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Abstract

Alzheimer’s disease (AD) is a proteinopathy characterized by the accumulation of β-amyloid (Aβ) 

and tau. To date, clinical trials indicate that Aβ immunotherapy does not improve cognition. 

Consequently, it is critical to modulate other aspects of AD pathology. As such, tau represents an 

excellent target, as its accumulation better correlates with cognitive impairment. To determine the 

effectiveness of targeting pathological tau, with Aβ pathology present, we administered a single 

injection of AT8, or control antibody, into the hippocampus of aged 3xTg-AD mice. Extensive 

data indicates that phosphorylated Ser202 and Thr205 sites of tau (corresponding to the AT8 

epitope) represent a pathologically relevant target for AD. We report that immunization with AT8 

reduced somatodendritic tau load, p-tau immunoreactivity, and silver stained positive neurons, 

without affecting Aβ pathology. We also discovered that tau pathology soon reemerges post-

injection, possibly due to persistent Aβ pathology. These studies provide evidence that targeting p-

tau may represent an effective treatment strategy: potentially in conjunction with Aβ 

immunotherapy.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is pathologically 

characterized by the presence of plaques, neurofibrillary tangles, and sever synaptic and 

neuronal loss [1]. β-amyloid (Aβ), generated from the amyloid precursor protein (APP), is 

the primary constituent of plaques, whereas hyperphosphorylation of tau promotes its 

aggregation into tangles. Overwhelming evidence, generated from over two decades of 

genetic and molecular research, supports the hypothesis that Aβ accumulation underlies the 
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onset of AD; however, tau is needed to induce cognitive impairment in human APP mice 

[2]. Furthermore, the identification of mutations in the tau gene (MAPT), associated with 

frontotemporal dementia (FTD), provides a genetic link between tau, neurodegeneration, 

and cognitive impairment [3]. Tau’s physiological role is to stabilize microtubules, which is 

disrupted during the pathogenesis of AD, FTD, and other tauopathies. During the 

pathogenesis of AD, intraneuronal tau accumulation is first found in the transentorhinal 

cortex, and later in the hippocampus and neocortex [4]. The mechanisms underlining the 

spread of tau pathology remain unknown. It has been postulated that tau can diffuse from 

neuron to neuron in a prion-like manner. Recently, pathological forms of tau have been 

shown to spread, after direct injected into mice, or from human expressing MAPT neurons 

to neurons lacking human MAPT expression; leading to subsequent progression of tau 

pathology [5,6]. If tau is indeed spread through extracellular mechanisms, immunotherapy 

represents an attractive treatment strategy for AD patients.

The use of immunotherapy to target AD pathology is not a new concept. Over the past 

decade multiple studies have provided evidence that Aβ immunotherapy improves cognition 

in transgenic models of AD [7–10]. In contrast, Aβ immunotherapy in humans does not 

improve cognition, and may only stabilize cognitive decline [11–13]. While active 

immunization can clear established Aβ pathology in patients, no apparent effect on 

neurofibrillary tangles is observed [14]. Additionally, analyses of CSF tau levels in patients 

are inconclusive, as few patients show reduced levels after treatment [15,16]. In this context, 

the affect on tau pathology elicited by targeting Aβ alone, may not be sufficient to produced 

significant cognitive improvement in AD patients.

To date, there have been no clinical trials utilizing tau immunotherapy to treat AD. 

However, preclinical studies utilizing tau immunotherapy have been performed in transgenic 

models containing mutant human tau [17–19]. These models recapitulate critical 

neuropathological features of most tauopathies, but lack a critical feature of AD 

neuropathology; namely Aβ accumulation. We previously found that tau immunization, 

using an antibody that recognizes all isoforms of normal human tau, does not decrease tau or 

Aβ pathology [8]. However, it remains unknown whether tau immunization, targeting a 

pathological species, will effect either Aβ or tau pathology in a model possessing both. 

Herein, we investigate the impact of p-tau immunotherapy in aged 3xTg-AD mice, which 

have extensive plaque and tangle pathology. We report the novel findings that a single 

intrahippocampal injection of AT8, targeting phosphorylated Ser202, and Thr205 residues of 

tau [20], significantly reduces somatodendritic tau; without affecting Aβ. Our results reveal 

that targeting pathological tau can reduce tau pathology, in the presence of established Aβ 

pathology, and hence represents a potential therapeutic target for AD in combination with 

Aβ immunotherapy.

2. Materials and methods

2.1. Animal model

3xTg-AD mice containing the human mutations for APP-Swedish (KM670/671NL), tau 

(P301L), and presenilin 1 (M146V), were maintained on a C57BL6/129 background [21]. 

Male and female mice, from 15 to 18 months old, were used in the study. All procedures 
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were performed in accordance to the guidelines of the University of California, Irvine, 

Institutional Animal Care and Use Committee.

2.2. Surgical procedure

Mice were anesthetized with isofluorane (Western Medical Supply, Arcadia, CA) and placed 

into a stereotaxic frame (KOPF Instruments, Tujunga, CA). Body temperature was 

maintained using an automated thermoregulation system. 2 µl of antibody, containing either 

2 µg of AT8 (Thermo Scientific, Rockford, IL), or 4G8 (EMD Millipore, Billerica, MA), 

was injected into the CA1 subfield of the hippocampus. Equivalent control IgG (EMD 

Millipore) was administered into the contralateral hemisphere. The following coordinates 

relative to bregma were used; anteroposterior (A/P); −2.06 mm, dorsoventral (D/V), −1.95 

mm; mediolateral (M/L); ±1.75 mm. After surgery, animals were placed into heated cages 

until the animal was fully recovered.

2.3. Tissue Isolation and Immunohistochemistry

2.3.1. Tissue isolation—Mice were anesthetized with euthasol (Virbac animal health, 

Fort Worth, TX), and perfused transcardially with phosphate-buffered saline (PBS). Brains 

were removed and drop-fixed in 4% paraformaldehyde for 48 h, then cryoprotected in 30% 

sucrose. Brains were then cut into 40 µm coronal sections on a freezing microtome (Leica 

SM 2010R, Leica, Buffalo, IL). Sections were stored in PBS with 0.02% sodium azide until 

use.

2.3.2. Histochemistry—Sections were dried on slides and subjected to antigen retrieval 

using citrate buffer. Sections were then oxidized with 3% H2O2 in PBS for 30 minutes 

followed by blocking in PBS containing 1% BSA, 0.2 g evaporated milk, 0.3% Triton 

X-100, then incubated overnight with primary antibodies; AT8, 4G8, 6E10 (Covance, 

Emeryville, CA), or HT7 (Fisher, Pittsburgh, PA). After washing with PBS + 0.3% Triton 

X-100, slides were treated with the appropriate secondary antibody (Vector Labs, 

Burlingame, CA). Immunoreactivity was detected with diaminobenzidine (DAB) substrate, 

in conjunction with the avidin-biotin horseradish peroxidase system (Vector labs). An 

average of 3 sections per animal were used. All analysis was done over a region representing 

160 µm, obtained between 1.34 and 2.54 mm on the anterior/posterior axes. Images of 

stained CA1 hippocampal subfield were acquired using an Axiocam digital camera, and 

Axioskop 50 microscope (Carl Zeiss MicroImaging, Thornwood, NY).

2.4. Statistical analysis

Images were imported into the Scion Image system (NIH) for analysis. Pixel total for stained 

sections were calculated to determine the percent difference between the treated versus 

control injected sides. Comparisons between hemispheres utilized students paired t-test. 

Significance was set at 95% of confidence (p < 0.05) and all values are presented as mean ± 

SEM.
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3. Results

3.1. Intrahippocampal injection of AT8 reduces total tau levels without affecting Aβ load

3xTg-AD mice harbor human mutant tau (P301L), and like other mutant tau transgenic 

mice, tau pathogenesis is age dependent. To better recapitulate the neuropathological state 

likely found at diagnosis, we treated aged 3xTg-AD mice with pre-existing pathology. To 

examine the affect of immunization against p-tau, a small cohort of mice was injected with 

either AT8, or control IgG (in the contralateral hemisphere), within the CA1 subfield of the 

hippocampus. To determine the temporal reoccurrence of pathology following a single 

injection of AT8, we collected tissue beginning 7 days post-injection, and each week 

thereafter, until day 28 postinjection. After one week, immunohistochemical analysis 

revealed a significant reduction in somatodendritic tau levels in AT8 treated vs. control 

hemispheres (Fig. 1). Levels did not return until week three. In contrast, AT8 

immunotherapy had no effect on Aβ levels: at any time point (Fig. 2).

Additionally, we administered a single injection of 4G8 (targeting residues 17–24 of Aβ) in 

a second cohort of animals. 4G8 treatment resulted in a reduction of intra- and extracellular 

Aβ, corroborating our previous results (Fig. 3) [8]. This suggests that targeting p-tau, in AD 

patients with advance Aβ pathology, can reduce early pathological species of tau without an 

immediate counteracting effect from Aβ.

3.2. Single injection with AT8 reduces both early and late pathological tau

To investigate whether AT8 injection would diminish pathological tau, we conducted an 

assessment of early and late tau pathology. We found that treated hemispheres had 

significantly less AT8 reactivity in the CA1 subfield. This observation was only significant 

at one week post-injection (Fig. 4). To determine if there was a similar effect on more 

advance stages of tau pathology, we used the Gallyas silver stain method to stain for NFTs. 

The number of Gallyas positive neurons, within CA1, was reduced one week after AT8 

injection compared to control hemispheres (Fig. 5). These findings show proof of concept 

that immunotherapy targeting p-tau can reduce different pools of pathological tau.

4. Discussion

Here, we demonstrate that a single intrahippocampal injection of AT8 significantly reduces 

early and late tau pathology in 3xTg-AD mice: within 7 days post-injection. In contrast, 

there were no changes in Aβ pathology. The effect of AT8 administration was no longer 

evident by three weeks post-injection. The excessive intra- and extracellular Aβ that persists 

following AT8 treatment may contribute to the reemergence of tau pathology. Our results 

provide proof of concept that targeting pathological tau, via passive immunization, can 

reduce tau pathology, even when advanced Aβ pathology is present.

Immunotherapy targeting tau has been previously examined in transgenic mouse models 

containing human mutant tau only [18,19,22,23]. While many successes have been reported, 

there is not yet consciences on the optimal approach; i.e. active vs. passive immunization, 

or, which tau species to target. A recent study by d’Abramo et al., using a passive 

immunization approach, compared the effectiveness of the DA31 and MC1 monoclonal 
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antibodies in P301L mutant tau mice. The authors found that the antibody MC1, which 

targets PHF-tau, was more efficacious, vs. the DA31 antibody, which targets normal tau, 

and suggest that the antibody target, and not its affinity, is most critical in determining its in 

vivo effectiveness [24]. In a separate study by Boutajangout et al., also utilizing a passive 

immunization approach, administration of the PHF1 antibody, which targets pathological 

tau, lead to better performance on the traverse beam task, and 58% less tau pathology in the 

hippocampus [25]. While Boutajangout et al., and others using immunotherapy against 

pathological tau, have shown positive results, the use of tau only transgenic models makes 

extrapolating the results to potential efficacy in human AD patients difficult. Therefore, 

there remains a great need to test tau immunotherapy in more complete models of AD. 

Between 15 and 18 months of age, 3xTg-AD mice develop extensive thioflavin-S positive 

plaques and Gallyas positive tangles, thus better recapitulating the human AD brain. Our lab 

has previously demonstrated that Aβ immunotherapy decreases some soluble tau pools, but 

not Sarkosyl-insoluble tau, in aged 3xTg-AD mice [8,21]. In the same study, we found that 

immunotherapy against normal human tau was ineffective in reducing tau or Aβ pathology: 

supporting the idea that antibody specificity is critical in determining immunization 

effectiveness. In the current study, we chose to administer the p-tau antibody AT8, based on 

extensive evidence implicating the p-tau residues Ser202, and Thr205 as markers of intra- and 

extracellular pathological tau. It is our belief that a passive immunization approach is more 

adventitious at this time, based on several disadvantages associated with active 

immunization, specifically autoimmune side effects, and inconsistent antibody titers amount 

patients.

One of the most critical remaining questions regarding tau immunization involves 

identifying the mechanism behind its effects. Once generated, it is possible for a small 

percentage of circulating IgG to enter the brain under normal circumstances [26], despite the 

presence of an intact blood brain barrier (BBB). However, in disorders such as AD, the BBB 

is likely compromised, which would allow for greater antibody numbers to reach their target 

within the brain. Indeed, several studies have reported that peripherally administered 

antibodies can reach their targets within the diseased brain. In the study by Asuni et al., the 

authors were able to detect FITC-labeled IgG in the brains of tau transgenic mice after 

intracarotid injection [23]. While it is possible that peripherally delivered tau antibodies can 

reach the brain in efficacious concentrations, it remains to be elucidated as to how 

pathological tau might be targeted by this approach. One possible method, arising form 

studies conducted using Aβ, suggest that the removal of extracellular tau could create a shift 

in the equilibrium between intracellular and extracellular pools of tau; and therefore, 

promote the release of intracellular tau. Extracellular antibodytau complexes could 

subsequently be phagocytized by microglia, astrocytes, or neurons, and degraded. Another 

possibility, also barrowing from observations from studies targeting Aβ, is that unbound 

antibody can enter neurons: targeting tau directly within the cells. Neurons have been shown 

to possess receptors that can bind and internalize IgG [27], and thus, could actively 

internalized antibodies to tau, which would then subsequently target intraneuronal pools of 

aggregated tau. Once the antibody-tau complex is formed, it has been hypothesized that a 

final destination is likely the endosomal/lysosomal system for degradation [22]. Indeed, 

evidence has been reported that antibody-tau complexes can be found co-localized with 
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markers of the endosomal/lysosomal system ex vivo, supporting the endosomal/lysosomal 

hypothesis [28]. This is likely the case in our model, as we saw evidence for increased 

lysosomal activation after AT8 administration in treated hemispheres (data not shown). 

However, the increase did not reach significance after a single administration.

Overall, we found that a single intrahippocampal injection of AT8 significantly reduces total 

tau levels, and early and late pathological tau, in just one-weeks time. Unfortunately, a 

single injection of the AT8 did not affect pre-established Aβ pathology. This supports the 

hypothesis that Aβ pathology presides tau pathology, or that once initiated Aβ pathology 

cannot be attenuated by the removal of tau alone. In addition, our study shows that tau 

pathology begins to reemerge at 21 days post-injection after single treatment, which was 

surprising based on evidence that tau pathology can occur over a very short time period [29]. 

Nevertheless, a single administration of AT8 was able to reduce total tau, and early 

pathological tau; and attenuate the generation of any new tau pathology for several days. 

Though AT8 reactivity is recognized as occurring late in the pathogenesis of tau, it is 

possible that the mechanism underlying our observations involves a shift in the pathological 

pools of tau. The removal of pre-established NFTs may drive new NFT formation, thereby 

decreasing the amounts of smaller aggregates of tau. Indeed, our results support this 

hypothesis; however, we acknowledge more studies are needed. To conclude, our studies 

provide valuable evidence that targeting pathological tau alone may not be sufficient for AD 

therapy, and that future work investigating the efficacy of tau immunotherapy for AD should 

be conducted in more complete transgenic models.
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HIGHLIGHTS

• We investigated the impact of targeting phosphorylated tau in 3xTg-AD mice.

• 3xTg-AD mice contain both amyloid-β and tau pathology at time of injection.

• We examined for both changes in tau and amyloid-β pathology.

• Tau immunization does not affect established amyloid-β pathology.

• Targeting phosphorylated tau decreases both soluble and insoluble tau levels.
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Fig. 1. 
Immunization with the AT8-antibody reduces somatodendritic tau immunoreactivity. Total 

tau levels were quantified in 15–18-month-old 3xTg-AD mice following a single 

intrahippocampal injection with AT8 or a control IgG. Mice were sacrificed at post injection 

day 7, 14, 21, or 28. (A) Immunohistochemical analysis reveled sharp decreases in total tau 

(HT7) levels after immunization with AT8 at days 7 and 14, but not days 21 and 28. (B) 

Statistical analysis of the change in total tau between AT8 treated and control IgG treated 

hippocampal sides (t-test, ***P < 0.0001, **P < 0.008, N = 3–7). Scale bar equals 500 µm.
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Fig. 2. 
Tau immunization does not affect Aβ pathology. Total Aβ levels were also quantified 

following AT8 injection at post injection day 7, 14, 21, or 28. (A) In contrast to what was 

observed for tau, immunohistochemical analysis against Aβ (6E10) detected no differences 

between AT8 and control IgG treated hippocampi at either time point analyzed. (B) 

Statistical analysis of the change in total Aβ load between AT8 treated and control IgG 

treated hippocampal sides (N = 3–7). Scale bar equals 500 µm.
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Fig. 3. 
Immunization with the 4G8-antibody reduces intra- and extracellular Aβ. In addition to 

treatment with AT8, a small cohort of 15–18-month-old 3xTg-AD mice was treated with 

either the anti-Aβ antibody 4G8 or a control IgG. (A) Staining for total Aβ load (6E10) 

revealed that 4G8 injection drastically reduced intra- and extracellular Aβ at days 7 and 14. 

(B) Statistical analysis of Aβ immunization in 4G8 vs. control IgG hippocampal sections (t-

test, ***P < 0.0003, **P < 0.0057, N = 3–7). Scale bar equals 500 µm.
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Fig. 4. 
Targeting p-tau via immunization significantly reduces early AT8 immunoreactivity. The 

phosphorylated residues of tau that make up the AT8 epitope also represent some of the 

earliest modifications observed in tau pathogenesis. (A) Staining for phosphorylated 

residues Ser199 and Thr202 (AT8) show a large decreased in reactive at 7 days post-injection. 

(B) Statistical analysis of AT8 immunoreactivity, at post injection day 7, reveals a 

significant decrease in AT8 treated vs. control IgG treated sections (t-test, ***P < 0.0001, N 

= 7). Scale bar equals 250 µm.
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Fig. 5. 
3xTg-AD mice immunized with AT8 have reduced Gallyas positive neurons one week post-

injection. (A) Using the Gallyas silver stain method, we observed fewer Gallyas positive 

neurons in hemispheres treated with AT8 at 7 days. (B) Statistical analysis of Gallyas 

staining after AT8 treatment (t-test, ***P < 0.0001, N = 7). Scale bar equals 250 µm.
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