There was no correlation found between total
tau levels and the neuropsychological tests
within each group except for the correlation be-
tween tau and AVLT score in the AD group (r =
0.45, P < 0.02). When the three groups are
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Figure 2. Western blot of standards and plasma samples immunostained with tau-12 antibody (C-terminal) supplied
by Dr. Lester Binder. Molecular weight standards are in lane 1, tau isoform standards are in lane 2, and authentic
human 441 tau is seen in lane 3. No sample (blanks) was added to lanes 4, 6, 8, 10, 12 and 14. A plasma sample
- after stripping 1gG - from two separate AD patients are seen in lanes 5 and 7, from two separate individuals with
MCI are in lanes 9 and 11, and from two separate age-matched control are in lanes 13 and 15.

Table 1. Mean and standard deviation of total tau levels (picograms/ml plasma) by group.

Population N Mean SD

Control 110 819.5 294.4
MCI 47 729.8*% 225.6
AD 49 530.4** 193.6

*p = 0.048 compared to control and p = 0.0002 compared to AD; **p = 0.0001 compared to control

Table 2. Pearson’s correlation between total tau levels and neuropsychological test scores.

Group MMSE AVLT A7 Clock Draw
AD -0.005 0.455* 0.067 0.360
MCI -0.011 0.033 0.110 -0.049
Control -0.083 -0.176 -0.109 -0.045
Combined 0.278** 0.196** 0.181** 0.141

*p =0.02; **p=0.01

combined total tau is positively correlated with
three tests: MMSE, AVLT, and AVLT-A7 (p =
0.01), but not with the clock draw (Table 2).

Longitudinal analyses
Using all visits we classified each subject in the
study by their diagnoses at two successive visits

and then computed the estimated mean slope
of the change in tau per group. Finally, we fitted
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an alternative LMM by regressing tau on time
on study with a random intercept per subject to
determine if the tau levels changed significantly
over time (P = 0.30) and if this change varied by
diagnosis (P = 0.0008). The results are negative
in that there is no evidence of a significant
change in tau level over time when the subject
remains in the same diagnostic category (AA, N
= 7; MM, N = 10), although among those indi-
viduals maintaining control status (CC) there
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was a large of enough sample (N=33) to ob-
serve a slight but significant increase in circulat-
ing tau with increasing age (p = 0.042; between
test interval = 1.8 + 1.8 years (SD)). We have
investigated insufficient numbers of CM, CA,
MA, and MC individuals to provide viable longi-
tudinal statistical assessment at this time.

Test/retest analysis

The correlation between the level of total tau
obtained from the initial assessment from a
freshly thawed sample (test) and the value ob-
tained from a second freshly thawed sample
(retest) collected simultaneously in each individ-
ual was highly significant (r=0.90, p<0.0001
based on n = 38).

Thereafter, we constructed a one way analysis
of variance with only random effects to compute
reproducibility by computing the intra class cor-
relation coefficient between the test and retest
values (ICC). The computed ICC was 0.84 indi-
cating excellent reproducibility.

Tissue type and deterioration analysis

There was no detectable total tau in any serum
sample assessed (N = 29), but substantial lev-
els of total tau were identifiable in plasma for
the same individuals whether freshly thawed or
aged at 4o C for 24 hours. The correlation be-
tween the plasma levels of tau identified in the
time O run and the 24 hour re-run was highly
significant ( r=0.93, p<0.0001; n = 29). The tau
levels identified at time O and 24 hours later
were significantly different (p < 0.0001 by a
paired t-test); the mean of the paired differ-
ences (tau_1 - tau_2) was 130 + 113
(picograms/ml + SD), implying the tau levels are
significantly greater at time = O than at 24
hours by 130 units on average.

Discussion

Substantial levels of tau are found in the blood
of humans and they were significantly lower in
plasma of AD patients compared with cogni-
tively normal controls. Based on our unpub-
lished data, the circulating levels of tau in eld-
erly normal controls are 2-3 times greater than
encountered in the CSF.

A possible mechanism for reduced total tau in
AD blood would depend on the origin of the pep-
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tide deposited in the brain. Animal studies of
brain injury suggest that circulating tau ema-
nates from central neurons [25]. If the tau de-
positing in the AD brain is overproduced there,
the most likely mechanism to explain the cur-
rent data could be reduced clearance of excess
central tau to the blood. This would be similar to
findings for GDNF where increased levels are
found in AD CSF compared to control, but serum
levels are significantly lower than found com-
pared to the same control population [35]. Re-
gardless of the mechanism, changing total tau
levels in an easily accessible tissue (blood) may
constitute a useful biomarker in following the
progression of AD or the benefit of medications
in a RCT.

The forgoing is supported by the observation
that as cognitive performance declines so do
circulating total tau levels. We found a highly
significant correlation between reduced per-
formance on the MMSE and Rey’s AVLT and
decreased circulating total tau levels. On the
one hand, the latter correlations may be an arti-
fact of combining the three groups since accord-
ing to our cross-sectional data (Table 1), tau
varies among the groups and it is well known
that the neuropsychological tests vary among
the groups. On the other hand, the window of
change possible within the control and MCI
populations may be sufficiently narrow for the
clinical scores (i.e., the range for the MMSE may
be only 3-5 points) to correlate to circulating tau
levels and therefore it would be necessary to
combine the populations to observe the widest
range of possible cognitive performances.

Our pilot longitudinal studies indicate that there
are stable circulating tau levels in AD and MCI
patients remaining AD or MCI, although there is
a sight, but significant, age-related increase in
circulating tau among individuals maintaining a
cognitive control status. This could support the
premise that tau levels rise during an individ-
ual’s life and that in MCI and AD circulating tau
may begin entering the brain thus facilitating
NFT formation [34]. Longitudinal studies are
underway which may be able to confirm the pos-
sibility that as an individual makes the transi-
tion from cognitive control to MCI and thereafter
to AD, that circulating tau levels follow the de-
crease in cognitive performance in an individ-
ual.

Our tissue type and deterioration studies sug-
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gested that there is no identifiable tau in human
sera employing our methods. We suggest that
this might be due to collateral metabolism asso-
ciated with the clotting cascade, or clot forma-
tion, or both. The fact that aged plasma con-
tains less tau than freshly thawed sample sug-
gest that there may also be Ca** independent
tau proteolysis distinct from collateral metabo-
lism (the clotting cascade).

Overall the data suggest that changes in plasma
total tau levels may provide a new avenue of
identifying the onset of MCI and thereafter AD,
thus allowing the ability to follow the disease
from beginning to end. Future studies could
confirm this hypothesis.
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