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Abstract. Elevated cerebrospinal fluid concentrations of tau discriminate Alzheimer’s disease from other neurodegenerative
conditions. The reasons for this are unclear. While commercial assay kits are widely used to determine total-tau concentrations,
little is known about their ability to detect different aggregation states of tau. We demonstrate that the leading commercial
enzyme-linked immunosorbent assay reliably detects aggregated and monomeric tau and evinces good recovery of both species
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when added into cerebrospinal fluid. Hence, the disparity between total-tau levels encountered in Alzheimer’s disease and other
neurodegenerative conditions is not due to differential recognition of tau assembly forms or the extent of degeneration.
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Enzyme-linked immunosorbent assay (ELISA)
determinations of total-tau (t-tau) and phospho-tau
(p-tau) concentrations in cerebrospinal fluid (CSF)
consistently discriminate Alzheimer’s disease (AD)
from normal controls and patients with other neurode-
generative conditions [1], such that the determination
of CSF t-tau and p-tau has been included in the pro-
posed revision to the NINCDS-ADRDA diagnostic
criteria for AD [2]. However, CSF levels of t-tau and
p-tau in other tauopathies have not been extensively
studied and the available data are contradictory. In fron-
totemporal dementia (FTD), levels of t-tau have been
reported as normal [3], increased [4], or decreased [5].
Studies on corticobasal degeneration (CBD) are com-
promised by small sample size and conflicting results
[6, 7]. For progressive supranuclear palsy (PSP), the
few studies undertaken indicate that t-tau levels are in
the normal range [8, 9].

It is generally held that the elevation of t-tau in the
CSF of patients with AD is a secondary phenomenon,
reflective of neuronal death [10]. However, this
ignores the fact that the extent of neurodegeneration
in other tauopathies can be comparable or greater than
that in AD. Consequently, we investigated the levels
of t-tau and p-tau in CSF from a cohort of patients
with well-characterized neurological disorders, some
of which by brain imaging had extensive neurodegen-
eration. In agreement with prior studies, we found tau
levels were elevated in AD patients relative to controls
and other neurodegenerative diseases. One possible
explanation why increased tau levels are not detected
in non-AD neurodegeneration could be that ELISAs
used to measure CSF tau differentially recognize
different assembly states of tau. For instance, it has
been demonstrated that certain ELISAs preferentially
recognize specific assembly forms of aggregation-
prone proteins [11, 12], thus we sought to determine
if a total tau ELISA could detect aggregated and
monomeric tau equally well. Thereafter we went on to
apply this assay to the analysis of CSF from controls
and individuals with various tauopathies.

CSF samples were obtained with approval of local
ethics committees from 53 subjects. Patients were

recruited prospectively from the Dublin Neurological
Institute or from a memory clinic in Falköping.
Controls were recruited contemporaneously from
the local geographical area. Subjects were classi-
fied as neurologically normal (n = 16); AD (n = 13);
other tauopathies (FTD, PSP, CBD) (n = 17), or
�-synucleinopathy [idiopathic Parkinson’s disease
(IPD), multiple systems atrophy (MSA), or dementia
with Lewy bodies (DLB)] (n = 7). In each case, a diag-
nosis was made according to validated criteria [13–19]
by experienced neurologists. Two patients had FTDP-
17-causing mutations on the MAPT gene. To eliminate
cases of incipient AD from our non-AD groups we also
measured CSF levels of A�42 [20]. For further details
see Supplementary Table 1.

CSF was collected from the L3/L4 interspace,
centrifuged at 2500 g for 10 min at 4◦C and the super-
natant aliquoted, and stored at −80◦C. Samples with
an erythrocyte count >50/mm3 were excluded. Total
tau (t-tau), phospho-tau181 (p-tau), and A�1-42 con-
centrations were measured using the Innotest® hTau
Ag, Innotest® Phospho-tau(181P) (Innogenetics, Ghent,
Belgium), and MSD Multi-Array® Human Abeta 42
(MSD, Gaithersburg, MD) ELISA kits. All samples
were analyzed at least in duplicate and the inter-assay
variation coefficient was <10%. Results are expressed
as mean ± standard error, and inter-group differences
were assessed using the Mann-Whitney U-test.

The human tau isoform, hTau 40, was expressed,
purified, and aggregated as described previously [21]
and the concentration determined by quantitative
amino acid analysis (AAA). Aggregation was con-
firmed by Thioflavin-S binding assay and electron
microscopy. Dynamic light scattering (DLS) con-
firmed that aggregates did not readily disassemble
to monomer when diluted (Supplementary Fig-
ure 1; available online: http://www.j-alz.com/issues/
33/vol33-4.html#supplementarydata01).

For comparison with the larger AD and control
groups two broad diagnostic categories, namely
“other tauopathies” (FTD, PSP, CBD) and “�-
synucleinopathies” (IPD, DLB, and MSA) were used.
AD patients had significantly higher t-tau levels
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Fig. 1. Total- and phospho-tau181 are elevated in CSF from patients with AD. Total-tau (A) and phospho-tau181 (B) results were analyzed by
grouped diagnoses where “Other Tau” refers to pooling of patients with FTD, PSP, and CBD into one diagnostic category and “�-Syn” refers
to pooling of patients with IPD, DLB, and MSA into one diagnostic category. Mean values and standard errors are represented by a horizontal
line and capped vertical line, respectively. The determination of CSF A�1-42 levels (C) facilitated the exclusion of subjects which could have
incipient AD. The exclusion of these subjects further enhanced the sensitivity of total-tau in distinguishing AD from other tauopathies (D), but
did not significantly impact the phospho-tau results (E).

than both patients diagnosed with another tauopathy
(p < 0.01) or an �-synucleinopathy (p < 0.01) (Fig. 1).
Similarly, AD patients had significantly higher

p-tau levels than controls (p < 0.001); other tauopathies
(p < 0.001); and �-synucleinopathies (p < 0.01). Inter-
estingly, the p-tau values in the groups of patients
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with other tauopathies and �-synucleinopathies were
significantly lower than the control cohort (p < 0.05).
The fact that the control cohort was significantly
older than both of these groups possibly explains this
finding; nevertheless, it is remarkable that patients
with certain neurodegenerative diseases had lower
levels of a protein that supposedly leaks from dying
neuronal axons than older normal subjects. In order to
further secure the distinction between individuals with
AD, all subjects with CSF A�1-42 levels lower than the
mean value of the AD group were excluded, lest they
represent an incipient AD process [22]. This served to
further increase the sensitivity of t-tau in distinguishing
AD from other tauopathies (p < 0.001) (Fig. 1A, D).

Like certain prior studies, our findings indicate
that t-tau and p-tau are elevated in AD compared to
other neurodegenerative conditions [1, 9, 23]. The lack
of elevation seen in non-AD conditions cannot be
explained by length of disease course, nor by differ-
ences in the extent of neurodegeneration demonstrated
radiologically. For example, one CBD patient had
extensive bilateral fronto-parietal atrophy, yet her t-tau
and p-tau levels were normal. Similarly, a patient with
end-stage FTDP-17, who had notable bilateral tem-
poral atrophy four years prior to CSF sampling, had
normal t-tau and p-tau levels. By contrast, a number
of patients with AD had minimal atrophy evident on
MRI, yet both t-tau and p-tau were markedly elevated.

To address the issue of differential recognition of tau
assemblies, aggregated and monomeric recombinant
hTau 40 were used to assess the ability of the ELISA
to detect these species. Specifically, solutions of aggre-
gated and monomeric tau (with AAA-determined
concentrations of 400 and 750 pg/ml, respectively)
were estimated by ELISA to contain 411 ± 9 and
795 ± 5 pg/ml of aggregated tau and 385 ± 21 pg
and 700 ± 23 pg/ml of monomeric tau respectively
(Fig. 2D). Thus, the ELISA slightly overestimated
the detection of aggregated tau and slightly under-
estimated the detection of tau monomer, but the two
values deviated by less than 10%. We also investigated
this issue by assessing how well the ELISA detected
monomeric and aggregated tau when they were spiked
into CSF. Sufficient aggregated tau was added into
a CSF sample to raise the t-tau concentration from
105 pg/ml to 228 pg/ml, but the ELISA indicated a
value of only 175 pg/ml. When the same CSF sam-
ple was similarly spiked with monomeric tau, ELISA
determination produced a value of 179 pg/ml (Fig. 2E).
Ordered protein aggregation, such as the assembly
of monomeric tau into filaments, are highly concen-
tration dependent processes, and below the critical

concentration for aggregation, pre-formed aggregates
are prone to disassemble [24]. However, using DLS
we found that the average hydrodynamic radius of
our tau aggregates (>100 nm) did not decrease when
samples were diluted 400-fold and followed for 24 h
(Supplementary Figure 1). Together, these results
demonstrate that the Innotest® hTau Ag ELISA rec-
ognized monomeric and aggregated tau similarly well.

The absolute values for t-tau and p-tau determined
for our AD and control cohorts were broadly in line
with those determined in previous studies [25], and
both assays readily discriminated between AD and
controls (p < 0.001). T-tau and p-tau levels were sig-
nificantly higher in the AD cohort than patients with
other tauopathies (p < 0.01; p < 0.001 when possible
incipient AD cases excluded) or �-synucleinopathies
(p < 0.01). If, as has been previously assumed, the ele-
vation of tau in AD CSF is simply a consequence of
neuronal death, then one would expect that other dis-
eases characterized by widespread neuronal loss would
also exhibit an increase in tau. Why CSF tau is not
similarly increased in non-AD tauopathies and in �-
synucleinopathies could be explained in a number of
ways. One possibility that we tested was that the assays
employed do not detect all assembly forms of tau, such
that if the tau liberated from dying neurons in non-
AD neurodegeneration differed from the tau released
in AD, then the ELISA may underestimate the amount
of tau present. To our knowledge, this question has
not been addressed previously and there is a dearth
of literature relating to the precise nature of tau that
commercial kits detect.

We tested the most widely used kit for measur-
ing CSF tau, the Innotest® hTau Ag. The standard
employed is a recombinant fusion protein, the aggre-
gation state of which is not defined. Thus we assessed
the performance of the assay using monomeric and
aggregated tau. The assay reliably estimated the con-
centration of both samples and evinced good recovery
when aggregated and monomeric tau were spiked into
CSF. Since the t-tau assay detected both monomeric
and aggregated tau, the disparity between t-tau lev-
els encountered in AD and other neurodegenerative
conditions cannot be ascribed to differential detection
of assembly forms that could be present in different
diseases. These findings are in line with burgeoning
evidence that release of tau may not require cell death.
Specifically, recent work has identified abnormal tau in
exosomes from postmortem AD CSF [26] and that tau
may be secreted from healthy human neurons by an
exosome-independent mechanism [27]. Investigating
non-conventional mechanisms for secretion of tau and
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Fig. 2. The INNOTEST® hTau Ag total-tau ELISA detects monomeric and aggregated tau equally well. A) Size-exclusion chromatogram
depicting the elution of monomeric recombinant human tau, which was used either directly or after aggregation. B) Aggregation of recombinant
tau was induced by incubation with heparin and the reaction progress monitored by thioflavin S binding assay. C) Aliquots were taken at 48 h
intervals and examined by electron microscopy. Highly ordered aggregates were detected from day 7 onwards; a representative image, taken
on day 9, is shown. D) The Innotest total-tau ELISA detected aggregated tau (AGG TAU) and monomeric tau (MON TAU) equally well. The
concentrations determined by ELISA (hatched bars) concurred with the concentrations determined by quantitative amino acid analysis (filled
bars). E) A known amount of aggregated recombinant tau (AGG TAU) or monomeric recombinant tau (MON TAU) was spiked into aliquots of
the same CSF sample and the mixture analyzed for total tau. Recovery of both aggregated and monomeric species was approximately 60%.

their role in the spread of tau pathology should reveal
important information about AD pathogenesis and the
use of CSF tau as a biomarker for AD.
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Supplementary Figure 1. Aggregated tau does not readily disassem-
ble. Dynamic Light Scattering (DLS) was done using an in-house
built system with a He-Ne laser operating at 633 nm (Coherent, Santa
Clara, CA) as a light source. Light scattered at 90◦ was collected
using image transfer optics and detected by an avalanche photodiode
built into a 256-channel correlator (Precision Detectors, Bellingham,
MA). The size distribution of scattering particles was reconstructed
from the scattered light correlation function using PrecisionDecon-
volve deconvolution software (Precision Detectors). Samples were
placed in washed tubes, sealed and monitoring begun within 2–5 min.
The data shown are normalized distributions of the scattering inten-
sity from particles of different sizes. Average hydrodynamic radii (R)
were calculated from the distributions shown in gray. A 2.05 mg/ml
solution of monomeric tau contained scattering species with an aver-
age RH∼9 nm, a value consistent with an intrinsically disordered
protein of ∼50 kDa (A). In contrast, a 34 �M (1.55 mg/ml) solution
of aggregated tau similar to that shown in Fig. 2 was found to contain
only high molecular weight species (B). This sample was then diluted
1 : 20 into filtered PBS, used for DLS (C) and readings taken intermit-
tently over 24 h. The size of the scattering species did not change over
this time and the sample was then diluted a second time to produce
a concentration of 85 nM (3.9 �g/ml) and again used for DLS (D)
and monitored for a further 24 h. Even after this second dilution and
prolonged incubation there was no evidence of tau monomers. These
results demonstrate that when diluted to concentrations substantially
below the critical concentration for aggregation, tau aggregates do
not readily disassemble.
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Supplementary Table 1
Demographic characteristics, Mini-Mental State Exam (MMSE) scores, and CSF tau results. The values for age, MMSE, t-tau, p-tau, and
A�1-42 are displayed as means ± SE. PSP-RS, progressive supranuclear palsy-Richardson’s syndrome; PSP-P, progressive supranuclear palsy-
parkinsonism; PNFA, progressive non-fluent aphasia; bvFTD, behavioral variant frontotemporal dementia; MSA-P, multiple system atrophy-

parkinsonism

Case Gender Age Diagnosis Syndrome MMSE T-tau (pg/ml) P-tau (pg/ml) A�1-42 (pg/ml)

1 M 60 PSP PSP-RS 29 144.1 42.9 310
2 M 75 PSP PSP-RS 23 243.8 61 394
3 F 61 PSP PSP-RS 26 288.2 41.5 131
4 M 66 PSP PSP-P 29 106.4 36.9 39
5 M 67 PSP PSP-RS 26 332.2 44.6 463
6 M 65 PSP PSP-RS 28 181.6 46.9 205
7 M 73 PSP PSP-RS 26 189.2 46.9 198
8 F 79 PSP PSP-RS 20 191.7 47.4 621
9 F 63 CBD 23 232.2 49.2 392
10 F 62 CBD 23 192.6 39.5 552
11 F 65 CBD 28 822.3 108.7 N/A
12 F 67 CBD 29 169.3 39.7 274
13 F 56 CBD 16 518.5 109.5 251
14 M 72 FTD PNFA 17 1556 230.2 177
15 F 42 FTD FTDP-17 30 139.7 35.3 251
16 F 43 FTD FTDP-17 24 88.2 26.8 89
17 M 45 FTD bvFTD 29 162.1 42.7 501
18 F 76 MSA MSA-P 28 520.8 92.4 170
19 F 66 MSA MSA-P 30 107 22.5 227
20 M 45 IPD 30 63.8 28.4 388
21 M 50 IPD 29 57.5 22.3 200
22 M 72 DLB 18 212.8 51 667
23 F 74 DLB 7 176 41.8 121
24 M 73 DLB – 135.5 36.2 87
25 M 59 AD 26 345.1 66.6 165
26 F 54 AD 24 910.2 117.6 188
27 M 73 AD – 748.5 109.5 186
28 M 80 AD 28 214.1 74.7 138
29 F 73 AD 25 419.4 89.2 114
30 M 69 AD 23 506.3 91.5 179
31 F 78 AD 20 328.7 64.3 151
32 M 77 AD 18 399.2 77.8 318
33 M 68 AD 19 559.5 99.9 213
34 M 74 AD 17 500.1 92.8 142
35 F 69 AD 20 639.3 112 76
36 M 72 AD 28 379 81.1 223
37 F 72 AD 30 270.5 63.7 272
38 F 78 CON – 223 56.6 575
39 F 80 CON 26 329.2 82.4 212
40 F 65 CON 25 272.7 74.8 996
41 M 66 CON 28 179.5 57.6 467
42 F 66 CON 29 244.6 75.1 713
43 M 76 CON 29 109.3 40.6 372
44 M 71 CON 30 65.8 29.1 237
45 F 79 CON 29 191.2 61.5 607
46 F 78 CON 26 238.4 57.8 561
47 M 76 CON 29 262.4 69.1 622
48 F 78 CON 25 191.2 53.8 646
49 M 70 CON 29 115.7 41.4 600
50 F 78 CON 27 149.7 56.6 690
51 M 74 CON 28 323.8 72.1 740
52 M 72 CON 28 267.7 78.6 283
53 F 72 CON 28 261.4 70.4 283


