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Abstract
Transgenic mouse models have been an invaluable resource in elucidating the complex roles of
Aβ and tau in Alzheimer’s disease. While many laboratories rely on qualitative or semi-
quantitative techniques when investigating tau pathology, we have developed four Low-Tau
Sandwich ELISAs that quantitatively assess different epitopes of tau relevant to Alzheimer’s
disease: total tau, pSer-202, pThr-231, pSer-396/404. In this study, after comparing our assays to
commercially available ELISAs, we demonstrate our assays high specificity and quantitative
capabilities using brain homogenates from tau transgenic mice, htau, JNPL3, tau KO mice. All
four ELISAs show excellent specificity for mouse and human tau, with no reactivity to tau KO
animals. An age dependent increase of serum tau in both tau transgenic models was also seen.
Taken together, these assays are valuable methods to quantify tau and phospho-tau levels in
transgenic animals, by examining tau levels in brain and measuring tau as a potential serum
biomarker.
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1. Introduction
Alzheimer’s disease (AD), the most common form of neurodegenerative disease, is
characterized pathologically by the formation of two protein lesions: neuritic plaques
composed of β-amyloid (Aβ) and neurofibrillary tangles (NFT) composed of the
microtubule-associated protein tau. The connection between these two pathologies remains
unclear. However, it seems that tau pathology more closely correlates with neuronal loss and
severity of dementia (Arriagada et al., 1992; Bancher et al., 1993; Gomez-Isla et al., 1997;
Guillozet et al., 2003). NFTs are mainly comprised of aggregated paired helical filaments
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(PHF-tau) (Grundke-Iqbal et al., 1986; Ihara et al., 1986), and are found in other forms of
dementia collectively known as tauopathies some of which are due to mutations in the tau
gene (Hutton et al., 1998; Poorkaj et al., 2001; Spillantini et al., 1998). With the recent push
towards disease-modifying therapies, it is critical to further elucidate the roles of Aβ and tau
in AD, and, ultimately, observe how potential therapies may affect the underlying
mechanisms.

The formation of filamentous tau seems to occur in several stages, from pre-tangles to
intracellular tangles to extracellular tangles, with a sequential phosphorylation pattern
occurring as tau pathology develops (Augustinack et al., 2002; Kimura et al., 1996). There is
also evidence, in vitro, that certain phospho-tau epitopes require a particular order of
phosphorylation events. The AT100 epitope requires first an initial stimulatory
phosphorylations Ser-199, Ser-202, and Thr-205 in any order, then at Thr-212, and finally at
Ser-214 (Zheng-Fischhofer et al., 1998). Being able to quantitatively examine relevant site-
specific phosphorylation as tau pathology progresses, or in contrast, is affected by disease-
modifying therapies, is a key step in moving the field forward. Currently, few quantitative
techniques are available for examining the mechanisms of tau hyperphosphorylation in
mouse models, and investigators are required to rely on semi-quantitative methods such as
immunohistochemistry or immunoblot analyses. There are commercially available enzyme-
linked immunosorbent assays (ELISA) for quantitative analysis of tau, for example from
Innotest or Invitrogen, that are mainly used in cerebrospinal fluid (CSF) for biomarker
detection (Barten et al., 2011; Lachno et al., 2011; Vanderstichele et al., 2006). The high
cost of these assays is prohibitive for their use by investigators at many academic
institutions. Moreover, the availability of reliable and relevant phospho-tau epitope assays is
very limited.

In this study, we have developed four different assays suitable for the detection of low levels
of mouse and human tau, referred to as Low-Tau Sandwich ELISA. Taking advantage of
newly characterized and previously established tau monoclonal antibodies, we were able to
selectively focus on total tau (DA31) and phospho-tau epitopes pertinent in Alzheimer’s
disease including pSer-202 (CP13) (Duff et al., 2000; Lewis et al., 2000), pThr-231 (RZ3)
(Vingtdeux et al., 2011), and pSer-396/404 (PHF-1) (Greenberg et al., 1992; Otvos et al.,
1994). In order to demonstrate the specific and quantitative qualities of the assays, brain
homogenates from two different tau transgenic models were used: htau mice, which express
all six isoforms of the normal human tau protein (Andorfer et al., 2003; Polydoro et al.,
2009), and JNPL3 (P301L), which express 0N4R human tau with the P301L mutation
(Lewis et al., 2000; Lin et al., 2003a; Lin et al., 2003b). Interestingly, our ELISAs
demonstrate enough sensitivity to detect total tau and pSer-202 tau in the serum of these
transgenic mice, with an age dependent increase of tau in serum. We also compared our total
tau ELISA (DA31) to commercially available human ELISA kits from Invitrogen and
Innotest demonstrating its versatility. Hence, these four Low-Tau Sandwich ELISAs are
highly sensitive and practical assays to quantify total and phosphorylated tau levels in brain
and serum of transgenic mice.

2. Materials and Methods
2.1. Production of Monoclonal Antibodies

Monoclonal tau antibodies DA9 and DA31 were generated as previously described (Davies,
1999). Briefly, four intraperitoneal injections of 0.2mL of purified paired helical filaments,
PHF-tau, at a concentration of 1–2mg/mL, were administered to a cohort of tau KO mice,
over an 8-week period. PHF-tau was isolated from severe human AD brain, as previously
described (Jicha et al., 1999). These tau KO mice have a targeted disruption by the insertion
of green fluorescent protein cDNA into exon one of tau (Tucker et al., 2001). The
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immunized mice were last injected 3 days before the spleen was removed. The spleen cells
were fused with myeloma cells (NSO cells) in the presence of polyethylene glycol (PEG).
The fusion products were plated in 96-well plates in selection medium containing
hypoxanthine-aminopterin-thymidine (HAT) (Invitrogen). Positive clones were identified by
assaying the culture media both by PHF-ELISA and by immunoblot. Clones with high
specificity for tau were selected, cloned, expanded, and ultimately screened on the epitope
mapping ELISA described below.

2.2. Immunoblotting
For initial characterization of the new total tau antibodies, DA9 and DA31, immunoblotting
was performed. Recombinant tau, Tau441 (TauA), tau without exons 2 3 and 10 (TauD),
Tau366 (amino acids 1–366), Tau270 (amino acids 1–270) and Tau190 (amino acids 1–190
(constructs are C-terminal deletions) were expressed using pcDNA vectors. Cos7 cells were
transfected with a mixture containing 2µg of cDNA and Lipofectamine 2000 reagent
(Invitrogen), in serum free medium for 6 hours at 37°C and homogenized after 48 hrs.
Finally, cells were harvested in TBS-based homogenizing buffer: Tris-buffered saline
(TBS), pH 7.4, containing 1 mM Na3VO4, 2 mM EGTA, and 10mM NaF and Complete
Mini-EDTA Protease inhibitor cocktail (Roche). Cell homogenates were kept at −80°C until
use. Cellular lysates together with brain homogenates obtained from wild type mice, tau KO
mice (Tucker et al., 2001), htau mice (Andorfer et al., 2003), and a PHF-tau preparation
were boiled for 5 min in Laemmli sample buffer for SDS-PAGE analysis. Immunoblotting
for RZ3 characterization was run on homogenate samples of health control and confirmed
AD patients, as well as homogenate from wild type mice, tau ko mice, and htau mice. Brain
homogenate preparations are described in a following section. Membranes were probed with
human specific total tau CP27 (aa130–170) (Duff et al., 2000; Lewis et al., 2000), DA9,
DA31 at 1:50 dilution, and purified RZ3 was used at a concentration of 2µg/ml.

2.3. Epitope Mapping ELISA
The characterization of three new monoclonal tau antibodies, total-tau DA9, total-tau DA31,
and RZ3 (pThr-231) was performed as previously described (Espinoza et al., 2008). Briefly,
for RZ3 antibody, 96-well plates were coated with NeutrAvidin protein (ThermoScientfic) at
a concentration of 2µg/ml overnight at 4°C in coating buffer (15mM KH2PO4, 25mM
KH2PO4, 0.1M NaCl, 0.1M EDTA and 7.5mM NaN3, pH 7.2). Next plates were incubated
with appropriate biotinylated phospho-peptides diluted in 2% bovine serum albumin (BSA)
in 1xTBS, a final concentration of 2µg/ml, and incubated for 1 hr at room temperature.
Synthetic phospho-tau peptides were made with the appropriate phospho-amino acid, plus 7
amino acids flanking each side of the phospho-site, and with a biotinylated N-terminus. For
example, the peptide for a (pThr-231) positive antibody would be Biotin-
KKVAVVR(phosphoT)PPKSPSS. RZ3 was serially diluted in 5% Milk/1xTBS and
incubated for 1 hr at room temperature. Goat anti-mouse IgG1-HRP conjugated secondary
antibody was used at a dilution of 1:500 in 5% Milk/1xTBS, for 1 hr at room temperature.
Plates were visualized with Horseradish Peroxidase Substrate Kit (Biorad) and read with an
Infinite m200 plate reader (Tecan) at 405 nm. The epitope mapping ELISAs for the total tau
antibodies DA9 and DA31, was a similar protocol, except the non-phosphorylated amino
acid sequences of tau used were not biotinylated. Therefore, the appropriate peptides were
directly coated to the plates at a concentration of 1µg/ml.

2.4. Tau Monoclonal Antibodies used for Low-Tau Sandwich ELISA
The following purified monoclonal antibodies were used as capture antibodies in the Low-
Tau Sandwich ELISA: total tau DA31 (aa150–190), PHF-1 (pSer-396/404) (Greenberg et
al., 1992; Otvos et al., 1994), CP13 (pSer-202) (Duff et al., 2000; Lewis et al., 2000), and
RZ3 (pThr-231) (previously called 2E12) (Vingtdeux et al., 2011). The detection antibody
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used for all ELISAs was purified DA9 (aa102–140) (Tremblay et al., 2010), which was
labeled with HRP according to the Lightning Link-HRP protocol (InnovaBiosciences).
Briefly, 150µg of purified antibody was incubated in 100µl of 50mM NaH2PO4, pH8.0. To
this 10µl of LL-modifier was added, and the mixture was transferred to the vial containing
100µg LL-HRP. The reaction was allowed to proceed for 4 hours at room temperature, at
which time 10µl of the LL-Quencher was added. After 30 minutes, the volume was made
1ml with (880ul) of sodium phosphate, pH 8.0. Aliquots of 100µl were made and stored at
−80°C, and thawed as necessary. Once thawed DA9-HRP was stabilized with LifeXtend
HRP conjugate stabilizer (InnovaBiosciences) using 900µl of stabilizing reagent to 100µl of
antibody and kept at 4 °C.

2.5. Sample Preparations for ELISA
To determine the assay sensitivity and inter/intra plate variation, recombinant tau (Tau441)
(rPeptide) was used for the DA31 capture ELISA. For the various phospho-tau capture
ELISAs, sensitivities were measured with paired helical filaments (PHF-tau) isolated from
human AD brain, as previously described (Jicha et al., 1999).

Mouse brain homogenates, used for the overall specificity of the Low-Tau Sandwich ELISA
were prepared from the forebrain of wild type, tau KO (Tucker et al., 2001), 11 month htau,
that express all six isoforms of the normal human tau protein (Andorfer et al., 2003;
Polydoro et al., 2009), and 6 month female JNPL3 which express 0N4R human tau with the
P301L mutation (Lewis et al., 2000; Lin et al., 2003b). To demonstrate the quantitative
properties of these ELISAs, we used forebrains of wild type, 11 months htau, and whole
brain minus the cerebellum of 6 months female JNPL3. The brain regions were extracted
and homogenized in an appropriate volume of homogenizing buffer, a solution of Tris-
buffered saline (TBS), pH 7.4 containing 10mM NaF, 1mM NaVO3, and 2mM EGTA,
including a complete Mini protease inhibitor (Roche). Samples were stored in aliquots at
−80°C until use. Prior to use, to obtain total tau (soluble) preparation homogenates were
thawed and spun at 14,000 g for 10 min at 4°C, supernatants were collected and either
Laemmli sample buffer, a solution of Tris-buffered saline (TBS), pH6.8, containing 4%
SDS, 2% β-mercaptoethanol, 10% glycerol, and bromophenol blue, was added or not
depending on the preparation. Samples containing Laemmli sample buffer were then boiled
for 5 minutes. To obtain insoluble tau preparation samples were prepared as previously
described (Chai et al., 2011). Briefly, 500µl of homogenate was thawed and spun at 6,000 g
for 10 min at 4°C, supernatants was collected and spun at 200,000 g for 30 min at 25°C.
Pellet was then re-suspended in 450µl of homogenizing buffer and spun again at 200,000 g
for 30 min at 25°C. Finally, pellet was re-suspended in 200µl of 1× Laemmli sample buffer,
and boiled for 5 minutes.

2.6. Low-Tau Sandwich ELISA
96-well plates were coated with the various purified monoclonal tau antibodies mentioned
above, at a concentration of 6µg/ml in coating buffer. 100µl of the capture antibody was
added to each well and incubated at least 48 hrs at 4°C. Plates were washed 3× in wash
buffer, and blocked for 1 hr at room temperature using StartingBlock (ThermoScientific) to
avoid non-specific binding. After the 1 hr block, each plate was washed this time 5×, and
50µl of appropriate sample was added in triplicate. All brain homogenates, rtau, and PHF-
tau were diluted in 20% SuperBlock in 1xTBS (ThermoScientific). Once the samples were
added, 50µl of the total tau detection antibody DA9-HRP diluted 1:50 in 20% SuperBlock in
1xTBS was added to the samples and tapped to combine. Plates were then incubated O/N at
4°C. Plates were washed 9× in wash buffer soaking for 15 sec in between. 100µl of 1-Step
ULTRA TMB-ELISA (ThermoScientific) was added for 30 minutes at room temperature.
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Finally, 100µl of 2M H2SO4 was added to stop reaction, and plates were read with an
Infinite m200 plate reader (Tecan) at 450 nm.

2.7. Mouse Serum ELISAs
Serum was collected from wild type, htau, and P301L mice, at various ages, and stored at
−80°C until use. Upon sacrifice mice were bled, samples were collected and allowed to clot
for 30 min at room temperature. After cooling for 15 min, samples were spun at 14,000 g for
10 min at 4°C; supernatants were collected and then re-spun at 14,000 g for 10 min at 4°C.
The final supernatants obtained corresponded to the serum samples. To determine whether
or not mouse serum interacts and affects the sensitivity of the Low-Tau Sandwich ELISA,
wild type mouse serum was spiked with recombinant tau (rPeptide) and run on the DA31
Low-Tau Sandwich ELISAs. To detect levels of total tau and phosphorylated tau in serum,
samples were diluted 1:5 in 20% SuperBlock in 1xTBS and ran on the DA31 or CP13 Low-
Tau Sandwich ELISA, as already described.

2.8. Commercial total tau ELISA kits
Commercially available total tau ELISA kits were purchased from Invitrogen, called Tau
(total) Human ELISA kit (#KHB0041) and Innogenetics called Innotest hTau Ag (#80226).
The assays were used in accordance to the manufacturer’s instructions.

2.9. Statistical Analysis
All statistical analyses were performed using GraphPad Prism. An unpaired t-test was used
for comparison of htau, and P301L brain and sera preparations to wild type samples. Intra
and inter-assay variations, or the coefficients of variation (CV), were calculated as
previously described (Lachno et al., 2011; Murray and Lawrence, 1993; Porstmann and
Kiessig, 1992).

3. Results
3.1. DA9 and DA31 are tau sequence antibodies, while RZ3 is specific for pThr-231 tau

The hybridoma supernatants from DA9 and DA31 were first screened by ELISA in order to
test the reactivity to PHF-tau preparation and to a bacterially expressed recombinant tau.
The antibodies were reactive with both antigens (data not shown). Since recombinant tau
was produced in a bacterial system lacking the most common post-translational
modifications occurring in the brain, it was likely that both antibodies recognized tau
sequence epitopes. In an attempt to determine the exact sequence of the epitopes,
immunoblots were performed on a panel of tau constructs. Both DA9 and DA31 recognize
TauA, TauD, Tau366, Tau270 and Tau190, signifying that the epitope was located within
the first 190 amino acids of tau (Figure 1a). Moreover, since DA9 and DA31 were reactive
to TauD, an isoform lacking exons 2 and 3 localized in the sequence aa48–101 of tau, it was
likely that the epitopes were located within the residues aa1–47 or aa102–190. To further
characterize the DA antibodies, we determined their reactivity in mouse brain homogenates:
DA9 and DA31 were able to recognize both murine tau in wild type mouse brain and human
tau in htau mouse brain. However, both antibodies were not reactive with tau KO mouse
brain homogenate, suggesting an extreme specificity to tau (Figure 1a). To confirm the exact
epitopes of DA9 and DA31, the regions of interest, aa1–47 or aa102–190, were run on an
epitope mapping ELISA. DA9 reacts with the peptide correlating with aa102–150, with no
reactivity to any other tau sequence peptide (Figure 1c). The aa140–150 region is different
in human and mouse and DA9 recognizes both human and mouse tau. This suggests that the
antibody maps to a homology region outside this sequence correlating to aa102–140. DA31
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reacts with the aa150–190 peptide with no other reactivity (Figure 1d), therefore the epitope
sequence for DA31 is aa150–190.

The characterization of RZ3 was more straightforward, since the antibody was made directly
to a peptide with a phosphorylation at Thr-231. Initially, RZ3 was confirmed to have no
reactivity with recombinant tau, and immunoblots were run with brain homogenates from
confirmed healthy control and AD patients, as well as wild type, tau KO, and htau mice.
RZ3 is able to recognize phospho-tau in AD patients, as well as both mouse phospho-tau in
wild type mouse brain and human phospho-tau in htau mouse brain. However, this antibody
was not reactive with healthy control patients and tau KO mouse brain homogenate,
suggesting an extreme specificity to phosphorylated tau (Figure 1b). With this in mind, RZ3
was then analyzed against a library of phospho-tau peptides relevant to Alzheimer’s disease
(Figure 1e). In this regard, RZ3 is extremely specific to pThr-231 on tau, with no additional
reactivity to other relevant tau phosphorylation sites.

3.2. Sensitivity of Low-Tau Sandwich ELISAs
The purpose of developing this particular Low-Tau Sandwich ELISA was to allow accurate
quantification of tau pathology in brain. With these newly characterized and highly specific
antibodies as well as other established phospho-tau antibodies, we have developed four
unique Low-Tau Sandwich ELISAs that accurately and reproducibly measure tau in an
assortment of models.

The possible cross reactivity between the capture and detection antibodies is known to be
critical with any method of quantification, especially if the antibodies have similar isotypes.
Therefore, the simplest method was to conjugate HRP directly to the total tau detection
antibody of choice, in this case DA9, while changing the capture antibody to detect different
relevant epitopes of tau. The intra-assay variation for this Low-Tau ELISA was calculated to
be 2%, while the inter-assay variation was calculated to be 4%, values that are well below
the accepted 10% variation (Murray and Lawrence, 1993; Porstmann and Kiessig, 1992).

To examine the sensitivities of these four different ELISAs, recombinant tau or a sample of
PHF-tau were used (Figure 2). Since there is a readily available supply of recombinant tau,
with a known concentration, the absolute sensitivity of the DA31 capture ELISA was
determined to be around 24pg/ml (Figure 2a). This was defined as the rtau concentration that
gives an optical density signal greater than background plus two times the standard deviation
of the background. It is not possible to determine the absolute sensitivity of the phospho-tau
ELISAs, since there are no standard samples of tau available that are known to be fully
phosphorylated at the appropriate site. With that in mind, all four ELISAs relative
sensitivities were analyzed against PHF-tau (Figure 2b, c, d, e). The different ELISAs show
similar sensitivity to PHF-tau. Both DA31 and PHF-1 required a PHF-tau concentration
around 5ng/ml to obtain an optical density of around 1.0. Using CP13 or RZ3 as capture
antibodies resulted in lower sensitivity to PHF-tau, required a tau concentration of
approximately 10ng/ml. Overall, all four Low-Tau ELISAs examined are remarkably
sensitive to PHF-tau.

Two commercially available total tau ELISAs, from Innotest and Invitrogen that are
commonly used for CSF-tau detection were compared to our total tau ELISA (DA31).
Direct comparison between various protocols is extremely difficult, since each assay is
optimized to different tau standards. Therefore, recombinant tau was used to compare
relative sensitivities of these two assays with the provided standard. On the Invitrogen plate,
the optical density values from the provided standard were comparable to rtau at the same
concentrations (Figure 3a). Interestingly, when using the Innotest assay, the optical density
values were much lower with rtau compared to the kit standard at the same apparent
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concentration (Figure 3b). To be able to confidently use commercial ELISA kits for the
quantification of tau pathology in brain, it is important that the assays recognize PHF-tau.
The PHF-tau preparation was analyzed with all three total tau assays. Surprisingly,
Invitrogen’s total tau ELISA did not recognize PHF-tau, while the Innotest total tau ELISA
did, but with lower sensitivity than the DA31 ELISA (Figure 3c). Overall, our Low-Tau
ELISA has increased sensitivity to pathological PHF-tau, with similar sensitivity to
recombinant tau when compared to the Invitrogen and Innotest ELISAs.

3.3. Specificity and quantification of ELISAs in tau transgenic brain homogenates
Since there are numerous well-established tau transgenic mouse models, the specificity of
these Low-Tau Sandwich ELISAs were scrutinized against four different lines of mice, wild
type, tau KO, htau and JNPL3. All four ELISAs are specific for mouse tau, normal human
tau and the mutated P301L tau, while showing no reactivity to tau KO brain homogenates
(Figure 4). Analyses were performed on the same forebrain lysates with (Figure 4, right
column) or without (Figure 4, left column) denaturation in SDS/PAGE sample buffer. At the
sample dilutions used, there is no interference from the β-mercapto-ethanol or SDS reagents
contained in the sample buffer, and denaturing the protein elicits an increased response in
these ELISAs, presumably by exposing more of the antibody epitopes. It is thus possible to
prepare a single sample for both quantitative assays and qualitative studies by
immunoblotting. To demonstrate the quantification potential of these ELISAs, total (soluble)
and insoluble tau fractions were generated from wild type, htau at 11 months, and P301L at
6 months. Both tau transgenic models had increased levels of soluble and insoluble total tau
(Figure 5a) and phosphorylated tau at pSer-396/404, pSer-202, and pThr-231 (Figure 5b, c,
d) when compared to wild type mice. The four ELISAs demonstrate an accurate and
reproducible method to measure tau pathology in the brains of various models. The
Invitrogen and Innotest assay kits are designed for measurement of human tau, and assay of
mouse tau requires purchase of separate kits. In contrast, the four assays we have developed
are equally efficient at measurement of mouse and human tau.

3.4. Detection of total tau and phosphorylated tau in mouse serum
Since this Low-Tau Sandwich ELISA seems to be efficient at detecting lower levels of total
tau with a calculated DA31 assay sensitivity around 24pg/ml, the sera samples from both tau
transgenic mouse models were examined. First, spike experiments were performed in order
to determine whether mouse serum interferes with the DA31 capture ELISA. Comparison of
recombinant tau spiked in wild type mouse serum to recombinant tau in the normal diluent
(20% Superblock) showed no difference in the standard dilution curve (Figure 6a). Using
the DA31 and CP13 capture ELISAs, it is possible to detect measurable levels of total tau
and pSer-202 in the serum of these transgenic mice. There is an increased trend of total tau
amounts in the sera of the htau mice beginning at 7 months of age, when compared to wild
type mice (Figure 6b). However, the analyses of pSer-202 on the same samples showed that
only a couple of mice had a detectable level of pSer-202, which correlated with a larger
amount of total tau in the serum (data not shown). The total tau sera levels in the P301L
mice showed a significant age dependent increase of tau, from 3 to 10-month-old mice,
when compared to wild type sera (Figure 6c). Analysis of the pSer-202 levels in the sera of
the same P301L mice showed an increased trend beginning around 10 months of age (Figure
6d).

4. Discussion
Here we have examined newly developed tau monoclonal sandwich enzyme-linked
immunosorbent assays (ELISA). These ELISAs demonstrate a sensitive and versatile
method of quantitatively measuring the levels of total and phosphorylated tau in the brain or
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serum of transgenic mouse models. The possibility of expanding the capture antibody to
other relevant tau monoclonal antibodies in order to examine other phosphorylation sites
associated with AD is obvious.

Initially, this method of ELISA was constructed to be able to accurately quantify tau
pathology without any interference from mouse IgG. By directly conjugating the horseradish
peroxidase to the detection antibody, we are able to accurately measure tau levels in brain
and serum without interference from endogenous IgG. The direct conjugation of HRP to a
total tau antibody also made it possible to expand the library of possible antibody
combinations. Tau monoclonal antibodies with the same isotype are now possible to use
concurrently, without any cross reactivity from secondary antibodies.

Many recent studies have demonstrated that both active and passive immunization targeting
tau reduces tau pathology in the brains of transgenic mice (Asuni et al., 2007; Boimel et al.,
2010; Boutajangout et al., 2011; Boutajangout et al., 2010; Chai et al., 2011). Using
immunization as a method to treat tau pathology offers a fascinating approach to induce
clearance of tau pathology in the brain. It is crucial to dissect the mechanism of tau
clearance as well as epitope specificity of various immunization treatments (Gu and
Sigurdsson, 2011). Future experiments utilizing these ELISA protocols will examine tau
levels in sera of immunized mice, in attempts to elucidate the mechanism of tau clearance.

Another important observation with these tau ELISAs is the fact that SDS/PAGE sample
buffer, specifically SDS and β-mercapto-ethanol, do not interfere with the binding of brain
homogenates to the capture antibody, because the assays’ high sensitivities allow these
reagents to be diluted out. In fact, denaturing the proteins with sample buffer gives more of a
complete picture of the actual amount of tau and phosphorylated tau in the brain
homogenate, by exposing more of the available epitopes. For practical purposes, this is also
significant because a laboratory could run two complementary methods of analyses, semi-
quantitative immunblotting and quantitative ELISA, with one sample preparation.
Experimentally in these transgenic mice, a dilution of 1:8000 or 1:1500 with DA31 and a
dilution of 1:1000 or 1:5000 with the phospho-tau ELISAs were used respectively for the
quantification of soluble or insoluble tau. By using this method of analysis to quantify the
soluble total tau levels in these tau transgenic models, we demonstrate nearly a 10-fold
increase for both htau and P301L mice when compared to wild type mice. This is in
agreement with previous work done by immunoblot analysis that estimated that the total tau
levels in the htau mice were increased approximately 5-fold (Andorfer et al., 2003).
However, it is in contrast with previous analysis of the P301L mice, in which the total tau
levels are shown to be similar to the wild type tau levels (Lewis et al., 2000). Future
experiments will be needed to examine the observed differences between these two
complementary methods in the P301L mice. Another relevant observation is that these
assays require around 10ug of tissue to elicit a signal. This low tissue requirement allows
other potential applications for these assays, for example in experiments utilizing regional
tissue dissection. By altering the capture antibody with antibodies against four different tau
epitopes, and by varying the type of sample preparations, this tau ELISA is a sensitive and
versatile method of quantifying tau pathology in a variety of experiments.

The majority of commercially available tau ELISAs are developed and optimized for the
detection of tau in human CSF samples, with different tau standards used. Making direct
comparisons between ELISA protocols is very difficult. The absolute sensitivities of each of
the assays were within similar ranges: 24pg/ml (DA31), 59pg/ml (Innotest) and 12pg/ml
(Invitrogen). All three total tau ELISAs had similar reactivity to the htau and P301L mice.
One significant advantage of the Low-Tau ELISAs is that all four capture antibodies were
developed for and initially screened against PHF-tau. Therefore, it is not unexpected that the
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DA31 ELISA has an enhanced signal against PHF-tau, compared to the commercial assays
examined. With the lower cost and the availability of reliable phospho-tau antibodies that
can also be used in complementary techniques, these ELISAs provide enhanced methods to
quantitatively examine tau pathology in the brain.

To our knowledge, this is the first method developed that detects measurable levels of total
tau and phosphorylated tau in the sera of transgenic mice. Since a large concentration of
total tau in the serum is required to detect any signal of tau at the phosphorylated epitope, it
would appear that tau in serum is phosphorylated only at a low level. The observed serum
tau increases in tau transgenic mice are preliminary observations, and a great deal work is
required for these ELISAs to translate to a potential biomarker of AD in patients.
Interestingly, when examining the tau levels in the serum, it seems that there is a higher
concentration and more consistent amount of serum tau in P301L mice compared to htau.
This difference might be due simply to the transgene promoters; the htau transgene is
derived from human PAC, H1 haplotype (Duff et al., 2000) and should be expressed only in
neurons. In contrast, the JNLP3 line uses the mouse prion promoter that is expressed in
neurons as well as other cells (Borchelt et al., 1996). Another possibility for the difference
between tau models is the ages examined in this study. Serum tau levels may be comparable
to CSF tau levels, in that total tau is a biomarker for neuronal degeneration, based on
previous studies demonstrating that there is an increase of total tau and not phospho-tau in
the CSF of patients that suffer acute stroke (Hesse et al., 2001) or Creutzfeldt-Jakob disease
(Riemenschneider et al., 2003). The htau mice examined in this study were relatively young,
given that the on onset of neurodegeneration in these mice occurs at approximately 14
months of age (Andorfer et al., 2005). In contrast, P301L mice exhibit neuronal loss around
5 months of age (Lewis et al., 2000). Future experiments are needed to determine whether
tau in the serum correlates to the extent of NFT or neuronal loss in the brain of these
animals.

As mentioned previously, there are many well-established ELISA protocols for quantifying
total tau and phosphorylated tau in human CSF, and tau in the CSF has been shown to be
elevated in AD patients (Blennow and Hampel, 2003; Hampel et al., 2010). CSF collection
is possible in mouse models without contamination from blood or brain tissue (Barten et al.,
2011; Liu and Duff, 2008). A recent study reports that, in three different tau transgenic lines,
there is an age dependent increase of fragmented tau in the CSF (Barten et al., 2011).
However, CSF collection methods for mice are notoriously difficult to reproduce, and only
small volumes of CSF can be obtained, around 10µl. Taken with our findings of tau in the
serum of transgenic mice, these Low-Tau Sandwich ELISAs might be a useful technique to
connect CSF tau and serum tau while examining the mechanisms of tau as a biomarker in
mouse or possibly larger animal models.

In summary, we have developed a series of sensitive and versatile Low-Tau Sandwich
ELISAs that are a useful method to objectively quantify the soluble and insoluble levels of
total tau and phosphorylated tau in transgenic models. These assays will be invaluable when
attempting to understand the role that tau exerts in Alzheimer’s disease and other
tauopathies. Antibodies used in these assays are available on request from
pdavies@nshs.edu.
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Figure 1. DA9 and DA31 are tau sequence antibodies, while RZ3 is specific for pThr-231 tau
A. Immunoblots of new total tau antibodies DA9 and DA31 on a panel of cell lysates
transfected with tau constructs. Both antibodies react with Tau441 (TauA), tau without
exons 2, 3 and 10 (TauD), Tau366, Tau270 and Tau190 (C-terminal deletions). The
antibodies also react with brain homogenates from wild type and htau mice, with no
reactivity to the tau KO mouse. Therefore both DA9 and DA31 recognize a tau sequence
between amino acids 1–47 or 102–190. B. Immunoblot of RZ3 demonstrates that the
phospho-tau antibody reacts with homogenate samples from confirmed human AD patients,
wild type and htau mice, with no reactivity to healthy controls patients or tau KO mice. C,
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D, E. Epitope mapping ELISAs to determine the exact epitope reactivity of DA9, DA31,
and RZ3. C. DA9 only recognizes a tau amino acid sequence peptide from 102–150. D.
DA31 only recognizes a tau amino acid sequence peptide from 105–190. E. RZ3 recognizes
the pThr-231 site on a phospho-tau peptide with no reactivity to any other relevant phospho-
tau site.

Acker et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Standard dilution curve for Low-Tau ELISAs
A. Analysis of recombinant tau (rtau) dilution curve, with the total-tau antibody capture,
DA31. B, C, D, E. Analyses of the relative sensitivities of total tau and phospho-tau ELISA
to the PHF-tau preparation: DA31 (B), PHF-1 (C), CP13 (D), and RZ3 (E). Tau
concentration of PHF-tau determined based on ng/ml of tau in PHF-tau sample, a direct
comparison of the dilution curves of the same PHF-tau sample and rtau on DA31 capture
ELISA.
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Figure 3. Comparison of commercial total tau ELISAs
A. Analysis of the provided total tau standard and rtau on Invitrogen total tau ELISA kit
demonstrates similar reactivity at the same concentrations. B. Analysis of rtau and provided
total tau standard on Innotest total tau ELISA kit shows less reactivity to rtau at the same
concentrations. C. A serial dilution of the same PHF-tau sample in the three different total
tau ELISAs, show that DA31 ELISA has improved sensitivity to PHF-tau compared to the
Innotest assay, while the Invitrogen ELISA does not recognize PHF-tau. Tau concentration
of PHF-tau was determined based on ng/ml of tau in PHF-tau sample, using a direct
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comparison of the dilution curves of the same PHF-tau sample and rtau on the DA31 capture
ELISA.
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Figure 4. Specificity of Low-Tau ELISAs on mouse brain homogenates
A, B, C, D. DA31 (A), PHF-1 (B), CP13 (C) and RZ3 (D) capture ELISAs demonstrate
specificity to mouse (wt) and human tau (htau and P301L), with no reactivity to a transgenic
mouse lacking tau (tau KO). Same ELISAs also show tremendous versatility in the ability to
use various sample preparations. All four ELISAs react with forebrain lysate prepared with
(right panel) and without (left panel) Laemmli sample buffer.
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Figure 5. Quantification of soluble and insoluble tau in tau transgenic mice
A, B, C, D. Quantitative analysis of DA31 (A), PHF-1 (B), CP13 (C), and RZ3 (D) ELISAs
on the soluble and insoluble tau preparations from brain homogenate of 11 month htau and 6
month P301L, compared to wild type mice. Both soluble and insoluble tau in the htau and
P301L mice demonstrate expected increases in tau and phosphorylated tau at the observed
ages. Unpaired t-test was used to calculate significance of soluble tau and insoluble tau
transgenic brain homogenate when compared to wild type samples *=p<0.05, **=p<0.01,
***=p<0.001, ****=p<0.0001.
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Figure 6. Total tau and phospho-tau is detectable in mouse serum
A. Serum collected from wild type mice and spiked with rtau (MS + rtau) show similar
reactivity when compared to rtau added to the normal diluent 20% Superblock (Super +
rtau), analysis on DA31 ELISA. B. DA31 ELISA analysis of htau mouse sera at 7 months
and 10 months of age illustrates an increase trend, however not significant, in the amount of
total tau detected compared to wild type sera. C. DA31 analysis of sera from P301L mice
shows a significant age-dependent increase of total tau, beginning at 7 months of age and
increasing in 10-month mice. D. CP13 analysis of the same sera from P301L mice shows an
increased trend of pSer-202 tau at around 10 months of age. Unpaired t-test was used to
calculate significance of tau in the sera of htau and P301L when compared to wild type sera,
*= p<0.05, **=p<0.01.
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