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Passive Immunization with Tau Oligomer Monoclonal
Antibody Reverses Tauopathy Phenotypes without Affecting
Hyperphosphorylated Neurofibrillary Tangles

Diana L. Castillo-Carranza,1,2 Urmi Sengupta,1,2 Marcos J. Guerrero-Muñoz,1,2 Cristian A. Lasagna-Reeves,1,2
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Recent findings suggest that tau oligomers, which form before neurofibrillary tangles (NFTs), are the true neurotoxic tau entities in
neurodegenerative tauopathies, including Alzheimer’s disease (AD). Studies in animal models of tauopathy suggest that tau oligomers
play a key role in eliciting behavioral and cognitive impairments. Here, we used a novel tau oligomer-specific monoclonal antibody
(TOMA) for passive immunization in mice expressing mutant human tau. A single dose of TOMA administered either intravenously or
intracerebroventricularly was sufficient to reverse both locomotor and memory deficits in a mouse model of tauopathy for 60 d, coinci-
dent with rapid reduction of tau oligomers but not phosphorylated NFTs or monomeric tau. Our data demonstrate that antibody
protection is mediated by extracellular and rapid peripheral clearance. These findings provide the first direct evidence in support of a
critical role for tau oligomers in disease progression and validate tau oligomers as a target for the treatment of AD and other neurode-
generative tauopathies.
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Introduction
The accumulation of tau protein into neurofibrillary tangles
(NFTs) is a pathological hallmark of several sporadic neurode-
generative diseases termed tauopathies, which include Alzhei-
mer’s disease (AD). Although tau in its native form exists as an
unfolded monomer essential for microtubule dynamics, mis-
folded forms of the protein are found in disease states, leading to
toxicity and the formation of tau aggregates. In addition, tau
mutations can cause disorders such as familial frontotemporal
dementia (for review, see Ballatore et al., 2007). Although tau
pathology appears to be essential for neurodegeneration (Balla-
tore et al., 2007; Haroutunian et al., 2007) and amyloid-� (A�)-
mediated neurotoxicity (Rapoport et al., 2002; Roberson et al.,

2007), tau-based therapeutic approaches have lagged behind
those targeting A� (Schneider and Mandelkow, 2008; Lasagna-
Reeves et al., 2011b; Ubhi and Masliah, 2011). Active vaccination
using phosphorylated tau fragments (Asuni et al., 2007; Boimel et
al., 2010; Bi et al., 2011), and passive vaccination using antibodies
directed against NFT-associated tau phosphoepitopes (Bouta-
jangout et al., 2011; Chai et al., 2011; Gu and Sigurdsson, 2011)
have been reported in animal models. However, a growing body
of evidence suggests that large, metastable tau aggregates such as
NFTs are not causally linked to tauopathy phenotypes in animal
models (Wittmann et al., 2001; Santacruz et al., 2005; Berger et
al., 2007; Yoshiyama et al., 2007; Polydoro et al., 2009; Lasagna-
Reeves et al., 2011b; Spires-Jones et al., 2011; Cowan et al., 2012).
Furthermore, in human AD brain, NFT-containing neurons can
survive for decades (Morsch et al., 1999) and neuronal loss pre-
cedes or is independent of NFT formation (Gómez-Isla et al.,
1997; Terry, 2000; Maeda et al., 2006; van de Nes et al., 2008),
suggesting that other tau species may contribute to earlier stages
of disease.

Although both active immunization with tau protein and tau
fragments and passive immunization with sequence-specific an-
tibodies to tau have considerable appeal, there are concerns re-
garding these approaches. Because tau is an endogenous protein
with normal cellular functions, such treatments carry the risk of
inducing autoimmunity and/or other related complications
(Rosenmann et al., 2006). To protect against negative side effects,
we developed a novel anti-tau oligomer-specific mouse mono-
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clonal antibody (anti-TOMA). This antibody recognizes tau oli-
gomers specifically and does not recognize monomeric
functional tau or mature meta-stable NFTs. We used TOMA to
study tau oligomers in a well established mouse model of tauopa-
thy, JNPL3, which expresses the mutant human tau protein
(P301L), which is responsible for frontotemporal dementia
(Lewis et al., 2000). TOMA proved to have ideal characteristics
for immunotherapy due to its unique specificity for tau oligom-
ers, its high affinity, and its ability to sequester tau oligomer tox-
icity in vitro. Furthermore, other IgG antibodies have been shown
to enter the brain in P301L mice, lending evidence to the ability
of TOMA to cross the blood brain barrier (BBB) if adminis-
tered intravenously (Asuni et al., 2007). We treated male ho-
mozygous P301L mice with TOMA via two separate routes of
administration, evaluated the ability of TOMA to modulate the
pathological effects of tau oligomers in vivo, and studied its mecha-
nism of action.

Materials and Methods
Animals. BALB/c mice (Taconic) were used for the generation of the
TOMA antibody. For analysis of immunotherapy, C57BL/6 (C57) wild-
type (stock # 1638M; Taconic) and male homozygous P301L (JNPL3)
mice (Taconic) were used. The JNPL3 mouse model (Lewis et al., 2000) ex-
presses a frontotemporal dementia-associated human mutant tau transgene
(P301L) and has been used previously for tau immunotherapy (Asuni et al.,
2007; Chai et al., 2011; Bi et al., 2011). C57 mice are B6D2F1xSW hybrid
mice, which were recommended by Taconic as nontransgenic controls for
P301L mice. All animals used were male to control for changes in female
hormone state that may impact cognitive data. Mice were housed at the
University of Texas Medical Branch animal care facility and maintained

according to US Department of Agriculture stan-
dards (12 h light/dark cycle, food and water ad
libitum) in accordance with the Guide for the Care
and Use of Laboratory Animals (National Insti-
tutes of Health). P301L and C57 mice of various
ages were used for our experiments, including
biochemical and immunohistochemical analy-
ses and passive immunization. Tissue and
blood were collected at the appropriate time
points. Before euthanasia, mice were deep
anesthetized and perfused transcardially with
1� PBS before decapitation. Animals were
anesthetized according to Institutional Animal
Care and Use Committee-approved proce-
dures for animal euthanasia. After euthanasia,
brains and spinal cords were dissected and
stored at �80°C.

Generation of TOMA antigen. To generate
TOMA antigen, tau oligomers were prepared
in PBS as described previously (Lasagna-
Reeves et al., 2012a). Briefly, recombinant tau
[tau-441 (2N4R) 45.9 kDa; Margittai and Lan-
gen, 2004; Lasagna-Reeves et al., 2012a] was
treated with 8 M urea to obtain monomeric tau
and then dialyzed overnight against 1� PBS
buffer, pH 7.4. Samples were adjusted to 1
mg/ml with PBS and aliquots of tau monomer
(in PBS) were kept at �20°C. Tau oligomers
were obtained by mixing 300 �l of the tau stock
(1 mg/ml) with 700 �l of 1� PBS, yielding a
final concentration 0.3 mg/ml. Samples were
then incubated at room temperature for 1 h on
an orbital shaker (Lasagna-Reeves et al., 2010;
Lasagna-Reeves et al., 2011c). The resulting tau
oligomers were purified by fast protein liquid
chromatography (Superdex 200 HR 10/30 col-
umn; GE Healthcare).

Immunization. We immunized 2-month-
old BALB/c mice with tau oligomers. The antigen was mixed with an
equal volume of saline or Freund’s complete adjuvant. The mice received
an intraperitoneal injection of 100 �l of 1:1 (antigen:adjuvant) on the
ventral side (20 �g/mouse). Two weeks later, a second injection of anti-
gen with Freund’s incomplete adjuvant was performed followed by
boosts after 28, 47, 60, 80, and 103 d. Before fusion, mice were given daily
booster injections for 4 consecutive days.

TOMA screening. Anti-tau oligomer antibody response was deter-
mined by screening serial dilutions of animal sera using an enzyme-
linked immunosorbent assay (ELISA). ELISA plates were coated with 50
or 200 ng of tau oligomers, A� oligomers, or �-synuclein oligomers to
rule out cross-reactivity with other amyloid oligomers. Dot blot was also
used to test TOMA specificity. Each strip had seven protein dots: dot #1
(tau monomer), dots #2– 4 (tau oligomers from different preparations),
dot #5 (A� oligomers), dot #6 (tau fibrils), and dot #7 (A� fibrils).
Selected clones were tested by Western blot using in vitro prepared sam-
ples and dot blot using brain homogenates. Finally, the selected clones
(TOMA) were tested using human and mouse brains. Antibody isotype
and light chain composition (� or �) were determined using a commer-
cially available mouse monoclonal antibody isotyping kit (Rapid Isotyp-
ing kit Plus Kappa and Lambda-mouse; Pierce).

Antibody purification and quality control. TOMA was produced from
hybridoma cells grown in X-VIVO 15 (Lonza) medium following stan-
dard conditions for cell culture. The antibody was purified from the
medium by standard affinity chromatography methods followed by
high-performance liquid chromatography purification (purity �95%).
TOMA used in immunization studies was endotoxin free, as confirmed
using a commercially available kit (Limulus amebocyte lysate, Chromo-
genic Endpoint Assay; Hycult Biotechnology). The endotoxin concentra-
tions of different TOMA batches were measured concurrently with the
standards and determined using a standard curve. TOMA batches with

Figure 1. Specificity of TOMA antibody. A, Western blot analysis of tau, �-synuclein, and A� aggregates formed in vitro (2 �g
of protein/lane) probed with TOMA antibody. B, Same membranes used in A reprobed with sequence-specific antibodies. TOMA
specifically recognized tau oligomers, but did not recognize oligomers from other amyloidogenic proteins or monomeric tau (red
rectangle). C, Representative dot blot analysis from recombinant tau monomer, oligomers, and fibrils; recombinant �-synuclein;
and A�42 oligomers probed with Tau-5, TOMA, 4D6, 6E10, and anti-mouse IgG, respectively. D, ELISA analysis confirms that TOMA
does not show reactivity for monomeric tau or any significant reactivity with tau fibrils prepared in vitro (50 ng/well). TOMA does
not recognize oligomers from other amyloidogenic proteins such as A� or �-synuclein even in the sensitive ELISA analysis. E,
Western blot of the PBS soluble fraction from AD brain using TOMA, which is tau-oligomer-specific, and Tau-5, which recognizes all
forms of tau. TOMA specifically detected bands corresponding to tau oligomers (red brace), but did not recognize the monomeric
tau (black arrow) that is abundant in AD brain as shown by immunoreactivity with Tau-5 (25 �g of protein/lane).
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detectable endotoxin level of 3 ng/ml or higher
were not used in immunotherapy studies.
These batches were treated with an endotoxin
removal microkit (ProteoSpin Endotoxin Re-
moval Micro kit; Norgen Biotek) and desig-
nated for biochemical assays only. All TOMA
samples were stored in appropriate endotoxin
free vials at �80°C until use.

Immunotherapy with TOMA. Eight-month-
old P301L mice (n � 10 animals/group) were
divided into three groups: treated mice that
were injected intracerebroventricularly or in-
travenously with either 1 �g/per animal or 30
�g/animal of TOMA antibody and a control
group that received a nonspecific IgG (rhoda-
mine, catalog #GTX29093; Genetex). A fourth
group of 8-month-old wild-type mice (stock
#1638M, Taconic) received saline injection.

Intracerebroventricular injection. Briefly,
P301L and wild-type mice were anesthetized
with ketamine (80 –100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.) and placed in a stereo-
tactic apparatus (Motorized Stereotaxic Ste-
reoDrive; Neurostar). For each mouse, the
scalp was shaved, an incision was made
through the midline to expose the top of the
skull, and the bregma was located. A hole was
drilled into the skull at �2.06 mm caudal to the
bregma and 1.7 mm lateral to the midline at a
depth of 2.5 mm. A 5.0 �l Hamilton syringe
was used to inject approximately 1.0 �l of an-
tibody (1 mg/ml) into both sides at a rate of 0.5
�l/min. The incision was closed using Vet-
Bond and the mice were placed on an isother-
mal pad at 37°C and continuously monitored
after surgery until recovery.

Intravenous injection. The TOMA group was
immunized with 30 �g of antibody/animal and
the control group received a nonspecific IgG,
rhodamine (30 �g/animal). Wild-type mice were intravenously injected
with 30 �l of saline solution. Briefly, mice were placed in a restrainer
(Braintree Scientific) and an inch of the tail was shaved and introduced
into warm water to dilate the veins. A total of 30 �g of rhodamine was
then injected into the lateral tail vein. Mice were placed in cages and kept
under observation.

Intravenous injection of biotinylated TOMA. To demonstrate that
TOMA antibody enters the brain, 2 mg of TOMA antibody was biotin-
ylated using the EZ-link Sulfo-NHS-SS Biotinylation kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Next, 30
�g of either biotinylated TOMA or nonbiotinylated TOMA (control
group) was intravenously administered into the tail veins of 8-month-old
P301L mice. Mice were bled preinjection as well as 30 min, 1 h, 24 h, and
1 week after injection. Mice were terminated at 2, 6, and 24 h and 1 week
after injection. Euthanasia was preceded by deep anesthesia followed by
transcardial perfusion with 1� PBS. Spinal cord and brain were rapidly
excised and frozen. Brains were divided into two hemispheres. The left
hemisphere was homogenized in PBS containing protease inhibitor and
centrifuged at 10,000 rpm for 10 min at 4°C. The right hemisphere was
sliced into 10 �m sagittal sections and used for histological examination.
Brain sections were stained with streptavidin-horseradish peroxidase
(Vectastain Elite; Vector Laboratories) and DAB.

In vivo imaging. Eight-month-old P301L and wild-type C57 mice were
intravenously injected with 30 �g of labeled TOMA into the tail vein. The
TOMA was labeled with the far red probe (Kodak X-Sight 640 LSS Dye,
excitation 650 nm, emission 750 nm; Carestream Molecular Imaging)
according to manufacturer’s instructions. Briefly, 2 mg/ml of antibody
was incubated with the dye for 1 h (no light, on ice). Unlabeled antibody
was removed by purifying the conjugation reaction in a column. The
successful labeling of the antibody was calculated. Before injection,

P301L and wild-type mice were shaved and anesthetized with a
ketamine-xylazine mixture. Immediately after injection, the animals
were placed in the dorsal position on animal trays and imaged using the
Kodak Multispectral Image Station. Mice were imaged at 30 min and 1, 2,
and 4 h after injection. After imaging, mice were transcardially perfused
with 1� PBS. Brains and spinal cords were extracted from animals and
imaged immediately. Whole-body optical and x-ray imaging were per-
formed using the Kodak multispectral in vivo FX imaging system
(Carestream).

Treatment of neuroblastoma cells with labeled TOMA. SH-SY5Y hu-
man neuroblastoma cells were maintained in DMEM (Invitrogen)
supplemented with 10% FBS, glutamine (4 mM), penicillin (200
U/ml), streptomycin (200 �g/ml), and sodium pyruvate (1 �M). Cells
were maintained at 37°C in 5% CO2. Cells (�10,000/well) were cul-
tured in 24-well plates (Corning) containing poly-L-lysine coverslips
(BD) and grown overnight. TOMA (2 mg) was labeled with Alexa
Fluor 594 dye (excitation/emission maxima �590/617 nm) using a
labeling kit (Invitrogen) according to the manufacturer’s instruc-
tions. Next, 1 �g of labeled TOMA was added to the cells, which were
incubated for 30, 60, and 90 minutes. Media was removed and cover-
slips were washed twice with 1� PBS. Cells were permeabilized with
cold methanol and kept at �80°C.

Detection of tau oligomer-TOMA complexes in serum. TOMA bound to
tau oligomers (complexed) in serum from 8-month-old P301L mice after
intravenous immunization with TOMA and controls that received non-
specific IgG was investigated using NAb Protein-A Plus Spin (kit #89952;
Thermo Fisher Scientific). Briefly, 100 �l of diluted sample were added to
the protein A, incubated for 1 h at 4°C, and centrifuged. The flow-
through (containing free tau oligomers) was collected and kept at �80°C
for analyses. The bound antibodies (containing TOMA-tau oligomer

Figure 2. Tau oligomers in the P301L tau (JNPL3) mouse model. A–D, Western blot analysis of P301L brains at different ages
using TOMA (A,C) and generic tau antibodies Tau-5 and Tau-13 (B, D). TOMA detected tau oligomers, but did not recognize tau
monomers (red arrow), whereas both species were detected using Tau-5 and Tau-13. E–H, Photomicrographs of TOMA staining in
paraffin sections using avidin-biotin complex and hematoxylin counterstaining (E, G) tau oligomers were detected by IHC in the
hypothalamus of 4- and 8-month-old P301L brains using TOMA compared with wild-type C57 mice (F, H ). Scale bar, 50 �m. I, J,
Quantitative results of tau oligomers were determined in PBS-soluble fraction of brain homogenates from P301L mice by ELISA
using TOMA. Oligomers were significantly higher at 6 months compared with 8-month-old wild-type mice and 2-month-old and
10-month-old P301L, respectively. ����p � 0.0001; ���p � 0.0003, one-way ANOVA, Bonferroni post hoc comparison. J,
Increased immunoreactivity against AT8 in 10-month-old P301L compared with wild-type mice and 2-month-old P301L and 4- to
8-month-old P301L, respectively. ����p � 0.0001; ���p � 0.0003; ��p � 0.001, one-way ANOVA, Bonferroni post hoc
comparison. Bars represent the means and error bars the SEM. K–P, Epifluorescence images of frontal cortex from 8-month-old
P301L stained using AT8 (K–M ) and Tau-5 (N–P) (green), TOMA (red), and DAPI (blue). Scale bar, 25 �m.
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complexes) were recovered with 100 �l of elution buffer. Oligomeric and
total tau in both the antibody fractions and flow-through were measured
by direct ELISA using T22 and HT7, respectively.

Tissue harvesting. Frozen brains and spinal cord extracted from P301L
and C57 mice were diced and homogenized in PBS with a protease in-
hibitor mixture (Roche) and 0.02% NaN3 using a 1:3 (w/v) dilution of
brain: PBS. Samples were then centrifuged at 10,000 rpm for 10 min at
4°C. The supernatants were aliquoted, snap-frozen, and stored at �80°C
until use (Lasagna-Reeves et al., 2011a).

Western blot analysis. Each lane was loaded with 20 –25 �g of total
protein from one sample on precast NuPAGE 4 –12% Bis-Tris Gels for
SDS-PAGE (Invitrogen) and subsequently transferred onto nitrocellu-
lose membranes. After blocking overnight at 4°C with 10% nonfat dried
milk, membranes were probed for 1 h at room temperature with TOMA
(1:100), Tau-5 (1:1000; Covance) AT8, AT100, and AT180 (1:1000;
Thermo Fisher Scientific), Tau-13 (1:1000; Covance), annexin (1:500; Abcam),
lamin (1:500; Abcam), actin (1:1000) and GAPDH (1:1000; Sigma) diluted in
5% nonfat dried milk. T22 immunoreactivity was detected with horseradish
peroxidase(HRP)-conjugatedanti-rabbit IgG(1:3000;GEHealthcare).TOMA,
Tau-5,Tau-13,AT8,actin,annexin,GAPDH,andlaminantibodydetectionwas
done with HRP-conjugated IgG anti-mouse secondary antibody (1:3000; GE
Healthcare). ECL Plus (GE Healthcare) was used for signal generation. For pro-
tein quantification, the densitometry of each band in the Western blot was nor-
malizedwithactin.AnalysiswasperformedusingLabworks4.5software(UVP).
All densitometry results represent the mean and SDs.

Dot blot analysis. Dot blot strips were prepared on nitrocellulose mem-
branes. Briefly, 0.5–1.2 �l of each sample was applied onto the strips and
blocked with 10% nonfat dried milk in 1� TBST buffer, pH 7.4, over-
night at 4°C. The strips were washed once with 1� TBST buffer and
incubated with biotinylated TOMA, TOMA, Tau-5, 4D6, and 6E10 for
1 h at room temperature. The strips were washed 3 times with TBST and
then incubated with streptavidin-HRP (1:3000; Southern Biotech) and
HRP-conjugated IgG anti-mouse secondary antibody (1:3000; GE
Healthcare), respectively, for 1 h at room temperature. Finally, the mem-
branes were washed three times with TBST and developed using ECL plus

chemiluminiscence kit (GE Healthcare). Dot
quantification was performed using Labworks
4.5 software (UVP).

ELISA. ELISA plates were coated with 15 �l
of sample (PBS soluble fraction of brains, spi-
nal cord, or diluted serum) using 0.05 M so-
dium bicarbonate, pH 9.6, as coating buffer
and incubated overnight at 4°C. Plates were
washed one time with TBST (containing 0.01%
Tween 20), followed by blocking for 2 h at
room temperature with 10% nonfat dry milk in
TBST. The plates were then washed one time
with TBST. T22 (1:250), AT8 (1:250), or HT7
(1:1000) diluted in 5% nonfat milk in TBST
was then added and allowed to react for 1 h at
room temperature. The plates were then
washed three times with TBST. T22 immuno-
reactivity was detected using 100 �l of HRP-
conjugated anti-rabbit IgG (GE Healthcare)
and AT8 and HT7 were detected using HRP-
conjugated anti-mouse IgG (GE Healthcare).
The secondary antibody (diluted 1:3000 in 5%
nonfat milk in TBST) was added, followed by
incubation for 1 h at room temperature. Fi-
nally, plates were washed three times with
TBST and incubated with 100 �l of 3,3,5,5-
tetramethylbenzidine (TMB-1 component
substrate; Dako) for 1 h in the dark. The reac-
tion was stopped with 100 �l of 2 M HCl and
the plates were read at 450 nm in a Polar Star
Omega plate reader (BMG Labtech). To evalu-
ate the levels of inflammation markers such as
IL-1� and IL-6, we used ELISA kits (EM2IL6
and EM2ILB; Pierce) and analyzed brain ho-
mogenates from P301L mice immunized with

either TOMA antibody or nonspecific IgG and wild-type mice that re-
ceived saline injections. Briefly, samples were incubated on plates pre-
coated with biotinylated antibodies against IL-1� and IL-6 for 1 h. After
incubation with streptavidin-HRP, tetramethylbenzidine chromogen
was applied and the manufacturer-supplied stop solution was used. The
concentration of samples was determined by reading at 450 nm. To
quantify the amount of oligomeric and monomeric tau from brain ho-
mogenates, spinal cord homogenates, and sera, we used recombinant tau
oligomer and monomer preparations as standards for the direct ELISAs
using T22 and HT7 antibodies. The concentrations of recombinant tau
samples were measured by the BCA method (Pierce) using BSA as stan-
dard. Optical density values obtained from standard curves were fed into
GraphPad Prism 5 software and linear regression analyses were per-
formed. Concentrations of tau oligomers and tau monomers (pg/�l)
present in the samples were obtained and plotted in the graphs.

Sandwich ELISA. ELISA plates (NUNC MaxiSorp, 96 well; Thermo
Fisher Scientific) were coated with two different concentrations of each
of the capture antibodies Tau-5 or HT7 (0.5 �g and 0.25 �g, respectively)
diluted in 0.05 M sodium bicarbonate buffer, pH 9.6. The plate was incu-
bated at 4°C overnight and then washed twice with TBST and blocked
with 10% nonfat dry milk solution for 2 h at room temperature. The plate
was then loaded with 0.5 or 4 �g of brain homogenates in 1� PBS and
incubated for 90 min at 37°C. The plate was washed and incubated with
rabbit anti-tau antibody (1:1000; Abcam) for 90 min at room tempera-
ture, followed by additional washes. The plate was then incubated with
secondary anti-rabbit IgG antibody (1:3000) for 1 h at room tempera-
ture. Detection was performed using TMB-substrate plus chromogen
(Dako) incubated for 1 h in the dark. The reaction was stopped by adding
equal volume of 2 M HCl. The plate was read at 450 nm.

Brain tissue fractionation. Cell fractions of brain tissue from mice im-
munized with TOMA or nonspecific IgG were obtained using a Qpro-
teome cell compartment kit (Qiagen). Briefly, 20 mg of mouse brain
tissue was cut into 4 pieces and washed with 1 ml of ice-cold 1� PBS.
Tissue was disrupted at low speed in a buffer containing protease inhib-

Figure 3. A single intracerebroventricular injection of TOMA reverses phenotypes and removes tau oligomers in 8-month-old
P301L mice. A, Behavioral improvement of P301L mice immunized with TOMA (1 �g/animal) intracerebroventricular. Rotarod test
was performed on three groups of mice (n � 10/group): (1) Wt: 8-month-old wild-type mice that received saline injection, (2)
Control IgG: 8-month-old P301L mice immunized with anti-rhodamine IgG antibody (1 �g/animal), and (3) TOMA: 8-month-old
P301L mice immunized with TOMA (1 �g/animal). Six days after injection, we evaluated mice by placing them onto the rod four
times, increasing the speed each round. One day before the test, all mice were trained for four trial sessions. The rotarod test
showed statistically significant behavioral improvement in mice immunized with TOMA (gray bar) compared with the control
group (black bar). �p � 0.04, one-way ANOVA, Bonferroni post hoc comparison. No statistically significant differences were found
when the TOMA-immunized group was compared with the wild-type group. B–C, Reduction of tau oligomers in P301L mice
immunized with TOMA. The levels of tau oligomers and monomer in mouse brain homogenates were assessed by Western blot
using T22 and Tau-5, which recognizes all forms of tau. B, Representative Western blot of PBS homogenates from mouse immu-
nized with the nonspecific IgG (lane 1) and a mouse immunized with TOMA (lane 2). C, The bar graph represents the percentage of
band density relative to Tau-5 that corresponds to tau oligomers and monomers in mice injected with TOMA (black bars) and
controls injected with nonspecific IgG (white bars). Quantitation (n � 10/group) shows a reduction of tau oligomers compared
with the control group. ����p � 0.0001, one-way ANOVA, Bonferroni post hoc comparison.
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itor. Homogenate was put into a mini-column
and centrifuged at 510 � g. Cell fractions were
recovered by sequential addition of differential
extraction buffers and centrifugation steps.
Cell fractions were stored at �80°C.

Gallyas-silver staining. Conventional Gallyas
staining was performed as described previously
(Gallyas, 2008) on paraffin-embedded sections.
The sections were examined using a bright-field
Eclipse 800 microscope equipped with a
DXM1200 color CCD camera (both Nikon
Instruments).

Immunofluorescence. Paraffin sections were
deparaffinized, rehydrated, and washed in 0.01
M phosphate buffer 3 times (5 min each). After
blocking in normal horse serum (Invitrogen)
for 1 h, sections were incubated overnight with
TOMA (1:100) or T22 (1:300). The next day,
the sections were washed in PBS three times
(10 min each) and then incubated with goat
anti-mouse IgG Alexa Fluor 488 (1:700; Invit-
rogen) or goat anti-rabbit IgG Alexa Fluor 568
(1:700; Invitrogen) for 1 h. The sections were
then washed three times (10 min each) in PBS
before incubation overnight with anti-mouse
Tau-5 (1:300), Thr231 (1:100), AT8 (1:100),
HT7 (1:400; Thermo Fisher Scientific),
Lamp-2 (1:100; Abcam), axon marker (1:700,
anti-68 kDa neurofilament antibody; Abcam),
or the microglial marker Iba-1 (Abcam). The
next day, the sections were washed in PBS three
times for 10 min each before incubation with
donkey anti-mouse IgG Alexa Fluor 488 (1:
700; Invitrogen) or goat anti-rabbit IgG Alexa
Fluor 568 (1:700; Invitrogen) for 1 h. Sections
were washed and mounted using Fluoromount
G (Southern Biotech) mounting medium with
DAPI (Invitrogen). The sections were exam-
ined using an epifluorescence microscope (Eclipse
800; Nikon) equipped with a CoolSnap-FX mono-
chrome CCD camera (Photometrics) using stan-
dard Nikon FITC and DAPI filters and images were
acquired. Images were analyzed using the Metavue
version 7.1 software (Molecular Devices).

Immunohistochemistry. Immunohistochem-
istry was performed on frozen and paraffin-
embedded sections. All sections were processed
simultaneously under the same conditions. In brief, frozen sections were
fixed with chilled acetone for 10 min at room temperature. Paraffin
sections (5 �m) were deparaffinized and rehydrated. After blocking in
normal goat serum for 1 h, sections were incubated overnight with pri-
mary antibodies: T22 (1:700), TOMA (1:300), AT100, AT180, AT8 (1:
1000l Thermo Fisher Scientific), Thr231 and HT7 (1:400; Thermo Fisher
Scientific). The next day, the sections were washed in PBS three times for
10 min each and then incubated with biotinylated goat anti-mouse IgG
(1:2000; Jackson ImmunoResearch) or biotinylated goat anti-rabbit IgG
(1:1800; Jackson ImmunoResearch) for 1 h. The sections were then
washed three times for 10 min each in PBS and visualized using an ABC
reagent kit (Vector Laboratories) according to the manufacturer’s rec-
ommendations. Finally, sections were counterstained with hematoxylin
(Vector Laboratories) for nuclear staining and mounted.

Quantitative histochemical analyses. To examine cell morphology, we
performed hematoxylin staining and acquired bright-field images using
a Multizoom AZ100 microscope equipped with a DS-2M color CCD
camera (both Nikon Instruments). For quantification, five sections per
animal were randomly chosen and immunostained with each antibody
and analyzed. ImageJ was used to quantify six visual fields in CA1, den-
tate gyrus, and posterior hypothalamus (PH) from P301L immunized
with TOMA or nonspecific IgG. The number of NFT-positive cells per

field in the PH corresponds to the average of NFTs in all six fields from
five sections. The number of processes in CA1 and cell bodies in the
dentate gyrus stained by T22, HT7, and Thr231 was automatically
counted using the ImageJ plugin counting cell. The results are displayed
as the percentage of labeled neuronal processes in CA1 divided by the
total number of neuronal cells (represented by total number of neuronal
nuclei stained in CA1). In the dentate gyrus, percentage represents the
number of immunoreactive neuronal cell bodies in the measurement
field divided by the total number of neuronal nuclei stained by
hematoxylin.

Behavioral tests. To determine the effect of immunotherapy on behav-
ioral deficits, the spatial memory and motor function of P301L and wild-
type mice were evaluated by rotarod and Y-maze tests (Holcomb et al.,
1999; Morgan et al., 2008). Before the Y-maze test, mice were habituated
to frequent experimenter handling. The Y-maze was performed 4 d after
immunization and the rotarod test was performed 6 d after immuniza-
tion, except in the case of the long-term experiment.

Y-maze task. The Y-maze task provides a measure of spatial working
memory and is based on the innate preference of mice to alternate arms
when exploring a new environment. The animals were placed in a sym-
metrical Y-shaped maze. Arms were 40 cm long, 8 cm wide, and 12 cm
high (San Diego Instruments), beige in color, nonreflective, and ran-

Figure 4. Intracerebroventricular TOMA effects on tau pathology in P301L. Representative epifluorescence images of the CA1
region of 8-month-old P301L mice intracerebroventricularly immunized with TOMA or nonspecific IgG antibody (anti-rhodamine),
immunostained with Thr231-green (A, D), T22-red (B, E), and merged � DAPI (C, F ). A, Strong immunoreactivity with Thr231 in
the perikaryon (solid white arrows) and neuronal processes (solid yellow arrows) of control IgG-treated mice compared with
TOMA-treated mice (open white and yellow arrows; D). B, Tau oligomers as detected by T22 in somata (solid white arrows) and
neuronal processes (solid yellow arrows) of IgG-treated mice. E, TOMA reduced tau oligomers in the perikaryon (open white
arrows), neuronal processes (open yellow arrows), and the perinuclear area (asterisks). Scale bar, 15 �m. G–L, Quantification of
changes observed in brain sections of frontal cortex from 8-month-old P301L mice immunized with TOMA and P301L mice injected
with control IgG and immunostained with Thr231, T22, and HT7. G–I, Percentage of total immunoreactivity in cell bodies in the
dentate gyrus. Shown is the reduction of Thr231 (G), T22 (H ), and HT7 (I ) immunoreactivity in cell bodies of mice immunized with
TOMA compared with control mice. �p � 0.02; �p � 0.05; �p � 0.02, respectively; Student’s t test. J–L, Percentage of the
immunoreactivity in neuronal processes in CA1 from P301L mice treated with TOMA and control mice. Reduction of Thr231 (J ) and
T22 (K ) immunoreactivity in the TOMA group compared with the control group. �p � 0.01; ��p � 0.003. L, Significant increase
in HT7 (specific for human tau) immunoreactivity in the TOMA-treated mice compared with control mice. �p � 0.04. Bars
represent the means and error bars the SEM, unpaired Student’s t test. The levels of tau oligomers and monomers in mouse brain
homogenates were assessed by Western blot using Tau-5, AT100, and AT180. M, Western blot of PBS soluble fraction from brain
homogenate of mice immunized with the nonspecific IgG antibody (lanes 1– 4) and mice immunized with TOMA (lanes 5– 8)
detected with Tau-5 antibody and reprobed with AT100 and AT180. Internal control is shown at the bottom. N, Graphs represent
the relative band intensity for AT100 and AT180 (arbitrary units, AU). The differences were statistically significant. ��p � 0.005;
�p � 0.02, Student’s t test, respectively. Bars represent means and error bars SEM.
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domly designated A, B, or C. Each mouse was placed in an arm facing the
center (arm A) and allowed to explore the maze for 8 min. The number of
arms entered and the sequence of entries was recorded. A correct alter-
nation occurred when the animal moved from the arm in which it began
to the other two arms without retracing its steps (i.e., ABC or ACB).
Spontaneous alternation, expressed as a percentage, was calculated by
dividing the number of entries into all 3 arms on consecutive choices
(correct choices) by number of arm entries subtracted by 2, then multi-
plying the quotient by 100. A high spontaneous alternation rate is indic-
ative of sustained working memory because the animals must remember
which arm was entered last to know not to reenter it.

Rotarod. The rotarod test has been used to assess motor function and is
based on the ability of a rodent to maintain balance on a rotating rod
(diameter 3.2 cm). Mice were first habituated in one session of four trials
to reach a baseline level of performance. The next day, mice were tested in
one session of four trials (Rotarod meter; Stoelting). Five mice were
placed onto the rod, one per testing station. The speed started at 4 rpm
and accelerated at 0.1 rpm/s. The latency to fall from the rotating rod was
determined and taken as a measure of motor function.

Statistics. Means 	 SEM for all data were analyzed with GraphPad
Prism 5 and Excel. One-way ANOVA followed by Bonferroni’s multiple-
comparison test was used for the time course of tau pathology in the

P301L mice, as measured by ELISA, Western,
and dot blot quantifications and the analysis of
the rotarod and Y-maze data. The unpaired t
test was used to analyze ELISA measurements
and the quantification of immunoreactivity in
tissues. Two-way ANOVA followed by post hoc
Bonferroni’s multiple-comparison test was
performed when the animals were tracked or
samples were collected over sequential time
points. One-tailed power analysis using Co-
hen’s power table when � � 0.01 was com-
pleted using the means and SDs of previously
completed rotarod task analysis of passively
immunized mice in our laboratory. A sample
size of 7 was determined to be sufficient to al-
low us to detect a significant difference be-
tween groups on the rotarod task 99% of the
time. A similar sample size in another tau im-
munotherapy study was found to be suitable to
detect significant differences for the Y-maze
task as well (Troquier et al., 2012). Three addi-
tional animals were included in each group to
protect against any unforeseen attrition.

Study approval. Animal handling and exper-
imental procedures were performed in accor-
dance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of
Health) and according to protocols approved
by the Institutional Animal Care and Use
Committee of the University of Texas Medical
Branch

Results
TOMA specifically recognizes
tau oligomers
We developed TOMA using tau oligomers
derived from full-length human tau as de-
scribed previously for the generation of
polyclonal anti-tau oligomer antibody
(T22) (Lasagna-Reeves et al., 2012a). An-
tibody specificity was confirmed by West-
ern blot, ELISA, and dot blot analyses
(Fig. 1), which showed that this novel an-
tibody mainly recognizes dimers and
trimers of tau protein and does not react
with monomeric tau or oligomers from

other amyloidogenic proteins such as A� recognized by 6E10 or
�-synuclein recognized by 4D6 (Fig. 1A–D). TOMA is an IgG2a
antibody with high affinity for tau oligomers (dissociation con-
stant, Kd � 3.1 � 10�7

M), as determined by the dilution method
using ELISA. The specificity of the antibody for tau oligomers was
also confirmed by Western blot using AD human brain homog-
enates (Fig. 1E).

Tau oligomers in the P301L mouse model
We used TOMA to analyze the brains of male homozygous P301L
mice and observed abundant tau oligomers (Fig. 2). Western blots
(Fig. 2A–D) of brain homogenate PBS soluble fractions from 5-, 6-
and 7-month-old mice demonstrated that TOMA recognizes tau
oligomers but not tau monomers, whereas both sequence-dependent
anti-taumonoclonalantibodies(mAbs),Tau-5(residues210–230)and
Tau-13 (residues 9–18), showed immunoreactivity with both tau
monomers and oligomers (Figs. 2B,D, respectively). Conversely,
8-month-old wild-type mice did not exhibit an oligomeric band. Im-
munohistochemical and ELISA analyses of P301L brains (Fig. 2E–J)
demonstrated that tau oligomers formed as early as 2–4 months of age

Figure 5. A single intravenous injection of TOMA reverses phenotypes and clears tau oligomers in 8-month-old P301L mice.
Three groups of mice (n � 10 /group): (1) Wt: wild-type mice that received saline injection, (2) Control IgG: P301L immunized with
nonspecific IgG antibody (anti-rhodamine, 30 �g/animal), (3) TOMA: P301L immunized with TOMA (30 �g/animal). Animals
were evaluated using the rotarod task for locomotor deficits and the Y-maze task for memory deficits. A, The rotarod test showed
improvement of motor performance in mice immunized with TOMA (gray bar) compared with the control group (black bar).
��� p � 0.0003, one-way ANOVA, Bonferroni post hoc comparison. No statistically significant differences were found between
the TOMA group and wild-type mice (white bar). B, The Y-maze memory test showed improved retention in TOMA-treated animals
as depicted by the number of completed alternations in the Y-maze, defined as successive entry into each of the three arms of the
maze without reentry into a previously visited arm. The differences were statistically significant. �p � 0.02, one-way ANOVA,
Bonferroni post hoc comparison. C, Total number of entries into all arms of the maze. D, Representative Western blot of PBS soluble
fraction from brain homogenate of mice intravenous immunized with the nonspecific IgG antibody (lanes 1– 6) and mice immu-
nized with TOMA (lanes 7–12) detected with rabbit anti-tau antibody, which recognizes all tau aggregates. Internal control is
shown at the bottom. E, Graphs represent the band intensity relative to rabbit anti-tau antibody (arbitrary units, AU). The differ-
ences were statistically significant. �p � 0.005, two-way ANOVA, Bonferroni post hoc comparison. Bars represent means and error
bars SEM.
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and increased in an age-dependent manner,
as did AT8 (Ser202/Thr205 phosphorylated
tau)-immunoreactive NFTs (Fig. 2I–M).
Peroxidase-stained hypothalamus from
P301L brains displayed characteristic intracel-
lular pre-NFT patterns (Fig. 2E,G), whereas
immunofluorescence using TOMA showed
partialoverlapwiththeTau-5signalandsome
discrete foci of oligomer immunoreactivity
(Fig. 2N–P). Tau oligomers were not found in
8-month-old wild-type controls (Fig. 2F,H).
ELISAanalysisshowedasignificantincreasein
tau oligomers peaking at 6 months of age,
which then began to decline at 10 months,
likely reflecting a shift toward oligomer fibril-
lization and the formation of NFTs. The dif-
ferences in tau oligomer levels at 4, 6, and 8
monthsofagewerenot statistically significant.
Immunofluorescence analysis using TOMA
did not show colocalization with AT8, signify-
ingadifferenceinoligomerictaudetectedwith
TOMA and tau contained in NFTs (Fig. 2M).
Moreover, analysis of spinal cord tissue
showed that tau oligomer reactivity partially
overlapped with Tau-5 and revealed distinct
TOMA staining (data not shown).

Single intracerebroventricular injection
of TOMA reverses phenotypes and
specifically clears tau oligomers in
P301L mice
Injection of anti-amyloid antibodies in
AD animal models via intracerebroven-
tricular injection has been performed in a
few well executed studies (Chauhan and
Siegel, 2003; Oddo et al., 2004; Chauhan,
2007; Thakker et al., 2009). In a similar
manner using TOMA, we evaluated the
effect of a single intracerebroventricular
injection of 1 �g/animal of the antibody
on 8-month-old P301L phenotypes 4 d af-
ter injection (Fig. 3A) using behavioral
tasks and biochemical analyses. Rotarod
performance of P301L mice immunized
with TOMA was restored to that of age-
matched nontransgenic controls, whereas
no rescue was observed in control P301L
mice immunized with anti-rhodamine
IgG antibody (Fig. 3A). Analysis of tau species in treated animals
and controls by Western blot using T22 (polyclonal anti-tau oli-
gomer antibody) and Tau-5, which recognizes all forms of tau, re-
vealed reduction of oligomeric but not monomeric tau (Fig. 3B,C).
The reduction of tau oligomers in mice immunized with TOMA was
confirmed by immunofluorescence with T22 (Fig. 4). These data
show significant reduction in tau oligomers in both neuronal pro-
cesses and cell bodies of TOMA-immunized animals (Fig. 4H,K).
We also observed a significant reduction in phospho-Thr231 (p-
Thr231)-immunoreactive tau aggregates (Fig. 4A–G,J), which is
consistent with our recent finding of a strong association between
p-Thr231 and tau oligomers in human brain (Lasagna-Reeves et
al., 2012a). Interestingly, we found an increase in HT7, which
specifically recognizes human tau that P301L mice overexpress in
the neuronal processes (Fig. 4L), that may reflect an increase in

the levels of functional tau monomer. Furthermore, Western blot
and densitometric quantification analyses using the mAbs Tau-5
for total tau and AT100 (Ser212/Thr214) and AT180 (Thr231)
for p-epitopes that are associated with early-stage tau aggregation
(Augustinack et al., 2002) revealed that the decrease in tau oli-
gomers coincided with significant reduction of soluble phospho-
tau dimers in the immunized mice (Fig. 4M,N). Reduction of tau
oligomers in mice immunized with TOMA was confirmed by
immunostaining with polyclonal anti-tau oligomer antibody T22
and HT7 (data not shown).

Single intravenous injection of TOMA also reverses P301L
phenotypes and clears tau oligomers
After study of intracerebroventricular administration, we investi-
gated the ability of TOMA to ameliorate tau oligomer toxicity after a

Figure 6. Quantitative analyses of oligomeric and total tau in brain, spinal cord, and serum. Analyses were performed by
both direct and sandwich ELISA. T22 was used for tau oligomers; HT7 and polyclonal-Tau antibodies were used for total tau.
Measurements were performed using brain and spinal cord homogenates and serum from 8-month-old P301L mice
immunized with either TOMA or nonspecific IgG (anti-rhodamine). A–F, The graphs represent the amount (pg/�l) of
oligomeric tau and total tau derived from brain (A, D) and spinal cord homogenates (B, E) and serum (C, F ). Quantity of
protein was calculated using standard curves (inserts in A and D). P301L animals treated with TOMA have significantly
reduced oligomeric tau levels in both the brain and spinal cord and increased levels in the serum compared with the animals
treated with nonspecific IgG. �p � 0.01, Student’s t test. D–F, Quantification of total tau shows significantly reduced
levels in the brain and significantly increased levels in the serum of the TOMA-treated group compared with the control
group. ��p � 0.009; �p � 0.01, Student’s t test. Changes in levels of total tau in the spinal cord are not statistically
significant. The reduction of total tau in the brain homogenates from mice immunized with TOMA compared with mice
immunized with nonspecific IgG was confirmed by sandwich ELISA (G) using Tau-5 as capture antibody and HT7 as
detection antibody (H ) using Tau-5 as capture antibody and polyclonal-Tau as detection antibody. The decrease in total tau
in TOMA-treated mice was statistically significant. ���p � 0.0002, Student’s t test. Bars represent means and error bars SEM.
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single dose administered by the more translationally relevant intra-
venous route. Each animal was immunized with 30 �g of TOMA.
Cognitive performance was evaluated 4 d after injection using the
Y-maze task; motor activity was assessed 6 d after injection in the
rotarod task. Intravenous TOMA treatment rescued the locomotor
phenotype and cleared oligomeric tau similarly to intracerebroven-
tricular TOMA treatment (Fig. 5). Animals immunized with TOMA
exhibited improved performance in the rotarod test (Fig. 5A) and in
the Y-maze task that measures working memory (Fig. 5B,C). P301L
mice treated with TOMA showed no significant difference in ro-
tarod or Y-maze performance compared with wild-type mice and
performed significantly better on both tasks than P301L mice treated
with anti-rhodamine IgG (Fig. 5B). These results suggest that intra-
venous delivery of TOMA reversed the memory deficits associated
with oligomeric tau pathology in P301L mice. There were no signif-
icant differences between groups in total arm entries in the Y-maze,

indicating no effect of treatment on the abil-
ity to complete the task (Fig. 5C). Moreover,
we evaluated the long-term effects of
TOMA on working memory and found that
TOMA provided protection for at least 2
months, as demonstrated by TOMA-
injected P301L mice committing signifi-
cantly more correct alternations in the
Y-maze task compared with control mice
immunized with control antibody (data not
shown). Western blot analyses using rabbit
polyclonal anti-tau antibody, which recog-
nizes all tau aggregates, revealed a reduction
of tau oligomers but not monomeric tau in
mice treated with TOMA compared with
high levels observed in the control group
(Fig. 5D,E). Quantitative ELISA analysis
showed that improvements in locomotor
and memory performance coincided with
reduced tau oligomers (Fig. 6A,B) and total
tau (Fig. 6D,E) in the brain and spinal cord.
Reduction of oligomeric tau in the brain was
confirmed by sandwich ELISA (Fig. 6G,H).
Surprisingly, there was an increase in total
and oligomeric tau in serum (Fig. 6C,F),
implying peripheral involvement in the
clearance of tau oligomers reminiscent of
the peripheral mechanism described for A�
clearance in animal models (DeMattos et al.,
2001; Lemere et al., 2003; Levites et al., 2006;
Winkler et al., 2010).

Immunofluorescence analysis revealed
that intravenous TOMA-treated animals
had reduced levels of tau oligomers in neu-
ronal cell bodies and axons in the CA1 re-
gion (data not shown) compared with
animals treated with control IgG antibody.
Most importantly, as seen in intracerebro-
ventricular TOMA-treated P301L mice, in-
travenous TOMA immunization did not
have any effect on AT8 immunoreactive
NFTs or those positively stained using the
Gallyas method (Fig. 7A–I), thus confirm-
ing the specificity of TOMA for tau oligom-
ers and further supporting the hypothesis
that NFTs do not significantly contribute to
tauopathy-related motor and cognitive phe-

notype of P301L mice. No differences were found between TOMA-
immunized and control mice in levels of insoluble tau as measured
by ELISA and Western blot using AT8 (Ser202/Thr205) and PHF13
(Ser396), which are both indicators of late stage aggregation and
paired helical filament (PHF) formation (Augustinack et al., 2002)
(Fig. 7J–M).

Insight into the mechanisms of tau oligomer clearance by
intravenously administered TOMA
Previous studies have suggested that clearance of tau aggregates
can occur via endosomal/lysosomal degradation after internal-
ization of tau-antibody complexes (Krishnamurthy et al., 2011)
in addition to microglia receptor-mediated clearance, autop-
hagy-mediated clearance, and/or the peripheral sink mechanism,
all of which have been described for other amyloid proteins
(Masliah et al., 2011; Morgan, 2011; Ubhi and Masliah, 2011).

Figure 7. TOMA does not affect NFTs in posterior hypothalamus or cortex. Coronal sections of 8-month-old P301L brain immu-
nized with nonspecific IgG antibody (anti-rhodamine) (A–D) and TOMA (E–H ) were immunostained with AT8 (A–C and E–G) and
stained with the Gallyas-silver method (D, H ). A and E are hippocampus; B–D and F–H are posterior hypothalamus (PH). C–D and
G–H are images at higher-magnification showing NFTs (arrows) in PH. Scale bars: A, B, E, F, 100 �m; C, G, 15 �m. Graph
represents the number of NFT-positive cells per field in the PH stained with AT8. J–M, PBS-insoluble tau fraction from P301L mice
immunized with nonspecific IgG and TOMA was analyzed by ELISA (J, L) and Western blot (K, M ) using AT8 (J, K ) and PHF-13 (L,
M ). The gel band intensity immunoreactive to AT8 and PHF-13 (�56 –100 kDa) was quantified and normalized using actin as an
internal control. The differences were not statistically significant using Student’s t test.
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Importantly, these mechanisms are not
mutually exclusive and it has been dem-
onstrated that different clearance mecha-
nisms can be activated to different degrees
depending on the antibody and its target
(DeMattos et al., 2001; Levites et al., 2006;
Sigurdsson, 2008; Golde et al., 2009;
Masliah et al., 2011; Morgan, 2011; Ubhi
and Masliah, 2011). We investigated the
mechanism of action of intravenously in-
jected TOMA by first using in vivo imag-
ing to demonstrate that a fraction of
TOMA injected into the tail vein was able
to cross the BBB and bind to tau oligomers
in the P301L brain and spinal cord (Fig.
8A,B). Binding of TOMA to tau oligom-
ers was confirmed by imaging brain and
spinal cord sections prepared from ani-
mals 4 h after TOMA treatment (Fig.
8C,D). Moreover, biotinylated TOMA
was detected in the brains of intrave-
nously injected P301L mice at 2, 6, and
24 h after injection (Fig. 8E–J).

Next, we investigated cellular uptake
of intravenously injected TOMA and its
ability to clear intracellular tau aggregates.
TOMA did not colocalize with the endo-
somal/lysosomal marker Lamp-2 in either
brain slices derived from animals treated
with Alexa Fluor 594-labeled TOMA or in
cells treated with Alexa Fluor 594-labeled
TOMA (data not shown), indicating that
cellular TOMA internalization is unlikely.
Nonetheless, intravenously injected TOMA
reduced intracellular tau in cell somata
and biochemical analyses of cellular frac-
tions from brain homogenates showed
reduction of both cytosolic and membrane-
associated tau oligomers in animals immu-
nized with TOMA (data not shown). It is
possible that TOMA depletion of extracellular
tau may shift the equilibrium between the intracellular and extracellular
tau oligomer pools, thereby leading to removal of cytosolic and
membrane-associated tau oligomers, similar to what has been reported
to occur for A� and �-synuclein after passive immunization (Oddo et
al., 2004; Masliah et al., 2005).

The inflammatory response has been implicated as a mecha-
nism or side effect of anti-amyloid immunotherapy approaches
(Bard et al., 2000; Wilcock et al., 2003; Wilcock et al., 2004; Masliah
et al., 2011). We therefore examined the inflammatory markers IL-6
and IL-1� using ELISA kits and Iba1 using immunofluorescence
microscopy (Sy et al., 2011) on brain sections prepared from
8-month-old P301L mice immunized with either TOMA or control
IgG. No significant difference in immunostaining was observed be-
tween animals immunized with TOMA and IgG controls (data not
shown), suggesting that the removal of tau oligomers by TOMA
passive immunotherapy is not mediated by microglia, which is con-
sistent with previous results for active tau immunotherapy (Asuni et
al., 2007). The fact that clearance of tau oligomers did not affect
inflammation provides evidence for the safety of this approach rela-
tive to active immunotherapy.

To further investigate the peripheral mechanism for TOMA-
mediated tau oligomer clearance, we performed detailed analyses

of the short-term effects of immunotherapy on oligomeric and total
tau in serum (Fig. 8K,L). TOMA effects were rapid, resulting in a
significant increase in serum tau oligomer levels peaking at 1 h after
administration (Fig. 8K). These results parallel total tau levels in the
serum (Fig. 8L), suggesting that the rapid reversal of motor and
cognitive deficits in P301L mice and the reduction of tau oligomers
in the brain (Fig. 8M) occur via clearance from the brain to the
periphery. In addition, we performed an ELISA analysis of oligo-
meric and total tau to compare free tau oligomers and TOMA-
oligomer complexes (Fig. 9). The majority of tau oligomers in the
serum formed complexes with TOMA antibody (Fig. 9A,B), sug-
gesting that TOMA-tau complexes are critical for the rapid clearance
of tau oligomers by intravenously administered TOMA.

The mechanism of tau oligomer clearance appears to occur via
a peripheral pathway similar to several previously described for
the clearance of other amyloid proteins (DeMattos et al., 2001;
Lemere et al., 2003; Oddo et al., 2004; Masliah et al., 2005; Win-
kler et al., 2010). Accordingly, we propose a model in which
TOMA traps and neutralizes extracellular tau oligomers and pro-
motes the egress of intracellular oligomers, resulting in a net
decrease of CNS tau oligomers and eventual serum clearance
(Fig. 9C).

Figure 8. Extracellular and peripheral clearance of tau oligomers by TOMA. A–D, In vivo imaging demonstrates that a fraction
of TOMA injected into the tail vein crosses the BBB and binds to tau oligomers in the 8-month-old P301L brain and spinal cord. A,
TOMA at the injection site in 8-month-old wild-type-C57 and P301L mice at time 0; animals were imaged immediately after the
injection. B, Animals imaged 4 h after injection showed retention of TOMA only in the brains of P301L animals, whereas TOMA was
cleared from the wild-type animals. C–D, To confirm that TOMA entered the CNS, we imaged brain and spinal cord sections derived
from cryotome cross-sectioning of P301L and wild-type brains and spinal cords extracted from animals killed 4 h after TOMA
injection. E–J, Biotinylated TOMA antibody (30 �g/animal) was injected into the tail veins of 8-month-old P301L mice. E–H,
Representative images of brain sections stained with streptavidin-peroxidase demonstrate that biotinylated TOMA antibody
crosses the BBB and remains in hippocampus 2, 6, and 24 h after injection. Scale bar, 30 �m. I, Dot blot analyses of PBS soluble
fractions from brain homogenates of mice injected with biotinylated TOMA confirmed the presence of the biotinylated antibody in
the brain compared with the control (brain homogenate from P301L mouse injected with unlabeled TOMA). A 0.5 �l aliquot of
biotinylated-TOMA was used as a positive control. J, Quantification of the dot intensities. ���p � 0.0005; ��p � 0.001,
one-way ANOVA, Bonferroni post hoc comparison. K–M, Detailed quantitative analysis of the short-term effects of intravenous
TOMA injection on the levels of both oligomeric and total tau in the serum. K, Tau oligomers were quantified by direct ELISA using
T22 before and at different time points shortly after TOMA injections in 8-month-old P301L and wild-type mice. The effects of
TOMA were rapid and a significant increase in tau oligomer levels occurred in the serum, peaking at 1 h. By 24 h, levels began to
decline. L, Levels of total tau measured by direct ELISA using HT7 confirmed TOMA effects and correlated with the changes observed
for tau oligomers. ����p � 0.0001; ���p � 0.001, two-way ANOVA, Bonferroni post hoc comparison. M, Tau oligomer
reduction in brain homogenates measured 168 h after TOMA injection. ���p � 0.0003; ��p � 0.001, one-way ANOVA,
Bonferroni post hoc comparison. Bars represent means and error bars SEM.
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Discussion
The pathological role of prefilamentous tau aggregates (i.e., tau
oligomeric intermediates) in tauopathies is poorly understood;
however, novel polyclonal and monoclonal antibodies that de-
fine specific tau species have enabled the study of tau oligomers in
vivo (Patterson et al., 2011; Lasagna-Reeves et al., 2012a; Blair et
al., 2013; Hawkins et al., 2013; Wu et al., 2013). We engineered a
novel polyclonal tau oligomer-specific antibody, T22, by collect-
ing the serum of rabbits injected with tau oligomers and demon-
strated that oligomeric tau is elevated in human AD brain
samples and appears to contribute to NFT formation (Lasagna-
Reeves et al., 2012a). We also showed that AD-brain-derived tau
oligomers isolated using T22 disrupt memory and propagate the
abnormal conformation of endogenous tau in wild-type mice,
implicating tau oligomers in the spread of pathology but not
NFTs (Lasagna-Reeves et al., 2012b). Furthermore, widespread
tau oligomers accumulate at the synapses (Henkins et al., 2012),
impairing the ubiquitin-proteasome system (Tai et al., 2012) and
contributing to synaptic dysfunction and loss. These findings

suggest that targeting oligomeric tau
species through immunotherapy may be
superior to targeting NFTs across the
spectrum of neurodegenerative tauo-
pathies and, therefore, this approach
has outstanding potential as a disease-
modifying intervention (Lasagna-Reeves
et al., 2011b; Ubhi and Masliah, 2011;
Castillo-Carranza et al., 2013a; Castillo-
Carranza et al., 2013b).

We demonstrate here for the first time
the benefits of using an antibody against
tau oligomers for passive immunotherapy
in a tauopathy mouse model. We have
shown that a single dose of peripherally
administered TOMA entered the P301L
mouse brain and specifically removed tau
oligomers without affecting functional
monomeric tau. The dose used in this
study was 5- to 10-fold lower than those
previously used to nonselectively target
tau aggregates by passive immunotherapy
(Boutajangout et al., 2011; Chai et al.,
2011), which may also contribute to in-
creased safety while maintaining efficacy
because oligomers represent a small per-
centage of total tau in the brain. More-
over, our vaccination study has provided
evidence that intravenous delivery of IgG
antibodies can be detected within the
P301L mouse brain, suggesting that the
BBB may be impaired in this mouse
model (Asuni et al., 2007), as in amyloid
precursor protein transgenic mice (Bard
et al., 2000; Yamada et al., 2009) and sy-
nuclein mice (Masliah et al., 2011). Be-
cause the BBB has also been shown to be
impaired in AD patients (Bowman et al.,
2007), immunization with IgG antibody
may represent a good therapeutic ap-
proach in humans.

The therapeutic effects of the TOMA
antibody in P301L results in a reduction
of pathogenic tau oligomers coinciding

with the rescue of tauopathy-related motor and cognitive pheno-
types in mice, reinforcing the concept that oligomers are the
pathological form of tau in animal models of neurodegenerative
tauopathy (Lasagna-Reeves et al., 2011b; Patterson et al., 2011;
Cowan et al., 2012; Lasagna-Reeves et al., 2012a). In support of
this, we recently demonstrated that tau oligomers prepared in
vitro from full-length recombinant human tau are responsible for
the behavioral deficits observed in wild-type mice (Lasagna-
Reeves et al., 2011c). Furthermore, it has been reported that re-
duction of soluble tau oligomers after treatment with curcumin
rescues synaptic and behavioral deficits in aged tau transgenic
mice (Ma et al., 2013). In addition, environmental enrichment
reduced soluble tau and restored Arc messenger RNA levels in
rTg4510-transgenic mice overexpressing P301L mutant human
tau protein despite the continued presence of NFT pathology
(Fox et al., 2011).

In contrast to our work, other tau immunotherapy studies
have reported a reduction in NFT burden; however, in this study,
insoluble hyperphosphorylated tau aggregate levels were not al-

Figure 9. TOMA forms complexes with tau oligomers. A, B, Quantitative analyses of tau oligomers as free or in complex with
TOMA assessed using ELISA. Serum samples from P301L mice immunized either with TOMA or nonspecific IgG antibody were
passed through a protein-A column. Tau oligomers and total tau in flow-through (“free” tau oligomers that did not form complex
with the antibody) and the eluted fraction (antibodies and TOMA-oligomer complexes) were measured by ELISA. Quantitation of
tau oligomers (A) and total tau (B) in the eluted fraction were higher compared with flow-through “free oligomers” as measured
by T22 and HT7, respectively. ����p � 0.0001; ���p � 0.001, two-way ANOVA, Bonferroni post hoc comparison. Most of the
tau oligomers are complexed with TOMA. C, Schematic representation of the proposed mechanism of action for intravenously
injected TOMA, which specifically modulates tau oligomers. A fraction of the injected TOMA crosses the BBB and binds extracellular
oligomeric tau and tau oligomer levels in the serum peak at 1 h after injection.
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tered. A possible explanation for this is that previous studies
(Asuni et al., 2007; Boimel et al., 2010; Boutajangout et al., 2011;
Chai et al., 2011; Gu and Sigurdsson, 2011; Bi et al., 2011) specif-
ically targeted tau pathology using phosphorylated antigens or
antibodies directed against p-epitopes associated with later-stage
tau pathology. Moreover, the use of conformational antibodies in
immunotherapy appears to be superior at reducing tau pathology
in P301L mice compared with pan-tau antibodies, which are not
specific to any conformational state (d’Abramo et al., 2013). In
addition, our study found that the reduction of tau oligomers and
soluble p-tau epitopes that are associated with earlier stages of tau
aggregation affected the levels of total tau in the brain. It is im-
portant to note that other immunotherapy studies did not find
changes in the levels of total tau, which may be explained by the
fact that they did not investigate the fate of these toxic tau species
and that p-tau antibodies, which disassemble NFTs containing
large amounts of tau, may influence the measurements of total
tau in the brain. Furthermore, the striking increase of TOMA-
oligomer complex in serum suggests that TOMA removed extra-
cellular tau oligomers from the brain to the periphery, analogous
to immunotherapy against A� (Levites et al., 2006; Yamada et al.,
2009).

Finally, anti-tau oligomer immunization may prevent the
spread of tau pathology by sequestering extracellular tau oligom-
ers, possibly preventing tau toxicity and allowing neurons to re-
cover (Gerson and Kayed, 2013). As described recently in cell
culture experiments, anti-tau antibodies can trap tau aggregates
in the extracellular space and thus prevent the uptake and prop-
agation of tau in adjacent cells (Kfoury et al., 2012). Indeed, a
recent passive immunization study in P301L mice failed to dem-
onstrate that the antibody was internalized into neurons, suggest-
ing that tau released to the extracellular space was targeted by the
antibody (Yanamandra et al., 2013; d’Abramo et al., 2013). This
extracellular clearance model argues that TOMA would have the
additional benefit of halting the cell-to-cell spread of tau pathol-
ogy (Frost and Diamond, 2010; Ubhi and Masliah, 2011;
Lasagna-Reeves et al., 2012b; Wu et al., 2013). Moreover, another
study demonstrated that the clearance of extracellular �-synu-
clein by passive immunization prevents cell-to-cell aggregate
transmission and ameliorates neurodegeneration and behavioral
deficits (Bae et al., 2012; Yanamandra et al., 2013).

In summary, our studies support the notion that tau oligomer
immunization strategies may be beneficial for AD and other
tauopathies (Guzmán-Martinez et al., 2013). These multifacto-
rial diseases have a long asymptomatic phase and a prolonged
survival period once symptoms begin. In the latter, brain degenera-
tion and clinical manifestations arise from several different and per-
haps related molecular events, during which tau oligomers develop
and likely contribute to disease progression. Therefore, studies de-
signed to evaluate immunotherapeutic approaches targeting tau ag-
gregates are critical and should not be viewed as alternative
approaches to A� immunotherapy, but rather as complementary
strategies. Our findings indicate that TOMA antibody not only rec-
ognizes oligomers in P301L mice, but that the antibody can also
detect nonmutant tau oligomers formed from recombinant tau pro-
tein and in situ species from AD brain; therefore, TOMA therapy
may be able to clear tau oligomers that are specifically associated with
AD and FTD pathology. Passive immunization with TOMA may
also bypass potential complications by removing the true toxic enti-
ties of tau without affecting normal tau function and without affect-
ing inflammation associated with active immunotherapy in AD. In
conclusion, the data described herein lay a solid foundation for fu-
ture studies to optimize the development of disease-modifying im-

munization strategies for AD and other neurodegenerative
tauopathies.
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