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Abstract

Clinical and basic science research suggests that stress and/or changes in central stress signaling 

intermediates may be involved in Alzheimer’s disease (AD) pathogenesis. Although the links 

between stress and AD remain unsettled, data from our group and others have established that 

stress exposure in rodents may confer susceptibility to AD pathology by inducing hippocampal tau 

phosphorylation (tau-P). Work in our lab has shown that stress-induced tau-P requires activation 

of the type-1 corticotropin-releasing factor receptor (CRFR1). CRF overexpressing (CRF-OE) 

mice are a model of chronic stress that display cognitive impairment at 9–10 month of age. In this 

study we used 6–7 month old CRF-OE mice to examine whether sustained exposure to CRF and 

stress steroids would impact hippocampal tau-P and kinase activity in the presence or absence of 

the CRFR1-specific antagonist, R121919, given daily for 30 days. CRF-OE mice had significantly 

elevated tau-P compared to wild type (WT) mice at the AT8 (S202/T204), PHF-1 (S396/404), S262, 

and S422 sites. Treating CRF-OE mice with R121919 blocked phosphorylation at the AT8 (S202/

T204) and PHF-1 (S396/404) sites, but not at the S262 and S422 sites and reduced phosphorylation of 

c-Jun N Terminal Kinase (JNK). Examination of hippocampal extracts from CRF-OE mice at the 

ultrastructural level revealed negatively stained round/globular aggregates that were positively 

labeled by PHF-1. These data suggest critical roles for CRF and CRFR1 in tau-P and aggregation 

and may have implications for the development of AD cognitive decline.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized pathologically by extensive cell loss, the 

accumulation of senile plaques composed of amyloid-β (Aβ) and neurofibrillary tangles 

(NFT) consisting of hyperphosphorylated tau protein. The incidence of NFT is positively 

correlated with cognitive deficits and neuronal loss in AD [1, 2]. Tau is a soluble phospho-

protein that stabilizes microtubules, plays a critical role in the establishment and 

maintenance of neuronal structure, polarity, transport, and exists in multiple isoforms (six in 

humans, four in mice) produced from a single gene [3]. Whereas tau is phosphorylated at 2–

3 moles/mole of protein under basal conditions, tau from the AD brain is 

hyperphosphorylated at a 7–10 molar ratio [4, 5] and at least 25 distinct sites [6, 7]. 

Although information is known about the general role of tau in AD, the precise 

consequences of tau phosphorylation (tau-P) have been difficult to determine. A leading 

hypothesis in the field postulates that phosphorylation reduces the ability of tau to bind and 

stabilize microtubules and leads to tau aggregation and formation of paired helical filaments, 

which comprise NFT [8–10]. Several studies demonstrate that exposure to acute 

physiological and emotional stress paradigms induces reversible hippocampal tau-P in 

rodents (for review, [11]), a process that, at least in the case of emotional stress, is reliant on 

signaling through the type-1 corticotropin-releasing factor receptor (CRFR1) [12, 13]. Our 

previous data demonstrate that exposure to chronic/repeated emotional stress leads to 

cumulative effects on tau-P and its sequestration to detergent-soluble cellular fractions of 

mice hippocampus [12, 14].

Constitutive overexpression of CRF (CRF-OE) in mice is considered a valid animal model 

of chronic stress [15, 16]. CRF-OE mice display significant brain atrophy at 3–6 months of 

age [17] and show hippocampal-dependent learning and memory deficits when tested at 9 

months of age [18]. Furthermore, studies using CRF-OE mice have found increased levels of 

hyperphosphorylated tau compared with wild-type littermates [19]. Although published data 

with stress and/or CRF-OE suggest that stress steroids are not required for stress-induced 

tau-P [12, 19, 20], the circuitry involved is unknown and whether sustained levels of CRF 

can induce tau-P via CRFR1 in the absence of environmental stress is uncertain. In the 

present study, we used CRF-OE mice to examine the impact of sustained exposure to CRF 

on hippocampal tau-P at several AD-relevant sites (S262, S422, S202/T205 (AT8), and S396/404 

(PHF-1). To identify the potential role of CRFR1 in facilitating tau-P, we compared groups 

of CRF-OE mice treated for 30 days with vehicle or the CRFR1 antagonist, R121919 (NBI 

30775) [21].
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MATERIALS AND METHODS

CRF-OE transgenic mice

As described previously, CRF-OE mice were originally generated with a chimeric CRF 

transgene composed of the rat genomic CRF gene replacing the 5′ regulatory region by a 

mouse metallothionein-1 promoter that was microinjected into the male pronucleus of 

fertilized eggs (C57/B6 × SJL) [15, 22]; CRF over-expression has been confirmed through 

administration of CRF antagonists [16]. CRF-OE mice were obtained from Jackson 

Laboratories. Experiments were conducted in adult (6–7 months old) female CRF-OE mice 

(n = 20) and age-matched wild type (WT) female littermates (n = 10). Mice were housed (2–

4/cage) with ad libitum access to standard laboratory rodent diet and water in a temperature 

controlled room (22°C) with a 12 h light-dark cycle. The University of California, San 

Diego’s Institutional Animal Care and Use Committee approved all experimental protocols.

In vivo pharmacology

CRF-OE mice received daily subcutaneous (sc) injections either the CRFR1 antagonist, 

R121919 at 20 mg/kg (gift of Dr. K. Rice, NIH) (n = 10), or drug vehicle (n = 10) for 30 

days leading up to euthanasia. The dose of 20 mg/kg/d was based on our previous studies in 

mice with R121919 and stress-induced tauP [12, 14]. R121919 was dissolved in 0.3% 

tartaric acid and 5% v/v polyethoxylated castor oil. Both R121919 and vehicle solution were 

vortexed and sonicated immediately before use. The volume of daily sc injection was 0.1 

mL.

Antibodies

Several well-characterized antibodies were used to detect phosphorylated forms of tau and 

major tau kinases. For western blots, S202/T205 (1 : 500; AT8; Pierce Biotechnology), S262, 

S422 (1 : 1000; Biosource, Camarillo, CA), and S396/404 (1 : 1000; PHF-1; gift from Dr. P. 

Davies, Albert Einstein, NY), were selected based on their ability to reveal target bands at 

the appropriate molecular weight for phosphorylated tau (~50–75 kDa). Antibodies against 

S199, T212, T231, and S409 sites were tested but were found either to target only high-

molecular weight proteins (>100 kDa) (S199, T231) or have no signal (T212, S409) and were 

therefore excluded from the analysis. For assessment of tau kinases, antibodies to 

phosphorylation sites or activator proteins were also used: activated GSK-3β (pY216; 1 : 

1000; BD Transduction), inactive GSK-3β (pS9; 1 : 1000; Cell Signaling Technology, 

Danvers, MA), cyclin-dependent kinase 5 (cdk5; 1 : 1000; EMD Biosciences), cdk5 

activator proteins, p25 and p35 (1 : 1000; Santa Cruz Biotechnology, Santa Cruz, CA), 

phosphorylated c-Jun-N-terminal kinase (JNK; 1 : 1000; Cell Signaling Technology), 

mitogen-activated protein kinases, extracellular signal-regulated kinases 1 and 2 (ERK1/2, 

1 : 500; Cell Signaling Technology). Total protein levels of GSK-3 (GSK-3β; 1 : 2500; BD 

Biosciences, San Diego, CA), JNK, CDK-5, and ERKS (Cell Signaling Technology) were 

measured. Beta-actin (Sigma-Aldrich) was used as a control for protein loading for each 

blot.
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Immunohistochemistry

Due to the propensity of anesthesia to impact tau phosphorylation (e.g., [23]), mice (n = 4 

for each group) were euthanized by cervical dislocation 24 h after the last injection of 

R121919, then perfused through the ascending aorta with 0.9% saline and brains were 

removed. Left side hemibrains were drop fixed in 4% paraformaldehyde for 4 h and then 

cryopotected overnight in 20% sucrose-phosphate buffered saline (PBS). The next morning, 

30 μm-thick sections were cut on a freezing-sliding microtome and stored at −20°C in 

cryoprotectant solution, containing 20% glycerol and 30% ethylene glycol in 0.1 M 

phosphate buffer. Before immunostaining, endogenous peroxidase was quenched with 0.3% 

H2O2. After incubating in PHF-1 primary antibody for 48 h at 4°C, sections were incubated 

in biotinylated anti-mouse antibody followed by avidin-biotin complex. Reaction product 

was developed using a nickel-enhanced DAB reaction [24]. Antibody specificity for 

phosphorylated mouse tau was confirmed previously by pretreating sections from mice 

exposed to 30 min restraint stress with alkaline phosphatase (40 mg/ml), which eliminated 

immunoreactivity [12].

Western analysis

The hippocampus from each animal was rapidly dissected from the right hemisphere and 

immediately homogenized in detergent-containing radioimmunoprecipitation assay (RIPA) 

buffer containing protease and phosphatase inhibitor cocktail EDTA-free (Thermo 

Scientific), as previously described [12–14, 25]. Protein concentrations were determined 

using a bicinchoninic acid (BCA) Protein Assay kit (Pierce Biotechnology). 6 μg of protein 

was loaded and electrophoretically separated on a bis-tris polyacrylamide gel. Proteins were 

transferred to 0.2 μm nitrocellulose membrane and incubated in primary antibody followed 

by HRP-linked secondary antibodies and developed with a chemiluminescence western blot 

detection kit (Pierce Supersignal). All blots were then stripped with stripping buffer 

(Thermo Scientific) and probed for actin (1 : 1000, Sigma), which served as a loading 

control. Background subtraction was performed and quantitative band intensity readings 

were obtained using NIH ImageJ software. All data were then normalized to WT controls, 

with all western blot data presented as a percent change in intensity relative to WT controls.

Immunoelectron microscopy

RIPA fractions were also examined by immuno-gold electron microscopy to assess whether 

structural changes in hippocampal tau occur as a function of CRF-OE in the presence or 

absence of R121919. RIPA extracts were postfixed in 1% glutaraldehyde, treated with 

osmium tetraoxide, embedded in epon araldite and sectioned with an ultramicrotome (Leica, 

Germany). Grids were analyzed with a Zeiss OM 10 electron microscope as previously 

described [26]. For immunogold labeling, sections were mounted on nickel grids, etched and 

incubated with PHF-1 antibody followed by gold-tagged antibodies against mouse IgG1 (10 

nm Aurion ImmunoGold particles) (1 : 50, Electron Microscopy Sciences, Fort Washington, 

PA) and silver enhancement.
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Statistical analyses

Optical density readings from western blots were analyzed using either one- or two-way 

(genotype x treatment) ANOVA using Prism 6 software (GraphPad, San Diego, CA). Data 

were plotted on histograms, and expressed as mean ± SEM percentage of control values. For 

the epitopes that had no signal in WT animals, OD readings are presented.

RESULTS

CRF overexpressing mice have increased hippocampal tau-P

Vehicle-treated CRF-OE mice had a widespread profile of tau-P protein expression in the 

hippocampus (Fig. 1A), with significantly increased tau-P at all sites tested compared to WT 

controls (all p < 0.05). In particular, AT8, PHF-1, and S422 were 350%, 350%, and 170% 

(respectively) greater in CRF-OE mice than their WT counterparts (Fig. 1B, C). Of interest, 

tauP at the S262 site, which was not observed in WT, was observed in CRF-OE although at a 

modest level (OD = 1.25) in comparison to other epitopes (Fig. 1C). This suggests that tau-P 

at S262 may be directly due to the overexpression of CRF in this model. Treatment for 30 

days with R121919 (CRF-OE + antag) completely prevented the rise in tau-P at the AT8 and 

PHF-1 sites in CRF-OE mice (p < 0.05 each) as shown by the levels of phosphorylation at 

these two sites not significantly different between R121919 treated CRF-OE mice and WT 

counterparts (AT8, p = 0.17; PHF-1, p = 0.25, Fig. 1B). By contrast, levels at the S262 and 

S422 sites were unchanged by R121919 pretreatment (p > 0.05, Fig. 1C). These results 

demonstrate that overexpression of CRF can induce tau-P in the hippocampus, a process that 

requires CRFR1 for specific sites but not others.

To investigate the localization of tau-P responses, we used immunohistochemical methods 

to examine PHF-1 reactivity in the hippocampus of CRF-OE mice and its CRFR1 

dependence. The detection of immunolabeling was consistent with biochemical data in 

showing a prominent increase in tau-P staining in CRF-OE mice that was blocked by 

treatment with R121919 (Fig. 2). Hippocampal PHF-1 labeling in CRF-OE was restricted to 

Ammon’s horn, with stained perikarya scattered throughout the stratum oriens and 

pyramidale of CA1 and CA2 subregions. Relatively fewer PHF-1 positive cells were 

observed in stratum radiatum shown in Fig. 2A. Other prevailing features included bands of 

axonal staining in stratum laconosum-moleculare. CRF-OE mice treated with drug (CRF-OE 

+ R121919) had no cellular labeling in any region of the hippocampus shown in Fig. 2B. We 

observed low levels of discernible cell or fiber labeling in CA3, hilus, or dentate gyrus as 

shown in Fig. 2C. Similar to that seen in CRF-OE mice, CRF-OE treated with R121919 had 

no discrete labeling in CA3, hilus, or dentate gyrus (Fig. 2D). We did, however, observe 

persistence in fiber immunoreactivity within white matter tracts of the alveus, which 

appeared weaker in intensity compared to vehicle treated CRF-OE mice. PHF-1 

immunoreactivity in the white matter of mice has been seen previously (R. A. Rissman and 

P.E Sawchenko, unpublished observations), though whether this labeling is specific or 

represents an artifact due to fixation is uncertain. White matter labeling was observed to 

varying degrees in both WT and CRF-OE mice with a localization primarily restricted to the 

alveus and dorsal portions of corpus callosum. No immunoreactivity was observed in the 

lateral or ventral aspects or splenium of the corpus callosum or in motor nuclei or tracts and 
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no obvious preference was seen in immunoreactivity with proximity to ventricular or pial 

surfaces (data not shown).

CRFR1 regulation of tau kinases

Our data demonstrate that CRFR1 blockade reduces hippocampal tau-P to WT levels in 

CRF-OE at select phosphorylation sites, N-terminal to the microtubule binding domain 

(AT8, S202/T205) and at the C-terminus (PHF-1, S396/404). Based on these results and that 

reported by others with CRF-OE mice [19], we hypothesized that differential modulation of 

kinases by CRFR1 existed in this context. We therefore used antibodies directed to active 

and inactive states of kinases implicated in tau-P at the epitopes examined to determine 

which kinases were altered in the hippocampus of CRF-OE treated with vehicle or R121919. 

Compared to WT cohorts, CRF-OE mice displayed significantly increased phosphorylation 

levels of GSK-3β, MapK P38 and ERK1/2 kinases (all p < 0.05 compared to WT), but not 

JNK (p = 0.12) (Fig. 3). Levels of CDK5 activator protein, p35, were robustly upregulated 

in CRF-OE but the p35-truncated protein, p25 was not observed. Levels of total GSK-3, 

ERK1/2, and CDK5 were unchanged in CRF-OE mice regardless of treatment with 

R121919 (all p > 0.05, data not shown). Although several of the kinases examined are 

implicated in tau-P at the AT8 and PHF-1 sites shown in Fig. 3A, we found only levels of 

activated JNK to be sensitive R121919 pretreatment (p < 0.05) (Fig. 3A, C). These findings 

suggest that induction of tau-P via JNK activation is central to tau-P at the AT8 and PHF-1 

sites in CRF-OE mice.

CRF-OE increases formation of globular tau aggregates

To examine the functional consequences of increased tau-P and its regulation by R121919 in 

CRF-OE mice, we used immunogold electron microscopy techniques. We used detergent-

soluble hippocampal extracts generated for biochemical studies to examine whether 

structural changes occur as a consequence of chronically elevated tau-P. We found 

negatively stained round/globular aggregates (~50 nm diameter) (Fig. 4A, left panel) with a 

density as high as 10/μm2. These aggregates were not present in mice that received R121919 

(Fig. 4A, right panel). Extracts from CRF-OE mice had aggregates that were positive for 

PHF-1 immunogold labeling (Fig. 4B, both panels). An average of 3–6 gold particles were 

seen per aggregate. CRF-OE mice treated with R121919 had no immunogold signal (data 

not shown). Although requiring confirmation and extension, our findings may represent 

evidence of pre-pathologic hippocampal tau aggregates, in vivo.

DISCUSSION

In the present study, we examined the status of hippocampal tau-P in the presence or 

absence of CRFR1 antagonism in CRF-OE mice aged 6–7 month, a time point demonstrated 

to be prior to the onset of reported hippocampal memory deficits (9 months) [18]. Our data 

provide evidence of increased hippocampal levels of active tau kinases, increased tau-P and 

detectable aggregates of tau in detergent-soluble cellular fractions. We also demonstrate that 

administration of CRFR1 antagonist results in a reduction of tau-P to levels seen in WT 

controls and prevents the formation of observed globular tau aggregates. The aggregates we 

identified in CRF-OE mice are very similar in size and shape to that which we have seen in 
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mice exposed to repeated stress (cf, [14]), and are similar to that seen in in vitro studies with 

truncated tau species (e.g., [27]). In addition to the possibility of CRF overexpression 

inducing tau truncation, given the granular appearance of our aggregates, these inclusions 

may be tau oligomers which have been reported in AD mice and in humans with AD [28–

32]. Because our previously published [14] and current data appear to be the first to report 

aggregated structures of tau with purely WT murine tau, additional studies are needed to 

determine the precise nature of these inclusions. Our findings also suggest that although 

increased tau-P is present at several AD-relevant tau epitopes in CRF-OE mice, 

phosphorylation at S202/T205 and S396/404 sites via increased GSK 3β activity is regulated 

directly through CRF-CRFR1 signaling in the mouse hippocampus.

The role of stress and CRF in AD

Stress exposure and/or exposure to stress peptides can impact learning, memory, and 

hippocampal morphology and function in animals models [33–36]. Although CRF is best 

known as the hypothalamic neuropeptide that governs the endocrine stress response [37], its 

distribution and actions in the CNS suggest a broad involvement in integrating hormonal, 

autonomic, and behavioral adaptations [38–41]. Supporting the hypothesis of broader central 

involvement, studies have found prominent changes in CRF in AD, particularly in brain 

regions vulnerable to AD neuropathology [11, 42, 43]. In addition to CRF itself, 

considerable attention has been focused on effectors of the stress cascade, such as 

glucocorticoids, as mediators of neuronal vulnerability in AD. Increased circulating levels of 

these hormones in aging have been linked to brain atrophy and a range of adverse effects in 

the hippocampus [36, 44–46]. Stress disorders, such as depression, are very common in AD 

patients, which are thought to mechanistically involve alterations in the hypothalamic-

pituitary-adrenal axis (reviewed in [47]). Whether stress and/or depression can be 

considered preclinical or prodromal risk factors for AD is still a matter of debate.

Relationship between tau-P in CRF-OE mice and stress-induced tau-P

The stress response can be initiated by the two primary categories of physical or emotional 

stressors. They are recognized and distinguished by their differential sensory modalities that 

register the challenges and patterns of neuronal activity they induce, and thereby mediate 

adaptive responses and the extent to which they invoke affective responses [48–50]. 

Regardless of the salience or strength of the stressors, they induce consistent increased tau-P 

expression in the hippocampus [11]. In terms of epitopes examined, our analysis of the 

published literature revealed no stark difference in the induction of tau-P between physical 

and emotional stressors. Acute challenges generally yielded readily reversible increases in 

tauP (range, minutes-hours) [12, 23, 51–55], while more chronic paradigms lead to longer 

lasting effects (days) [12, 56–59]. In particular, there is evidence of relatively widespread 

phosphorylation at various sites, with robust changes seen consistently at the S202/T205 

(AT8) and S396/404 (PHF-1) phosphorylation sites [11, 12, 14, 60]. In the studies that 

examined them, few, if any, changes have been seen in the phosphorylatable amino acids 

between the PHF-1 site (S396/404) and S422 [11, 14, 61], except at S413 in the starvation 

model [58]. Likewise, with the exception of glucoprivation [57], small or no changes have 

been seen in the S262 site with stress exposure [11, 14] which is consistent with our findings 

in CRF-OE mice. In terms of kinases, nearly all studies implicate GSK-3β in the induction 
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of tau-P (reviewed in [11]). We also observed increased phosphorylation of tyrosine 216 of 

GSK-3β in CRF-OE mice, however only JNK activity was sensitive to CRFR1 antagonism 

and resulted in ablation of phosphorylation increases at the AT8 and PHF-1 sites (Fig. 3). 

Interestingly, we observed relationships between JNK phosphorylation and tau 

phosphorylation at AT8 and PHF-1 in WT mice. R121919 treatment diminished tau-P 

responses at both AT8 and PHF-1 sites, presumably via JNK but yet under WT conditions, 

elevated JNK only resulted in observed increased basal levels of AT8. JNK phosphorylation 

and tau-P at AT8 sites may be due to acute stress exposure occurring during handling/

sacrifice or be involved in tau-P seen in the white matter that we have observed. Inconsistent 

relationships between tau-P and upstream kinases have been reported previously [51], and 

the mediating entities and mechanisms underlying this selective regulation are unresolved 

and require further investigation.

Possible sites of CRF-CRFR1 interaction and the role of corticosterone

We previously reported that restraint stress-induced tau-P was dependent on signaling 

through CRFR1 [12]. To bypass the neuronal circuitries activated by various stressors, we 

examined whether chronic elevation in CRF occurring without stress exposure could result 

in tau-P and its dependence on CRFRs. Several aspects of our analysis warrant further 

consideration. First, CRF-OE mice treated with R121919, a selective CRFR1 antagonist that 

crosses the blood-brain barrier [19], displayed dramatic reduction in tau-P at two of four 

sites and in activating phosphorylation of one kinase. The role of CRFR1 as the primary 

signaling pathway involved in regulating hippocampal tau-P is further supported by the 

expression of CRFR1 as the dominant receptor subtype expressed in the mouse 

hippocampus [62] and by our previous findings showing that increased hippocampal tau-p 

induced by an acute stress is mediated by CRFR1 [12, 14]. CRFR2 actions, if relevant here, 

may occur outside the hippocampus because CRFR2 is expressed at low level in the mice 

hippocampus [55]. In the mouse hippocampus there is paucity of CRFR2 ligands in 

hippocampal afferents. However, extrinsic CRF inputs to hippocampus have not been 

described, leaving local interneurons and the CSF as possible sources of CRF to 

hippocampal CRFR1 [63, 64]. Second, we cannot fully parse out the role of chronically 

elevated corticosterone in this CRF-OE expressing mice [15]. CRFR1 activation is 

associated with initiation of the endocrine stress response and CRF-OE mice display high 

circulating levels of corticosterone [37, 38]. However as we allude to above, it is our 

hypothesis that stress-induced tau-P is a phenomenon associated with local CRF circuitry in 

the hippocampus. Our contention is supported by data from our lab and others 

demonstrating that stress-associated increases in glucocorticoids are not required for either 

physical or psychological stress-induced tau-P [12, 20]. Our preliminary studies exploring 

the impact of prolonged corticosterone also support these findings. We treated groups of WT 

mice subcutaneously with corticosterone (5–25 mg) for 21-days and observed no obvious 

increase in tau-P in the hippocampus compared to placebo-treated mice (R.A. Rissman, 

unpublished observations). Although requiring verification and extension, data thus far 

suggest that glucocorticoids may not be integral for tau-P responses.
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Implications

Consistent reports indicate that exposure to a range of stressors induce reversible tau-P at 

many AD-relevant sites (reviewed in [11]). Some studies propose that stress-induced tau-P 

is a functional component of neuroplasticity, conferring adaptation to stressful stimuli [56, 

59], while our group and others suggest that the relationship between stress and tau-P may 

also define a potential means by which chronic stress exposure may translate into 

neuropathology [12, 51, 54, 55, 57]. Our present and previous experimental studies 

demonstrating chronic elevations in tau-P with altered tau solubility under conditions of 

chronic CRF expression and repeated stress are supportive of this hypothesis, as well as 

clinical evidence with AD patients demonstrating high levels of distress proneness [65–67]. 

Collectively it therefore seems plausible that stress-induced tau-P is an essential process 

required for stress adaptation that becomes dysfunctional with advancing age and/or with 

chronic overstimulation. Although the phenomenology is certainly distinct, a similar case 

can be made for toxicity associated with Aβ. Aβ may be present throughout life, but with 

advancing age the ability to process the fragments may become reduced or lost, leading to 

accumulation. Although the mechanisms involved remain to be determined, our data suggest 

a possible underpinning for evidence relating chronic stress to memory impairment and tau 

pathology, which may facilitate the development of new therapeutic strategies for AD.
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Fig. 1. 
Increased tau-P in CRF-OE mice and involvement of CRFR1. A) CRF-OE mice had 

significantly elevated basal levels of tau-P in the hippocampus compared to WT cohorts at 

all phosphoepitopes examined. B) Treatment with the selective CRFR1 antagonist, 

R121919, significantly reduced tau-P at the AT8 and PHF-1 sites to at or below WT levels. 

C) R121919 treatment did not impact phosphorylation of the S262 or S422 sites. With the 

exception of S262 that had no WT baseline signal for comparison all data are presented as 

Mean ± SEM percentage of WT values, n = 10/group (*p < 0.05 Vehicle versus 

R121919; +p < 0.05 CRF-OE versus WT control).
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Fig. 2. 
Cellular localization of PHF-1 site tau-P in vehicle or CRF-antagonist treated CRF-OE mice. 

A) Bands of phospho-tau positive axons in stratum lacunosum-moleculare. B) Treatment 

with R121919 blocked −1 labeling in cells in CRF-OE mice (CRF-OE + R121919), leaving 

unlabeled neuronal profiles starkly visible against the neuropil. C) CRF-OE mice had 

widespread tau-P (PHF-1) labeling in the dentate gyrus and CA3 areas, and included 

perikarya scattered throughout the pyramidal and proximal dendritic zones. D) No PHF-1 

immunoreactivity was observed in the dentate/hilar areas in CRF-OE mice regardless of 

drug treatment. Scale bar = 50 μm.
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Fig. 3. 
Modulation of tau kinases in vehicle or CRFR1 antagonist treated CRF-OE mice. A) In the 

hippocampus, CRF-OE had significantly elevated levels of both inhibited and activated 

forms of GSK-3 compared to WT animals. B) GSK-3β Y216 phosphorylation levels were 

unaffected by drug treatment. C) Phosphorylation levels of JNK in CRF-OE were not 

significantly different from WT, but were significantly reduced by R121919 treatment. This 

is in line with our tau-P data showing dramatically reduced AT8 and PHF-1 reactivities in 

the hippocampus. No significant modulations of ERK1/2, CDK5, or MAPK p38 kinases 

were seen in the hippocampus of CRF-OE mice regardless of treatment. All data are 

expressed as mean ± SEM percentage of WT values, n = 10/group (*p < 0.05 Vehicle versus 

R121919).
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Fig. 4. 
Immunoelectron microscopy of tau-P aggregates in the hippocampal extracts from CRF-OE 

mice. A) CRF-OE mice had negatively stained round/globular aggregates (~50 nm diameter) 

which were not present with R121919 treatment. B) Aggregates in CRF-OE mice could be 

decorated with PHF-1 immunogold labeling. C) Negative controls included trials without 

primary or secondary antibodies. Scale bar = 20 nm.
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