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Abstract

Traumatic brain injury (TBI) is a cause of death and disability and can lead to tauopathy-related dementia at an early age.

Pathologically, TBI results in axonal injury that is coupled to tau hyperphosphorylation, leading to microtubule instability

and tau-mediated neurodegeneration. This suggests that the forms of this protein might serve as neuroinjury-related

biomarkers for diagnosis of injury severity and prognosis of the neurological damage prior to clinical expression. We

initially determined whether we could detect tau in body fluids using a highly sensitive assay. We used a novel immu-

noassay, enhanced immunoassay using multi-arrayed fiberoptics (EIMAF) either alone or in combination with rolling

circle amplification (a-EIMAF) for the detection of total (T) and phosphorylated (P) tau proteins from brains and biofluids

(blood, CSF) of rodents following controlled cortical impact (CCI) and human patients post severe TBI (sTBI). This assay

technology for tau is the most sensitive to date with a detection limit of approximately 100 ag/mL for either T-tau and P-

tau. In the rodent models, T-tau and P-tau levels in brain and blood increased following CCI during the acute phase and

remained high during the chronic phase (30 d). In human CSF samples, T-tau and P-tau increased during the sampling

period (5–6 d). T-tau and P-tau in human serum rose during the acute phase and decreased during the chronic stage but was

still detectable beyond six months post sTBI. Thus, EIMAF has the potential for assessing both the severity of the

proximal injury and the prognosis using easily accessible samples.

Key words: brain and biofluids; EIMAF; rolling circle amplification; severe traumatic brain injury; total and
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Introduction

Traumatic brain injury (TBI) is one of the leading causes of

death and disability among all traumas, and an increasing body

of literature implicates TBI as an independent risk factor for de-

veloping Alzheimer’s disease (AD).1–9 The incidence of TBI in the

United States is comparable to that of stroke but affects younger

people, thus resulting in a greater healthcare burden.10

TBI covers a wide range of injuries, from mild to moderate and

severe. Factors that influence the neuropathology—such as the

number of repeated impacts, types and extent of injury, and regions

of the brain where the trauma occurs—have not yet been clearly

elucidated. Although most cases of TBI are mild or moderate, most

of the TBI animal model systems and studies have focused on

severe TBI (sTBI). Even so, reliable predictors of sTBI outcome,

particularly during the early stages following neurotrauma, have

not been established and are being sought. This emphasizes the

need to identify and characterize reliable neurological and bio-

chemical TBI biomarkers for diagnosis and prognosis.

Currently, a TBI patient is evaluated only by clinical assessment

and neuroimaging, which have their own limitations in predicting

the functional impairments associated with the chronic conditions

that accompany a significant TBI. Historically, classification of

TBI severity has been based on a Glasgow Coma Scale (GCS)

score. However, this widely-used clinical neurological score may

be influenced by unrelated factors, such a patient’s consumption of

drugs or alcohol, prescribed medications, and other extra-cerebral

injuries. Therefore, establishing a complementary approach of
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patient evaluation using neurological assessment in combination

with biochemical biomarkers will reliably and objectively deter-

mine the severity of a TBI, which can then guide treatment regi-

mens.11–20

Tau is a microtubule-associated protein localized mainly in

neuronal cells and functions as a major structural element in the

axonal cytoskeleton. Total tau (T-tau) is abundant in the central

nervous system (CNS), and in particular, in unmyelinated axons

and cortical interneurons.21,22 Under normal circumstances, the

phosphorylation of tau (P-tau) is responsible for regulating its bi-

ological activity. However, excessive tau phosphorylation (i.e.,

hyperphosphorylation) is associated with several neurodegenera-

tive diseases and are referred to as tauopathies.23–25 For example,

one of the hallmarks of AD is the presence of neurofibrillary tangles

(NFTs) that are composed of P-tau that forms paired helical fila-

ments (PHFs), and also includes increased T-tau and P-tau in the

cerebrospinal fluid (CSF).22,26,27 Pathological phosphorylation of

tau has been found at a number of sites including Thr-181, Ser-198,

Ser-199, Ser-202, Thr-205, Thr-231, Ser-356, Ser-404 and Ser-422,

which are phosphorylated by casein kinases, cyclic adenosine

monophosphate (cAMP)-dependent protein kinase, glycogen syn-

thase kinase-3b (GSK-3b), cAMP-dependent protein kinase, cyclin-

dependent kinase 5, and tau-tubulin kinases (TTBK).28–32

The analysis of P-tau is crucial in the diagnosis of AD.33

However, the significance of P-tau levels following TBI is unclear.

Rodent TBI models do not produce NFTs post-injury. However,

since tau levels may markedly influence the pathophysiology of

TBI both in the acute and chronic phases, tau may still be an in-

formative biomarker for TBI. Increased tau levels have been re-

ported in the CSF following TBI and also show promise as a

specific serum biomarker in both human patients and experimental

models.13,15,16,34–36 Although there is a rapid rise in tau protein

levels in the CSF post-TBI,13,34 the peak and temporal progression

of serum tau levels have not been adequately evaluated.15,16

Tau-associated neuropathology, particularly the presence of

NFTs, has been reported in the brains of athletes who have played

contact sports (boxers, football and ice hockey players, wrestlers)

and who sustained concussions during their career. This patho-

logical condition has been termed chronic traumatic encephalop-

athy (CTE).37–42 Common symptoms in CTE include memory loss,

Parkinson-like movements, dementia, aggression, confusion, and

depression.38,41, 43–46 Although the majority of CTE cases display

widespread NFTs, in contrast to AD, amyloid-b (Ab) pathology is

less frequent.42,47

Reports on the time course of T-tau and P-tau levels following

TBI are limited and include those of Gabbita and colleagues48 and

Liliang and colleagues.49 We previously described the develop-

ment of an assay termed SOFIA (surround optical fiber immuno-

assay) for the detection of the abnormal prion protein in prion

diseased animals and humans.50–54 As a result of our continued

efforts to develop advanced biomarker assay technologies from

readily accessible samples, we have changed the term SOFIA to

EIMAF (enhanced immunoassay using multi-arrayed fiberoptics).

Here, we report the use of EIMAF with and without pre-assay

target amplification for T-tau and P-tau detection in both rodent and

human CNS tissue and/or biofluid samples (blood, CSF) following

sTBI. Based on these findings from rodent TBI models and clinical

samples obtained from individuals with TBI, we believe that the

EIMAF technology for determining T-tau and P-tau levels provide

the degree of sensitivity needed for assessing whether measuring

tau levels provides a prognostic biomarker for patient recovery and/

or development of a tauopathy.

Methods

Controlled cortical impact (CCI)

Brain trauma in rats and mice was produced using an electro-
magnetic contusion device (Myneurolab, St. Louis, MO). Adult
male (280–300 g) Sprague-Dawley rats (Harlan, Indianapolis, IN)
or C57Bl/6J mice (*30 g; Jackson Labs, Bar Harbor, ME) were
anesthetized with 4% isoflurane in a carrier gas of oxygen (0.8 L/
min) and maintained in 2.5% isoflurane as anesthesia in the same
carrier gas. Core body temperature was monitored continuously
and maintained at 37 – 1� C. Animals were placed onto a stereo-
tactic apparatus (David Kopf, Tujinga, CA) in a prone position
and secured by ear and incisor bars. Following a midline cranial
incision and reflection of the soft tissues, a unilateral craniotomy
(ipsilateral to site of impact; 4 mm and 7 mm diameter for mice
and rats, respectively) was performed adjacent to the central su-
ture, midway between bregma and lambda. The dura mater was
kept intact over the cortex.

Brain trauma was produced by impacting the right (ipsilateral)
cortex with an aluminum impactor tip (housed in a pneumatic
cylinder; 3.5 mm and 5 mm diameter for mice and rats, respec-
tively) at an impact velocity of 4.5 msec with a 1.5 mm (mice) or
2.5 mm (rats) depth and 150 msec dwell time. The craniotomy was
covered with a plastic plate that was cemented (Grip Cement,
Dentsply, York, PA) to the skull. Sham-injured control animals
were subjected to the same surgical procedures but did not receive
the impact injury.

Animals were monitored and recovery from anesthesia was
confirmed when they regained their ability to right themselves and
ambulate. Appropriate pre- and post-injury management was pre-
formed to minimize pain and discomfort and to insure compliance
with guidelines set forth by the State University of New York
(SUNY) Downstate Medical Center Institutional Animal Care and
Use Committee (protocol #’s 08-477-10 and 13-10382) and the
National Institutes of Health (NIH) guidelines detailed in the Guide
for the Care and Use of Animals.

Brain tissue and blood samples were harvested from mice and
rats at selected times after the CCI. At each time point, mice and
rats were anesthetized with isoflurane before sample collection.
Blood was collected in non-heparinized tubes from tail veins or by
cardiac exsanguination. Following centrifugation, serum was ob-
tained, stored at - 80o C, and diluted (1:20) prior to use. Brains
were removed immediately following cervical dislocation and
stored at - 80o C. In addition to these samples, frozen brains and
blood from 8-month-old JNPL3 (P301L) and T-tau knockout
(TauKO) mice were generously supplied by Dr. Karen Duff (Co-
lumbia University Medical Center, New York, NY).

Human samples

Samples were derived from six patients with blunt trauma to the
head and with a GCS score < 8 enrolled in a sTBI study where CSF
was collected from adult subjects presenting to the emergency
department of Ben Taub General Hospital, Baylor College of
Medicine, Houston, Texas. The study protocol was approved by the
Baylor College of Medicine (IRB # H-13606). CSF was collected
until a ventriculostomy catheter was no longer clinically indicated.
CSF samples (10 mL), with a collection time not exceeding 1 h,
were diverted to 15 mL conical polypropylene centrifuge tubes (BD
Falcon) and centrifuged at 4,000 · g at room temperature for 5 min
to remove loose cells and debris. One mL aliquots of the cleared
supernatants were pipetted into cryogenic tubes, snap-frozen and
stored at - 80�C.

Control CSF samples were purchased from Bioreclamation, Inc.
Archived TBI CSF samples also were assessed. Archived serum
samples from sTBI subjects and non-TBI controls were collected at
the University of Pittsburgh Medical Center (IRB #’s PRO08020342,
IRB0308021).
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Enrolled subjects in this cohort also sustained blunt trauma to the
head and had an admission GCS score < 8. Initial blood samples
were collected during the acute stage ( < 3 d post-injury) and also at
approximately one month, three months, and six months post-TBI.
Non-TBI control sera were collected only once per subject using
similar procedures. After collection, blood samples were allowed to
coagulate for 30-60 min at room temperature before centrifugation
at 2,500 · g for 10 min. Supernatants (serum) were collected, ali-
quoted, snap-frozen and stored at - 80�C. Prior to analysis, serum
and CSF were diluted 1:20 and 1:100, respectively.

Human CSF and serum samples were transferred to SUNY
Downstate for use in this study with NIH clinical exemption 4 (IRB
# 00003624) from Federal regulations.

Preparation of tissue extracts

Soluble tissue extracts were generated by homogenization of ro-
dent brain tissue in 1x lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 5 mM EGTA, 5 mM EDTA, 1% Triton X-100, 1 mM Na
vanadate, 1 mM dithiothreitol, and 100 · Halt protease inhibitor
(Fisher Scientific) on ice. Extracts were transferred to 1.5 mL mi-
crocentrifuge tubes, microfuged at 10,000 · g for 15 min at 4� C and
the supernatants (soluble proteins) were collected and stored at - 80�
C until analysis. Protein concentrations were determined using a
micro BCA protein assay kit (Fisher Scientific, Morristown, NJ).

EIMAF and a-EIMAF

The anti-tau monoclonal antibodies (Mabs) used were previ-
ously described55 and epitopes are indicated in italics below. For
EIMAF coupled to rolling circle amplification (a-EIMAF), high-
binding 96-well microtiter plates (Costar) were coated with capture
Mab at 6 lg/mL final concentration (Mab DA31 [aa150-190] for
T-tau and Mabs CP13 [pSer-202] rodents samples or RZ3 [pThr-
231] human samples for P-tau). Following an overnight incubation
at 40o C, unoccupied binding sites were blocked for 1 h with casein.
A 100 ll aliquot of diluted brain or blood (serum at 1:20 dilution is
used to avoid matrix effects) sample was added, incubated and
followed by the addition of a biotinylated detection Mab DA9
(aa102-140) (100 lL at 4 lg/mL final Mab concentration).

Five 10-min washes with phosphate-buffered saline containing
0.2% Tween-20 (PBST) were followed with the addition of 100 lL
of streptavidin (5 lg/mL) per well and incubation for 1 h at 37o C. A
biotinylated prostate-specific DNA primer (5¢-TTTTTTTGTCCG
TGCTAGAAGGAAA-CAGTTAC-3¢) (100 ll at 4 lg/mL) was
added for 1 h at 37o C. Following the addition of a T4-DNA ligase-
pretreated prostate DNA template (1 mg/ mL), RCA was initiated
by adding 100 ll of reaction mixture consisting of: u29 DNA
polymerase reaction buffer, bovine serum albumin, nucleotide tri-
phosphates supplemented with dUTP-Texas Red, and u29 DNA
polymerase.56 Incubation for several hours is followed by PBST
washes, addition of 1N NaOH, neutralization with 1 M Tris-HCl,
pH 7.5, heat treatment (100o C for 15 min) and fluorescence anal-
ysis using surround optical fluorescence detection.

For direct, non-amplified detection and relative quantitation of
tau, EIMAF was performed as detailed previously and briefly de-
scribed here.50 For direct EIMAF, tissue homogenates or biofluids
were added to the capture Ab followed by the biotinylated detection
Mab DA9. Following a 1 h incubation, streptavidin conjugated to
Rhodamine Red X (1:1000; Invitrogen, Norwalk, CT) was added
and incubated for 1 h. The wells were washed with TBS containing
Tween-20, treated with NaOH and neutralized. A 90 lL sample
was drawn up into a 100 lL Microcap (Drummond Scientific,
Broomall, PA) micro-capillary tube which was then inserted into a
specifically designed tube sample holder for laser excitation and
emission quantitation. Each EIMAF and a-EIMAF sample was
tested in triplicate and, depending on available sample volumes,
duplicated in independent experiments. Although we have found

that a-EIMAF is not required for all serum samples, it is required
for many of them. Therefore, our standard protocol is to assay all
non-CNS samples directly by a-EIMAF.

Immunoblotting and ELISA

For capture enzyme-linked immunosorbent assay (ELISA), 96-
well microtiter plates were coated with 100 lL of purified capture
antibody (Mab DA31 for T-tau, Mab CP13 for rodent P-tau, Mab
RZ3 for human P-tau) at a concentration of 5 lg/mL in PBS. After
overnight incubation at 4� C the wells were washed twice with
PBST and blocked by adding 200 lL 1% non-fat dry milk in PBS,
pH 7.4. A 100-lL aliquot of PBS-diluted antigen was incubated at
37o C for 1 h followed by four washes with PBST. Biotinylated
DA9 (100 lL at 1 lg/mL) was added and incubated for 1 h at room
temperature (RT). Wells were washed four times with PBST fol-
lowed by the addition of 100 lL of streptavidin conjugated to al-
kaline phosphatase and incubation at RT for 60 min. This was
followed by the addition of 100 lL para-Nitrophenylphosphate
substrate, incubation at 37o C for 60 min and optical density read-
ings at 405 nm.

For immunoblotting analysis, soluble protein fractions (25 lg
per lane) from the brain tissue extracts were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (10% resolving
gels). Equivalent sample volumes were loaded on each lane. Pro-
teins were electrotransferred to nitrocellulose membranes and the
blots were blocked using 5% non-fat dry milk in PBST for 30 min at
RT. Blots were incubated with primary Ab (1:1000 dilution of Mab
DA9 conditioned media for T-tau and Mab CP13 for P-tau) for 2 h
at 37o C, washed three times in PBST (15 min each) followed by
goat anti-mouse immunoglobulin G (IgG; Fab specific) conjugated
with alkaline phosphatase (1:2000; Sigma-Aldrich Corporation, St.
Louis, MO) in 1% non-fat dry milk - PBST for 2 h. Following three
PBST washes (15 min each), the blots were developed in substrate
buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, and 5 mM
MgCl2) containing nitro blue tetrazolium (0.33 mg/mL)/5-bromo-
4-chloro-3-indolyl-phosphate (0.165 mg/mL). All data shown are
representative of three separate experiments. Quantification of tau
proteins was performed by densitometric analysis using NIH Image
J software. All data shown are representative of multiple inde-
pendent experiments.

Results

The sensitivity of EIMAF for the detection of T-tau was deter-

mined by performing assays on serial dilutions of recombinant

human Tau-441 (rTau; EMD Millipore, Billerica, MA; Fig. 1).

Measuring rTau without pre-assay signal amplification by RCA, we

reliably and repeatedly detected rTau down to < 100 fg/mL.

FIG. 1. Sensitivity limits of enhanced immunoassay using
multi-arrayed fiberoptics alone (EIMAF) and EIMAF coupled to
rolling circle amplification (a-EIMAF) for rTau.
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However, using RCA to increase the target signal detected by EI-

MAF (i.e., a-EIMAF) assay sensitivity was increased by approxi-

mately 3 logs to < 100 ag/mL. The data presented in this figure also

was used as a standard curve for quantifying T-tau levels in the

experimental samples being assayed to calibrate the voltage read-

ings expressed by EIMAF and a-EIMAF. To our knowledge, this is

the most sensitive assay for T-tau detection to date.

Similarly, for studies on EIMAF and a-EIMAF, sensitivity and

dynamic range were determined for P-tau using, as a surrogate

target, rTau phosphorylated by either TTBK-1 (Fig. 2A) or GSK-3b
(Fig. 2B; SignalChem, Richmond, British Columbia). TTBK-1, a

serine/threonine/tyrosine kinase belonging to the casein kinase 1

superfamily, phosphorylates at AD-related sites (Ser-198, Ser-199,

Ser-202 and Ser-422) and also is associated with tau aggregation.30

GSK-3b is a physiological serine/threonine kinase for tau that

targets numerous tau phosphorylation sites identified in NFT and

other tau-positive inclusions. Phosphorylation of tau at Thr-231 by

GSK-3b plays a critical role in regulating the ability of tau to bind

to and stabilize microtubules.

In addition, Rankin and colleagues57 reported that the major sites

phosphorylated by GSK-3b include Thr-205, Ser-214, Thr-231,

Ser-262, Ser-356, Ser-400, Ser-404, and Ser-409. Our results sup-

port these findings in that we found CP13 (pSer-202) had greater

reactivity for rTau-TTBK-1 than for rTau-GSK-3b, and, con-

versely, RZ3 (pThr-231) had greater reactivity for rTau-GSK-3b
than for rTau-TTBK-1 (data not shown). Accordingly, we focused

our efforts only on the more highly reactive combinations. The

sensitivity and dynamic range of EIMAF and a-EIMAF for P-tau

detection with CP13 (using rTau-TTBK-1; Fig. 2A) and RZ3 (using

rTau-GSK-3b; Fig. 2B) are similar to the results obtained for T-tau

detection using rTau (Fig. 1) and includes the approximate 3-log

increase in detection with EIMAF following amplification.

We compared the sensitivity of EIMAF with sandwich ELISA

(Fig. 3) using, as a source of T-tau and P-tau, serial 10-fold dilu-

tions (10 - 4 - 10 - 12) of brain lysates from 8 month old JNPL3

(P301L) mice which exhibit extensive tauopathy and TauKO mice

as negative controls.58,59 As anticipated, T-tau and P-tau were not

detected in brain homogenates from TauKO mice by either sand-

wich ELISA or EIMAF demonstrating the high specificity of these

immunoassays (Fig. 3). Both T-tau and P-tau were readily detect-

able by both sandwich ELISA and EIMAF. Both T-tau and P-tau

were detected in the 10 - 4 dilution by sandwich ELISA, but not at

10 - 5 and 10 - 6 dilutions of T-tau and P-tau, respectively.

In contrast, a different profile was observed when EIMAF was

used for T-tau and P-tau detection of the same brain lysates (Fig. 3).

Detection of T-tau and P-tau by EIMAF in JNPL3 (P301L) brain

remained constant from a 10 - 4 to 10 - 8 brain lysate dilution for P-

tau and to a 10 - 9 brain lysate dilution for T-tau. P-tau and T-tau

were not detected by EIMAF at a 10 - 11 and 10 - 12 brain lysate

dilution, respectively. Taken together, these studies demonstrate

that EIMAF has a sensitivity that is approximately 5–6 logs greater

than sandwich ELISA with an additional *3 logs when a-EIMAF

is used.

To further assess assay utilization, sensitivity and specificity, we

compared the detection of T-tau in serum from 8 month old P301L

mice and TauKO mice (data not shown). With use of a 1:20 serum

dilution, T-tau from P301L mice was readily detectable by a-

EIMAF but not by sandwich ELISA or EIMAF alone. As expected,

diluted serum from TauKO mice gave readings similar to PBS

background controls for all three assays. These studies demonstrate

the utility of a-EIMAF for biomarker detection when the concen-

tration of the analyte is too low for detection by conventional

assays.

Using a-EIMAF, we monitored the levels of T-tau and P-tau in

rat serum over a 30-d time period post-CCI (Fig. 4). At each time

point, serum was collected from separate groups each consisting of

five rats and serum samples were analyzed individually. We ob-

served that there was a baseline level of T-tau even in naı̈ve rat

serum. The levels of T-tau began to increase gradually by Day 2 and

continued until Day 3, after which it remained constant for the

remainder of the time course. In contrast, P-tau levels were very

low in naı̈ve rat serum and there was a dramatic increase from

baseline by Day 3 post-CCI that continued on an upward trend until

Day 30.

Mice also were subjected to CCI and followed by a-EIMAF

over a 7-d period during which changes in serum levels of T-tau

and P-tau were determined (Fig. 5). The control (naı̈ve, sham)

and CCI groups each consisted of five mice. At each time point

blood was collected, processed, and analyzed individually from

each mouse prior to sacrifice. In contrast to the rat model, the T-

tau levels in mouse serum increased at Day 1 post-CCI, the first

time point selected, and showed continued increases at Days 3

and 7 in comparison to sham mice. Only values for Day 1 sham

mice are plotted in Figure 5 since the values in sham mice at

Days 1, 3, and 7 were all similar. In the CCI group, P-tau levels

also followed the same profile increasing continuously from Day

1 to Day 7 (all statistically significant when compared with Day

1 sham). However, the increases in P-tau were more dramatic

than T-tau over the 7-d period. Although it is currently unclear

why P-tau levels showed a greater increase than T-tau in mice,

this may be due to a difference in epitope accessibility with the

P-tau epitope being more detectable in serum. However, this

does not seem to be an issue with the rat model study described

above (Fig. 5).

FIG. 2. Sensitivity limits of enhanced immunoassay using multi-
arrayed fiberoptics alone (EIMAF) and EIMAF coupled to rolling
circle amplification (a-EIMAF) for P-tau using rTau-TTBK-1 with
Mab CP13 (A) and rTau-GSK3b with Mab RZ3 (B).
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To try to address this issue found in serum, Western blotting for

T-tau and P-tau was performed on the mouse brain lysates (Fig. 6).

Since Western blotting was performed on denatured proteins, the

influence of tau conformation is eliminated. The immunoblotting

data demonstrated that following CCI, increases in T-tau levels

continued from Day 1 to Day 7 while increases in P-tau followed

the T-tau increase and were observed at Days 3 and 7. However, P-

tau levels did not exceed T-tau levels at any time point. Taken

together, these results suggest that the discrepancy in data for the

non-denatured T-tau and P-tau in murine serum described above

(Fig. 5) is likely due to conformational differences resulting in

altered epitope availability.

As a next step, the utility of EIMAF for detection of tau in human

biofluids was investigated. First, timed acute phase human CSF

samples collected from six sTBI patients were analyzed. T-tau and

P-tau levels in diluted (1:100) CSF samples were measured using

EIMAF or sandwich ELISA for comparison (Fig. 7). While T-tau

and P-tau were readily detectable in the human CSF samples using

FIG. 3. Enhanced immunoassay using multi-arrayed fiberoptics (EIMAF; ––) vs. sandwich enzyme-linked immunosorbent assay
(ELISA; – –) for T-tau (�, -) and P-tau (B, ,) detection sensitivity. Detection of T-tau and P-tau was performed using serial
dilutions of JNPL3 (P301L;�, B) and T-tau knockout (TauKO; -, ,) mouse brain homogenates. EIMAF has a fivefold to sixfold
more sensitive detection limit than sandwich ELISA.

FIG. 4. Detection of tau by enhanced immunoassay using multi-
arrayed fiberoptics coupled to rolling circle amplification (a-EIMAF)
in rat serum following severe traumatic brain injury. Adult male
Sprague-Dawley rats were subjected to controlled cortical impact
and blood was collected at various time points as indicated. The
levels of T-tau and P-tau in serum was determined by a-EIMAF.
Statistical analysis (t-test) was based on comparison to naı̈ve rats.
*p < 0.001; **p < 0.0001; ***p < 0.00001.

FIG. 5. Detection of tau by enhanced immunoassay using multi-
arrayed fiberoptics coupled to rolling circle amplification (a-EIMAF)
in mouse serum following severe traumatic brain injury. At Days 1
(D1), 3 (D3), and 7 (D7) post–controlled cortical impact (CCI) or
sham treatment, blood was collected and the serum was assayed for
T-tau and P-tau by a-EIMAF. The levels of T-tau and P-tau in the
sham-treated mice at D1 (shown), D3, and D7 did not change sig-
nificantly. Statistical analysis (t-test) was based on comparison to
sham-treated mice. *p < 0.01; **p < 0.001; ***p < 0.00001.
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EIMAF (Fig. 7A), sandwich ELISA (Fig. 7B) lacked the requisite

sensitivity. Figure 7 presents the data obtained using serial CSF

samples from six sTBI subjects extending from Days 0–6 after

injury, in comparison with four non-TBI control CSF samples. In

all six sTBI subjects, the T-tau and P-tau levels in the first available

sample were higher than in the non-TBI controls (Fig. 7A). Inter-

estingly, CSF T-tau levels either remained unchanged or rose

during this time course with T-tau concentrations ranging from 13.3

to 20.2 ng/mL, exemplifying patient to patient variability. On the

other hand, CSF P-tau levels for all six sTBI subjects exhibited an

increase over the time course examined, from the first sample on

Day 0 or 1 until the last sample collected on Days 5 or 6 (Fig. 7A),

with the range of P-tau concentrations 7.1–19.8 ng/mL.

We next analyzed tau levels in a series of human serum samples

taken from four sTBI patients (Patients 650, 671, 860, 921) during

either the acute stage ( £ 3 d) or at three time points more remote

from injury ( ‡ 21 d, approximately at one, three, and six months

post-TBI; Fig. 8). In a group of non-TBI control subjects (Patients

130–133), serum T-tau levels were about threefold to fourfold

higher than P-tau levels (*144–158 fg/mL T-tau vs.*38–40 fg/mL

P-tau). For sTBI subjects, although the actual T-tau and P-tau

levels varied between the patients, the data profiles from each of the

four patients produced similar findings: 1) serum levels of T-tau

and P-tau during the acute phase (first serum samples Day 1–3)

post-TBI rose dramatically (*375–405 fg/mL T-tau; *380–

410 fg/mL P-tau), compared with the levels in the non-TBI control

sera; 2) P-tau levels became comparable to the T-tau levels in the

samples during the acute phase of TBI; and 3) during the chronic

stage (approximately one, three, and six months post-injury), the T-

tau and P-tau levels declined steadily at similar but not identical

FIG. 6. Western blotting of mouse brain lysates for tau. At Days 1, 3, and 7 post– controlled cortical impact (CCI) or sham treatment,
soluble fractions (25 lg) of ipsilateral cortex from CD-1 mouse brain lysates were electrophoresed and Western blotted for T-tau with
Mab DA9 (A) and P-tau with Mab CP13 (B). Western blotting of naı̈ve (N) mouse brain lysate also was performed. Shown are
representative Western blots. Densitometric quantitation (C) of the most intensely immunostained T-tau (white bars) and P-tau (black
bars) bands was performed using Image J software. Statistical analysis (t-test) compares densitometry of CCI vs. sham-treatment.
*p < 0.01; **p < 0.001; ***p < 0.00001.

FIG. 7. Detection of T-tau and P-tau in human cerebrospinal fluid (1:100 dilution) during the acute and chronic phases post severe
brain injury using enhanced immunoassay using multi-arrayed fiberoptics coupled to rolling circle amplification (A) and enzyme-linked
immunosorbent assay (B).
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rates for two of the patients (Patients 671, 860), slower for Patient

650 and slowest for Patient 921 (Fig. 8). Of note, even at the more

remote stage (approximately three and six months post-injury), T-

tau, and importantly P-tau, levels are still detectable in serum using

a-EIMAF and remain significantly higher than the control values.

Additional samples will be used to confirm these findings.

Discussion

In many instances, surviving TBI victims experience cognitive

dysfunction throughout their life coupled with a diminished quality

of life. The initial impact from TBI results in many cellular and

biochemical changes, which exemplifies the complex pathophysi-

ology, resulting in a disease process that increases and prolongs

injury severity. The epidemiologic evidence implicates TBI as a

probable risk factor for AD. This suggests that TBI can initiate

mechanistic events leading to neurodegenerative changes. Axonal

injury, observed in many sTBI patients, results in accumulation of

Ab peptides and NFTs, the main component of which is the hy-

perphosphorylated, insoluble and filamentous P-tau.60–64

Tau inclusions are composed of aggregated tau protein that is

abnormally phosphorylated and/or hyperphosphorylated. Ag-

gregated tau is resistant to dephosphorylation and the extent of tau

aggregation corresponds to the degree of neuronal loss and neuron

toxicity. Further hyperphosphorylated tau is resistant to proteolysis,

fails to bind to microtubules and accumulates in neurons resulting

in tau toxicity. Neurodegenerative disorders with tau inclusions

within both glial and neuronal cell types are referred to as tauo-

pathies.65 In addition to AD, these include frontotemporal lo-

bar degeneration, progressive supranuclear palsy, Pick’s disease,

some prion diseases, amyotrophic lateral sclerosis/parkinsonism-

dementia complex, CTE, and some genetic forms of Parkinson’s

disease.65–68 The fact that the tau inclusions are localized in the

brain regions whose functions are compromised suggests that these

inclusions are partially responsible for the neuropathogenesis of

these disorders. This is strengthened by studies demonstrating that

progression and duration of AD is correlated with NFT forma-

tion.69,70

In this report, we describe an ultrasensitive immunoassay tech-

nology (EIMAF) and its modification (a-EIMAF) that, for the first

time, documents changes in T-tau and P-tau in two rodent models

and human biofluid samples following sTBI. We have found that

serum T-tau and P-tau levels generally increase during the acute

stage of sTBI in rodent serum (from Days 2 to 30 for T-tau and from

Days 3 to 7 for P-tau in rats and Days 1 through 7 in mice; Fig. 4 and

Fig. 5). During the subacute/chronic state (Days 14–30), the in-

creased levels of both T-tau and P-tau are maintained in the rat

model (Fig. 4). In studies of human biofluid samples following

sTBI, the elevated T-tau levels are generally sustained while ele-

vated P-tau levels actually increase during the acute stage of sTBI

(Days 0 to 6 post-injury) in human CSF (Fig. 8). Further, in human

TBI, the serum samples from the acute phase of injury have the

most elevated T-tau and P-tau levels (Fig. 8). However, T-tau levels

appear to return to normal by about one month post-injury, while P-

tau levels, though reduced, are still substantially higher than control

levels even at six months post-injury (Fig. 8).

NFTs and CSF tau are commonly increased by a factor of 3 to

4 in AD.22,26,27 Following TBI, not only do the tau levels in the

CSF increase but changes of tau levels in the serum suggest its

use as a specific serum biomarker in humans and experimental

models.35,36,49,71 Analysis of rat serum T-tau protein following

TBI demonstrated that although tau levels in serum increased as

a function of severity and time at 1 h and 6 h after TBI, the

serum T-tau may not be suitable as a marker 24 h after injury.49

FIG. 8. Detection of T-tau and P-tau in human serum post severe traumatic brain injury (sTBI) by enhanced immunoassay using
multi-arrayed fiberoptics coupled to rolling circle amplification (a-EIMAF). Human serum samples were diluted 1:20 in phosphate-
buffered saline and assayed by a-EIMAF for T-tau (Mab DA31) and P-tau (Mab RZ3) in combination with biotinylated Mab DA9 for
detection. Serum levels of both T-tau and P-tau are elevated in the acute phase (range, Days 1–3), compared with control serum. In the
chronic serum samples (range, Days 27–190), the majority of T-tau returned to control levels. In contrast, P-tau levels in most sTBI
serum samples remained higher than control levels.
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Consistent with the increase in T-tau, additional reports ana-

lyzing the biomarkers cleaved (c)-tau,48 S100b and neuron

specific enolase (NSE),72,73 also reported increased levels within

6 h after TBI in rats. The levels of brain biomarkers found in

serum is influenced by the integrity of the blood-brain barrier

(BBB) integrity and 6 h after TBI the integrity of BBB would re-

established resulting in a decrease in the serum tau levels.48 We

did not observe a similar time course profile for serum T-tau and

P-tau in our studies.

The evaluation of the neurological damage that results from TBI

is a continuing challenge. Techniques used to assess brain trauma

include neuropsychological assessments and neuroimaging, which

partially lend themselves to subjective interpretation of the data.

The use of biochemical methods for the detection of protein bio-

markers can offer a more objective analysis of brain injury and be a

valuable asset. For example, the capability of detecting biomarkers

in biofluids such as blood or urine for evaluating the extent of brain

damage presents a less stressful and minimally invasive procedure

with reduced costs. Not only can the extent of injury be determined,

but these same protein biomarkers also may be useful for moni-

toring the effectiveness of therapeutic interventions. In addition,

the detection and analysis of protein biomarkers would comple-

ment the more subjective GCS score that may not be accurate in

certain individuals, such as children. Some of the protein bio-

markers that have been used are S100b, NSE, glial fibrillary acidic

protein (and its breakdown products), ubiquitin carboxyl-terminal

esterase L1, and C-tau.18,74–82 However, there are issues in the use

of these proteins for assessing TBI, which includes sensitivity and

specificity, use in adult versus pediatric patients, lack of correlation

between the values in blood and CSF, and lack of correlation with

the different levels of TBI severity.

In a recent study, the concentrations of plasma T-tau and serum

S-100B and NSE were determined in professional ice hockey

players who experienced concussions during the game.71 The goal

of this study was to determine whether blood biomarkers could be

used as a guide for acute diagnosis of concussion and injury

recovery. Only T-tau was found to be significantly higher in the

post-concussive player samples, compared with pre-season sam-

ples, in spite of the high degree of overlap in the range of T-tau

values between the two sample groups. T-tau exhibited a biphasic

increase following injury and had the greatest diagnostic accuracy

when correlated with post-concussive symptoms over time. Fur-

ther, the T-tau levels were highest during the first hour after

concussion, which is similar to our results, but the actual T-tau

levels reported (1–100 pg/mL) were greater than those of our

study. Whether this is due to the differences in the samples an-

alyzed, assay platform or reagents used is not clear. The levels of

S-100B and NSE increased after a game in which no concussion

occurred but T-tau levels were unaffected. Previous studies on

serum tau levels after mild or sTBI reported a high degree of

variability in the serum tau levels of patients using an sandwich

ELISA platform.15,35

Epidemiological evidence, which includes the appearance of

fibrillary Ab plaques in the brain several years following a single

sTBI, suggests that TBI may be an risk factor for the development

of AD and may accelerate the pathophysiological processes leading

to AD.3,7–9,83 Although there exists a causal connection, there are

clinical and histopathological differences between AD and TBI,8

including the distribution of P-tau immunoreactive NFTs, sug-

gesting that the neurophysiological and neuropathological mecha-

nisms leading to the increased risk for neurodegenerative diseases

following TBI are highly complex.

Tau pathology and NFTs also were observed in patients who

suffered a single sTBI one to 47 years previously.84 The process of

delayed NFT formation in human TBI remains to be explained.

Immediately following sTBI, T-tau and P-tau were found to ac-

cumulate in both neuronal cell bodies and axons although without

clear NFT pathology.85,86 In addition, NFTs were not found in TBI

patients who died within 4 weeks of injury,85 suggesting that the

mechanisms leading to NFT and/or CTE pathology requires a

prolonged time post-injury to develop.

CTE is a clinical entity consisting of tau pathology—in partic-

ular, the accumulation of NFTs—in the brains of athletes who have

been involved in contact sports (professional boxers, American

football or ice hockey players, wrestlers) and who sustained several

concussions during their career.37–42 Symptoms of CTE include

memory loss, Parkinson-like movements, and dementia.38,41,43–45

In CTE, the vast majority of cases display extensive NFTs while Ab
pathology is much less frequently observed.42

Although repeated concussions/mild TBI should be regarded

very seriously, the number of individuals examined is still low and

the incidence of CTE, its risk factors, and the contribution of injury

severity (mild/moderate/severe) and number of impacts has yet to

be fully characterized.

Whether the patients in our study, whose P-tau levels remained

high at the later time points during the chronic stage, are at a higher

risk of developing a neurodegenerative disease is unknown at this

time. Ideally, biomarker levels should closely correlate with a bi-

ological or pathogenic process87 or have use as a surrogate end-

point. The correlation between early tau detection and the later

development of neurodegenerative disease remains to be estab-

lished since the variability in the TBI models do not allow

straightforward extrapolation of the experimental results into

clinical practice. Instead, the available evidence suggests that tau

levels could be used as injury markers. In future studies, correlation

of levels of various tau species in CSF, and/or serum with advanced

neuroimaging such as diffuse tensor imaging or positron emission

tomography combined with enhanced analytical tools may improve

diagnosis/prognosis. Collectively, biomarker analysis and the

pharmacological tools could provide crucial information on the

importance of tau and Ab peptides in the pathophysiology and

long-term consequences of TBI.

TBI has been associated with hyperphosphorylation of the tau

protein and the resulting P-tau is influential in the development of

neurodegeneration. To define the precise relationship between TBI

and tau levels in brain tissue, CSF and/or blood and clinical disease

remains an important scientific challenge due to the association

between TBI and the risk of developing neurodegenerative disease.

Available experimental and clinical evidence suggests a complex

relationship between increased tau protein release and NFT for-

mation following TBI. Rodent studies have provided important

mechanistic information and shed light into many aspects of tau

expression following TBI although without consistently mirroring

the histopathological findings observed in humans. TBI seems

likely to accelerate the process leading to tauopathies, although the

mechanisms involved and their relationship to the acute injury

cascade are unclear. The increased use of tau as a biomarker in the

clinical setting should enhance our understanding of TBI severity,

recovery, therapeutic efficacy and the link between TBI and neu-

rodegeneration.

In conclusion, we have developed tau-specific assay conditions

that, in combination with the EIMAF technology, provides the

sensitivity required to use the tau protein as a biomarker. In both

experimental animal models and human samples the tau protein
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was detectable in CSF and blood following neurotrauma. Although

these preliminary results are promising, validation of the assay will

require analysis of larger sample sets. Follow-up studies also will

allow discrimination of injury severities and help define parameters

needed for accurate diagnosis and prognosis. All in all, the im-

proved detection limits for tau demonstrated in this study using

readily accessible samples provided by this fluorescence-based

immunoassay system will greatly enhance future studies in this

area. Further, this approach can easily be adapted to include addi-

tional biomarkers generating biomarker signature profiles that

provide greater accuracy in TBI diagnosis/prognosis.
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