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ABSTRACT
Background Elevated CSF τ is considered a biomarker
of neuronal injury in newly developed Alzheimer’s
disease (AD) and mild cognitive impairment (MCI)
criteria. However, previous studies have failed to detect
alterations of τ species in other primary tauopathies. We
assessed CSF τ protein abnormalities in AD, a tauopathy
with prominent Aβ pathology, and progressive
supranuclear palsy (PSP), a primary tauopathy
characterised by deposition of four microtubule-binding
repeat (4R) τ with minimal Aβ pathology.
Methods 26 normal control (NC), 37 AD, and 24
patients with PSP participated in the study. AD and PSP
were matched for severity using the clinical dementia
rating sum of boxes (CDR-sb) scores. The INNO BIA
AlzBio3 multiplex immunoassay was used to measure
CSF Aβ, total τ, and ptau181. Additional, novel ELISAs
targeting different N-terminal and central τ epitopes
were developed to examine CSF τ components and to
investigate interactions between diagnostic group,
demographics and genetic variables.
Results PSP had lower CSF N-terminal and C-terminal
τ concentrations than NC and AD measured with the
novel τ ELISAs and the standard AlzBio3 τ and ptau
assays. AD had higher total τ and ptau levels than NC
and PSP. There was a gender by diagnosis interaction in
AD and PSP for most τ species, with lower
concentrations for male compared to female patients.
Conclusions CSF τ fragment concentrations are
different in PSP compared with AD despite the presence
of severe τ pathology and neuronal injury in both
disorders. CSF τ concentration likely reﬂects multiple
factors in addition to the degree of neuronal injury.

INTRODUCTION
Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP) are two common neurodegenerative tauopathies. In both, the severity and
neuroanatomic distribution of τ pathology at
autopsy is correlated with disease phenomenology
prior to death.1–3 AD displays an equal ratio of
three to four microtubule-binding repeats (3R=4R)
and is also characterised by the accumulation of
amyloid plaques in addition to τ. By contrast, PSP is
a relatively ‘pure’ tauopathy and is characterised by
deposition of 4R τ. The prevailing hypothesis is that

amyloid accumulates prior to alterations in cerebrospinal ﬂuid (CSF) concentrations of τ, which
increase in parallel with neuronal damage in AD.4
Elevated concentrations of τ can be measured in AD
CSF using assays that quantify central τ epitopes.
Because PSP is a pure tauopathy, using tau as a biomarker may have better potential to demonstrate
efﬁcacy of τ-directed therapies than studies of more
pathologically heterogeneous disorders such as AD.
PSP is less common than AD, but is genetically
and biochemically more strongly linked to τ.3 5
However, CSF τ concentrations in PSP are comparable to, or lower than, age-matched controls.6–9
Similar results have been reported for human τ
mutation carriers,10 and transgenic mice that
express such mutations display decreasing τ concentrations in the brain interstitial ﬂuid in parallel with
deposition of insoluble τ and onset of neuronal dysfunction.11 Decreases in CSF τ in PSP and other
primary tauopathies might reﬂect a different propensity of 4R τ to aggregate, be released from
cells,12 or undergo proteolytic cleavage13 as compared to equal mixtures of 3R and 4R τ found in
AD.14 Alternatively, standard CSF τ assays might not
detect elevations of τ species that are elevated in
primary tauopathies. To examine this possibility, we
used novel ELISAs targeting N-terminal and middomain epitopes15 to compare CSF τ concentrations
in severity-matched patients with AD and PSP.

METHODS
Study population
Twenty-four patients with PSP, 37 patients with
AD, and 26 normal controls (NC) were evaluated
at the University of California, San Francisco
Memory and Aging Center. Patients with PSP were
diagnosed with possible or probable PSP according
to the National Institute of Neurological Disorders
and Stroke-Society for Progressive Supranuclear
Palsy (NINDS-SPSP) criteria.16 A second set of
patients with AD (n=13) that were matched in age,
education and gender, which were purchased from
Precision Med (Solana Beach, California, USA),
were also analysed due to unexpectedly high Abeta
levels in the initial AD group. Patients with AD met
the National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer’s
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Clinical evaluations
All individuals from UCSF received a neuropsychological assessment that included the Mini-Mental State Exam (MMSE)18; the
second set of patients with AD were also evaluated with the
MMSE. Visuospatial abilities were examined using the Benson
Figure copy (Rey).19 Immediate and working memory was
assessed using the forward (FDS) and backward (BDS) digit
spans.20 Episodic memory was measured by the short form of
the California Verbal Learning Test-2 (CVLT-2, including 30 s
and 10 min delays),21 and 10 min delayed-recall of the Benson
ﬁgure (Rey10 m). Executive function was tested using a modiﬁed Trail-making test (lines per second).22 Phonemic ﬂuency (D
words per minute),23 category ﬂuency (animals per minute),23
and a 15-item Boston naming task (BNT)24 examined language
capacities. Clinical dementia rating (CDR)25 and sum of boxes
(CDR-sb)12 scores assessed disease burden and functional abilities. The Uniﬁed Parkinson’s Disease Rating Scale (UPDRS)
motor quantiﬁed parkinsonism in all groups.26

Lumbar punctures (LP)
LPs were performed fasting and sitting up, in accordance with the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) recommended
procedure (http://www.adni-info.org/ADNIStudyProcedures/Lumbar
Punctures.aspx), and occurred within a maximum of 5 months of
the clinical assessment. Samples were collected in the morning after
a 12 h fast, into sterile 13 mL polypropylene tubes. The ﬁrst 2 mL
were discarded. CSF was then transferred into 1 mL aliquots and
put on dry ice for an hour before storing in a −80°C freezer.

CSF ELISAs
INNO BIA AlzBio3 (Fujirebio/Innogenetics), a multiplex assay for
Aβ1–42, τ, and ptau, was performed using standard methods,
including a set of three quality control (QC) standards. The novel
ELISAs were performed using previously described methods.15
Different combinations of standard monoclonal antibodies to
N-terminal and central epitopes were developed to detect different
overlapping regions of the τ protein. The following capture and
readout antibodies combinations were used: Tau12-HT7,
Tau12-BT2, BT2-HT7, HT7-Tau5, and HT7-PT181 (ﬁgure 1).
Standards and samples were run in triplicate; replicate variability
was <20% (CV). All samples were included in the same assay run;
interplate QC variability was <10% (CV). The assays demonstrated ∼100-fold dynamic range of quantitation, with limit of
quantiﬁcation (LLQ) ranging from 2 pg/mL to 10 pg/mL.15 CSF
signal speciﬁcity was conﬁrmed using a combination of immunodepletion, spike recovery and peptide competition.15 One patient
with PSP was an outlier on all analyses (>2.5 SDs from the group
mean) and was excluded from the analyses.

Statistical analyses
Data were analysed using SPSS (V.21, SPSS, Chicago) and R
(http://www.r-project.org). Normality for individual variables
was determined by the Shapiro–Wilk test. Depending on normality, mean values for demographic, neuropsychological and
CSF analyte levels between each group were compared using a
univariate analysis of variance (ANOVA) with False Discovery
Rate (FDR) corrected posthoc analysis, or a Kruskal–Wallis test
with a FDR corrected Mann–Whitney U test for posthoc analysis. Additionally, a linear regression model was used to
examine differences in CSF biomarker values across diagnostic
groups, and to investigate interactions between diagnostic group
and gender, age, ApoE genotype, and τ haplotype. Although
there were group differences in education levels, education did
not explain a signiﬁcant amount of the variance in the mean
CSF concentrations (all p values >0.443) and was therefore not
included in the model. Because the distribution of CSF biomarkers was skewed, inferences were performed using a resamplingbased technique that does not require (normal) distributional
assumptions. Speciﬁcally, accuracy of parameter estimates was
examined using a non-parametric bootstrap technique with
2500 iterations. Bootstrap (or a general linear model) posthoc
testing within each diagnostic group was used to describe differences in CSF biomarkers between groups. Statistical signiﬁcance
was examined based on p values generated by bootstrap analysis,
accompanied by F-statistic values and degrees of freedom from
ANOVA and FDR corrected for multiple comparisons. Lastly, a
receiver operating characteristic (ROC) curve analysis using a
non-parametric approach was performed to explore diagnostic
accuracy of the CSF τ and ptau assays that demonstrated lower
levels in patients with PSP compared to the other groups.

RESULTS
Demographics and neuropsychological performance
There were no differences in gender, age and ApoE4 and Tau
Haplotype status between groups. CDR and CDR-sb scores
were higher in patients with AD and PSP compared to NC
(p<0.001) but not different between patient groups. Disease
duration (deﬁned as the interval from disease onset to the time
of CSF collection) was shorter in AD than PSP ( p=0.016).
Patients with PSP and AD had fewer years of education than
NC (p<0.01). Patients with PSP were impaired relative to NC
on the MMSE, CVLT 30 s, Rey, Rey10 m, FDS, BDS, and phonemic and category ﬂuency (p<0.026), and had higher UPDRS
scores ( p<0.001) (table 1). Patients with PSP never performed
worse on any neuropsychological test than patients with AD.
Patients with AD performed worse than NC on modiﬁed trails
(MT) correct, CVLT 10 min delay, MMSE, Rey10 m, and BDS
(p<0.001). AD also had worse performance than patients with
PSP on the MMSE, CVLT 30 s and 10 min delay, Rey10 m, and
BDS ( p<0.007) but had less parkinsonism on the UPDRS
(p<0.001). Patients with AD performed worse than patients
with NC and PSP on the BNT ( p<0.001).

CSF analytes
Genotyping
Genotyping of the ApoE allele (rs429358 and rs7412) and
MAPT (rs1560310) H1 or H2 haplotype deﬁning variants was
carried out using a TaqMan Allelic Discrimination Assay on an
ABI 7900HT Fast Real-Time PCR system (Applied Biosystems,
Foster City, California, USA) according to the manufacturer’s
instructions, and using the same methodology as previously
described.27

Group differences in mean CSF analyte concentrations from the
novel ELISAs, and AlzBio3 ELISAs were examined using linear
models. As shown in ﬁgure 2, lower CSF τ levels were identiﬁed
in PSP as compared to NC with the novel τ ELISAs in several
N-terminal and mid-domain epitopes: Tau12-BT2 ( p=0.018),
BT2-HT7 ( p=0.019), HT7-PT181 ( p=0.05) and the AlzBio3
assays for total τ ( p=0.034) and ptau ( p=0.028). Lower Aβ
levels were seen in PSP ( p=0.002) than NC. Compared to NC,
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Disease and Related Disorders Association (NINCDS-ADRDA)
criteria for probable Alzheimer’s disease.17 NC reported no cognitive symptoms and had normal neurological and neuropsychological examinations. All aspects of the study were approved by
the UCSF Institutional Review Board, and written informed
consent was obtained from all participants.

General neurology

patients with AD displayed lower Aβ levels ( p<0.001) and
higher CSF τ levels in all the novel ELISAs ( p<0.013) and
AlzBio3 total τ ( p=0.012) and ptau ( p=0.01) assays. There
were no differences between patients with AD and PSP for Aβ.
Patients with AD also had higher CSF τ levels than patients with
PSP in all the novel ELISAs ( p<0.007), AlzBio3 total τ
( p<0.001) and ptau ( p<0.001) assays (table 2).
Because Aβ levels were higher than expected in the initial AD
group (AD1), an additional analysis in a different group of
patients with AD (AD2) was pursued. This group demonstrated
lower Aβ levels than PSP ( p<0.0014) and NC ( p<0.0001).
Patients with PSP had lower Aβ levels than NC ( p<0.0014).
Differences in τ levels were also analysed. The results with this
AD group were similar to the original AD cohort (table 2).
There was an interaction between gender and CSF τ concentration in the AD1 and PSP groups, but not AD2 or NC (ﬁgure 2).
Male patients with PSP had lower CSF τ levels than female patients
in the N-terminal fragments Tau12-BT2 (p=0.003) and
Tau12-HT7 (p=0.013), and in the mid-domain fragments
BT2-HT7 (p=0.028) and HT7-Tau5 (p=0.008) ELISAs. The same
pattern was seen in patients with AD; males had lower CSF τ levels
than females in all the novel ELISAs (p<0.007), AlzBio3 total τ
(p=0.002) and ptau (p=0.001) assays. None of the other demographic or genetic variables inﬂuenced CSF analyte concentrations.
ROC analyses were used to determine the ability of CSF τ
concentration to differentiate PSP from NC and AD (table 3).
Multiple CSF τ assays were able to differentiate PSP from AD
(area under the curve (AUC) range between 0.794 and 0.948)
with the N-terminal fragment τ12-BT2 assay (AUC=0.948,
p<0.001) having the highest AUC value. Most CSF τ assays also
differentiated PSP from NC, however AUC values were lower
(AUC range between 0.654 and 0.730), p<0.02.

DISCUSSION
We identiﬁed divergent patterns of CSF τ abnormalities in two
common tauopathies, AD and PSP, using the standard AlzBio3
246

CSF τ assays used in most AD research, and a series of novel
ELISAs designed to detect other CSF τ fragments.15 In patients
with AD and PSP matched for disease severity, patients with AD
displayed higher CSF τ and ptau levels than NC, whereas
patients with PSP had lower levels than NC. In patients with
PSP and one of the AD cohorts, there was an interaction with
gender, such that males had lower CSF τ levels than females in
most assays. There were no effects of other demographic factors
or the disease-associated genotypes ApoE4 and τ H1 haplotype.
Although the current literature, which is mainly based on
studies of AD, suggests that elevated CSF τ concentrations
reﬂect neuronal injury and cell death in neurodegenerative
disease,4 28 our data demonstrate that this model does not hold
true for the primary four repeat tauopathy, PSP. Further investigations into the mechanisms of CSF τ alterations may reveal differences in the pathophysiology of τ-related neurodegeneration
in AD and PSP.11 29
The standard AlzBio3 τ assays may detect only a subset of
potential CSF τ fragments.15 30 31 Therefore, we used novel
CSF τ ELISAs designed to measure τ fragments containing
N-terminal and mid-domain sequences. The absolute concentrations of τ fragments measured in the novel ELISAs were higher
than those measured with AlzBio3. This likely resulted from
technical differences in the assays due to differences in antibodies, matrix effects or standards. Without a more quantitative
measurement of τ fragment levels, such as mass spectrometry, it
is impossible to directly compare these values. Nonetheless,
using these assays, we found lower τ fragment levels in patients
with PSP compared to controls and AD.
Unexpectedly, in the ﬁrst AD cohort (AD1), CSF Aβ42 levels
in patients with AD and PSP were comparable, and lower than
NC as in one previous study,8 but different from other reports
in PSP that found higher Aβ42 levels.7 8 32 33 One possible
explanation for low CSF Aβ42 in some patients with PSP would
be the presence of concurrent AD pathology.34 To further
explore the potential confounding effects of concurrent AD
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Figure 1 Tau epitopes assayed Schematic of τ protein indicating binding sites for standard monoclonal antibodies used for ELISAs from this study
as well as INNOBIA AlzBio3 assays. Lines indicate relative size and location of potential fragments detectable by each assay 15. Control ELISAs were
designed to detect similar τ fragments as AlzBio3. MTBR, microtubule binding repeats. Numbers on τ schematic indicate alternatively spliced exons.
ptau, phosphorylated τ.

General neurology
Demographic and neuropsychological variables

Variable

NC

AD1

AD2

PSP

Education
Gender (M/F)
Age
ApoE4 status (non-carrier/carrier)
Tau haplotype (H1/H2 vs H1/H1)
Disease duration
CDR-total
CDR-sb
MMSE
Rey
Rey 10 m
FDS
BDS
Phonemic fluency
Category fluency
BNT
Trails correct
UPDRS-III
CVLT 30 s
CVLT 10 min

17.8±1.6
26/11
62.9±12.5
15/10
6/16
NA
0¶,**
0¶,**
29.2±1.0
15.5±0.7
11.9±3.3
7.4±0.8
6.3±1.0
15.4±4.5
25.0±4.1
14.8±0.4
14.0±0
0.3±0.7¶,**
8.4±1.1
8.3±1.4

16.1±4.3*
21/16
64.1±9.1
21/16
12/22
4.5±3.6§
0.7±0.7
4.9±3.0
20.4±5.9*,§
12.1±4.5*
4.6±4.1*,§
4.8±1.5*
2.9±1.0*,§
8.2±4.4*
9.8±5.5*
10.9±3.8*,§
8.8±5.3*
9.0±12.2§
3.2±2.0*,§
2.0±2.4*,§

15±1.15†
7/6
68.23±6.23

15.8±2.3‡
11/12
68.0±6.7
16/3
2/18
6.3±2.6
0.4±0.5
4.4±2.5
26.2±3.6‡
13.1±1.9‡
9.4±2.8‡
5.6±1.3‡
3.9±1.3‡
6.8±4.0‡
10.9±4.2‡
14.1±1.0
12.8±2.4
32.1±8.2
6.7±1.6‡
6.3±2.0‡

28.46±2.99††

*AD1<NC (p<0.05).
†NC<AD2 (p<0.05).
‡PSP<NC (p<0.05).
§AD1<PSP (p<0.05).
¶NC<AD1 (p<0.05).
**NC<PSP (p<0.05).
††PSP<AD2 (p<0.05).
AD1, Alzheimer’s disease in the original cohort; AD2, Alzheimer’s disease in the second cohort; ApoE4 status, ApoE4 non-carrier vs carrier; BDS, Digit Span Backward; BNT, Boston
naming task (out of 15); Categorical Fluency, number of animals in 1 min; CDR, Clinical Dementia Rating; CDR- sb, Clinical Dementia Rating sum of boxes; Disease duration, number of
years from the onset of the disease to the date of CSF collection; CVLT 30 s and 10 min, number of correct items remembered on the California verbal learning task after a 30 s or
10 min delay; FDS, Digit Span Forward; MMSE, Mini-Mental State Examination; NC, normal control; Phonemic Fluency, number of correct words beginning with D in 1 min; PSP,
progressive supranuclear palsy; Rey and Rey10, Benson Figure copy test immediate recall and 10 min delayed recall; Trails Correct, Modified Trail-making test number of correct items;
UPDRS-III, Unified Parkinson’s Disease Rating Scale–part III motor scale.

pathology we compared PSP cases with low Aβ42 (below the
mean) with those with higher Aβ42 (mean or higher) and found
that patients with PSP with low CSF Aβ42 had even lower total
τ levels and τ fragment levels than patients with PSP with high
CSF Aβ42 levels ( p<0.034). This suggests that even in combined PSP and AD, CSF τ levels are lower than NCs, however,
further analyses in autopsy-conﬁrmed cases will be necessary to
conﬁrm this hypothesis.
We also found lower CSF total τ and ptau levels using the
standard AlzBio3 assays in PSP compared to AD and controls.
Although several previous studies have found PSP CSF total τ
concentrations comparable to controls,7 8 32 the lack of
observed differences in those studies may have been confounded
by τ levels being near the limit of detection; a more recent
study6 demonstrated lower ptau in PSP compared to controls,
similar to our results.
There was an effect of gender on CSF τ levels measured in
many of the τ assays in AD1 and PSP, but not in NC. AD1 and
male patients with PSP had lower CSF τ than their female counterparts (ﬁgure 2). This suggests that our ability to detect CSF τ
concentration differences between PSP and NC could also
reﬂect differences in the gender composition of both groups as
compared to previous studies. A previous study demonstrated
that normal elder female ApoE4 carriers have increased CSF τ
levels relative to non-carriers, similar to our results in AD.35
Another study found patients with AD who are τ H1/H1 haplotype carriers have lower CSF τ levels as compared to H1/H2
carriers.36 We did not observe either effect, but differences in

sample size, age and gender distribution may have inﬂuenced
our ﬁndings since the gender effect was not present in the AD2
group.
A limitation of this study is the difﬁculty in matching patients
with AD and PSP for disease severity given their disparate clinical presentations. We matched patient groups using the CDR-sb
which is commonly used to match AD with non-AD neurodegenerative syndromes.33 37 While it is possible the relative
disease severity differed between patient groups, the different
directions of CSF τ alteration relative to NC argue that such differences would not inﬂuence our results, and there were no correlations between disease severity and CSF τ levels in either
patient group. A second potential limitation of this work is that
we relied on clinical and not neuropathological diagnoses that
could quantify the exact degree of underlying τ pathology.
Given the disparate clinical presentations and excellent clinicpathological diagnostic accuracy of the PSP criteria we used,16 it
is unlikely that misdiagnosis confounded these results; however,
it is possible that our results might be inﬂuenced by the presence
of concurrent AD pathology, which sometimes occurs in PSP.34
A third potential limitation of this study is that the novel
ELISAs could not distinguish between 3R and 4R τ isoforms. A
previous study38 found lower 4R τ in CSF from patients with
AD and PSP, suggesting that the difference we observed could
potentially be explained by a selective alteration in 3R τ levels.
Future studies will examine this possibility.
Our ﬁndings suggest that the relationship between CSF τ and
neurodegenerative disease is a complex process potentially
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General neurology

reﬂecting multiple factors related to the underlying cause of the
tauopathy. Therefore, viewing τ only as an indicator of neuronal
damage may not be accurate in generating models of τ-related
pathogenesis. Possible explanations for the different effects of
disease on CSF τ concentrations measured using ELISA-based
techniques in different tauopathies include (1) Altered CSF τ

fragment conformations may lead to differential afﬁnity for the
same monoclonal antibody. (2) Differences in CSF τ fragments
produced in each disease may lead to different observed patterns
in CSF.13 39 We found the greatest differences between PSP and
NC using the N-terminal fragment ELISAs Tau12, BT2 and
HT7; selective alterations in N-terminal τ fragments in PSP13 40

Table 2 Mean CSF analyte concentrations
Variable

NC

AD1

AD2

PSP

AlzBio3 Aβ42 (pg/mL)
AlzBio3 total τ (pg/mL)
AlzBio3 ptau (pg/mL)
Tau12-BT2 (pg/mL)
BT2-HT7 (pg/mL)
HT7-Tau5 (pg/mL)
HT7-PTau181 (pg/mL)
Tau12-HT7 (pg/mL)

348.1±75.7
79.0±33.1¶
29.1±9.4¶,‡‡
773.3±275.8¶,‡‡
1587.2±652.9¶,‡‡
639.7±300.1¶,‡‡
64.0±17.4¶,‡‡
409.9±141.9¶,‡‡

237.5±82.7*
138.4±88.6
44.7±25.7
1312.4±591.5
2719.4±1630.1
1442.1±909.6
96.4±42.1
788.2±414.0

167.06±73.49†,‡
111.09±78.17
50.47±33.15
1180.03±774.95
2786.06±2079.67
1353.13±989.99
82.06±42.49
789.08±603.01

269.0±87.0§
55.9±20.1§,**,††
22.1±7.4§,**,††
549.3±173.9§,**,††
1205.6±390.2§,**,††
546.2±186.5**,††
51.7±17.5§,**,††
321.5±117.7**,††

Group differences in CSF AlzBio3 and CSF τ assays. CSF levels are displayed by means and SDs within each group.
*AD1<NC (p<0.05).
†AD2<NC (p<0.05).
‡AD2<PSP (p<0.05).
§PSP<NC (p<0.05).
¶NC<AD1 (p<0.05).
**PSP<AD1 (p<0.05).
††PSP<AD2 (p<0.05).
‡‡NC<AD2 (p<0.05).
AD1, Alzheimer’s disease in the original cohort; AD2, Alzheimer’s disease in the second cohort; NC, normal control; PSP, progressive supranuclear palsy.
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Figure 2 Diagnostic group differences in CSF analytes stratiﬁed by gender CSF concentrations of β-amyloid peptide1–42 (Aβ42) (A), Alzbio3 total
tau (Tau) (B), AlzBio3 phosphorylated tau (PTau) (C), Tau12-BT2 tau fragment (D), BT2-HT7 τ fragment (E), HT7-PTau181 tau fragment (F),
HT7-Tau5 τ fragment (G), and Tau12-HT7 τ fragment (H), in normal controls (NC) and patients with Alzheimer’s disease (AD) and progressive
supranuclear palsy (PSP); All = total number of subjects in the group; M, male subjects; F, female subjects. *p <0.05. **p <0.01. ***p <0.001.

General neurology

ROC analysis
PSP vs NC
AlzBio3 total τ
AlzBio3 ptau
Tau12-BT2
BT2-HT7
HT7-PTau181
PSP vs AD1
AlzBio3 total τ
AlzBio3 ptau
Tau12-BT2
BT2-HT7
HT7-PTau181
PSP vs NC and AD1
AlzBio3 total τ
AlzBio3 ptau
Tau12-BT2
BT2-HT7
HT7-PTau181

AUC

Asymp. significance, p Value
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