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Abstract 

Accumulation of pathological tau in synapses has been identified as an early pathogenic event in 

Alzheimer’s disease (AD) and correlates strongly with cognitive decline in patients with AD. Tau is a 

cytosolic, axonal protein. However, in the disease condition, tau accumulates in post-synaptic 

compartments and pre-synaptic terminals, either due to missorting within neurons, trans-synaptic transfer 

between neurons or due to failure of clearance systems in synapses. Using a sub-cellular fractionation assay, 

we show that progressive deposition of seed competent tau occurs predominantly in post-synaptic 

compartments in a tau transgenic mouse and in AD patient brain, making these neuronal structures 

particularly vulnerable to tau toxicity. Tau-mediated post-synaptic toxicity could be further exacerbated by 

impaired proteasome activity which we detected by measuring the levels of polyubiquitin chains that target 

proteins to proteasomal degradation. To combat the accumulation of tau and proteasome impairment at the 

subcellular level, we devised a therapeutic strategy of proteasome-mediated clearance of tau restricted to 

the post-synaptic compartment. Utilizing the pharmacology of GPCRs, we show that in vivo stimulation of 

the PAC1R receptor by its ligand can propagate intracellular PKA signaling leading to enhanced synaptic 

proteasome activity and reduced tau in the post-synaptic compartment. Over time, clearance of post-

synaptic tau led to reduced tauopathy and cognitive decline in rTg4510 mice. Together, these results 

highlight a novel therapeutic strategy of targeting GPCRs that propagate cAMP/PKA signaling as a tool to 

activate proteolysis restricted to synapses to prevent the accumulation of tau in the early stages of AD.  

 

Introduction 

 

Synaptic dysfunction and synaptic spine loss is the strongest pathological correlate of cognitive decline in 

AD (1-5), with increasing data implicating the accumulation of synaptic tau in the progression of the disease 

(6-9). Recent evidence from AD post-mortem tissue suggests that the accumulation of tau oligomers in 

synapses correlated better with cognitive decline than the accumulation of Aβ oligomers, plaque burden, or 

somatic tau tangles (10). Although low levels of tau are present in pre-synaptic terminals and dendritic 

spines under physiological conditions (11), the accumulation of pathological tau in dendrites is a long-

standing observation that has been identified as an early pathogenic event in AD (12, 13). How normal 

cytosolic tau that maintains higher concentration in axons is distributed to dendrites and synaptic spines in 

the disease condition is not well understood. However, studies with tauopathy animal models indicate that 

hyper-phosphorylation of tau can cause tau to mislocalize to dendrites and dendritic spines (14-16). 

Moreover, the manifestation of the cell-to-cell spread of tau species can further drive synaptic toxicity. 

Studies in live patients with AD and progressive supranuclear palsy (PSP) (17), and numerous in vivo 
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animal studies (18-27) have recently demonstrated what was described first by Braak et al. that pathological 

tau species spread in a hierarchical pattern along the anatomical connection in AD (28).  

The accumulation of pathological tau in synapses correlates with the accumulation of ubiquitinated 

proteins, suggesting disruption of the ubiquitin proteasome system (UPS) at synaptic compartments (29). 

The UPS machinery in synapses is critical for normal functioning of synapses, including synaptic protein 

turnover (30-32), plasticity (33, 34), and long-term memory formation (35-37), which rely on tightly 

controlled changes in the proteome. Recent studies in primary neuronal cultures using microfluidic 

chambers showed that the protein degradation systems (UPS and autophagy) play an essential role in the 

distribution of tau to dendrites and dendritic spines (15). The study found that local inhibition of protein 

degradation restricted to neurites led to missorting of phosphorylated tau to dendrites and loss of dendritic 

spines, whereas enhancing protein degradation pathways reduced tau missorting below basal levels (15).  

Degradation of tau and other poly-ubiquitinated substrates is carried out by the 26S proteasome, a 2.5 MDa, 

multi-catalytic, ATP-dependent protease that degrades proteins into small peptides. It is comprised of two 

components: a 19S regulatory particle (RP) and a 20S core particle (CP) that carries out the catalytic activity 

(38). In addition to the accumulation of ubiquitinated proteins, decreased proteasome activity has been 

reported in the hippocampal, parietal and temporal lobe regions of post-mortem AD brain tissue, but not in 

unaffected areas such as occipital lobe and cerebellum (39). The mechanism by which the proteasome 

becomes dysfunctional has been addressed by our previous studies (40) and by several other independent 

studies (41-47), suggesting that aggregates may disrupt protein degradation by physically blocking the gate 

opening of the 19S regulatory subunit of the 26S proteasome. A recent detailed mechanistic study showed 

that oligomers from different neurodegenerative diseases could impair proteasome function by binding to 

the outer surface of the 20S core particle and allosterically stabilizing the closed gate conformational state 

of the proteasome and blocking protein degradation (47). These data suggest that impairment of proteasome 

activity in various neurodegenerative diseases may be a common mechanism. Moreover, we have shown 

that 26S proteasomes remained defective in the degradation of ubiquitinated proteins even after they had 

been purified from the brains of the rTg4510 tauopathy mouse model that develops robust tau aggregates 

(40). Therefore, the evidence suggests that the persistence of proteasome deficiency in tauopathy caused 

by tau aggregates can cause fundamental changes in the quaternary structure of the 26S complex leading to 

a profound deterioration of its function.  

Unless they are removed, toxic tau aggregates can disrupt the proper function not only of the UPS but of 

the nervous system. To prevent impairment of the proteasome-mediated degradation associated with 

tauopathy, we tested whether proteasome activity could be directly enhanced in vivo through cAMP/PKA-

mediated phosphorylation, which we achieved by administration of PDE inhibitors (rolipram or cilostazol) 

(40, 48). Enhanced proteolysis resulted in attenuation of tauopathy and rescued cognitive decline in the 

rTg4510 mouse line. Other independent studies have confirmed that phosphorylation of proteasome 

subunits by protein kinase A (PKA) (49, 50) and other kinases such as protein kinase G (PKG) (51, 52) and 

dual-specificity tyrosine-regulated kinase 2 (DYRK2) (53, 54) can enhance proteasome-mediated protein 

degradation similarly. Therefore, the possibility of proteasome activity as a drug target is especially 

appealing as it can be applied to several proteinopathy diseases. The extent to which proteasome activation 

is required to maintain safety and therapeutic efficacy is not known. However, in general, cell-wide 

activation of protein degradation by proteasome or autophagy may not be a desirable strategy for long-term 

treatment of chronic neurodegenerative disease. Thus, targeting toxic tau in the specific neuronal 

compartments that are reported to accumulate tau in the early stage of AD before immunohistochemical 

detection of somatic NFT, could potentially be a safer strategy to prevent overt aggregation and spread of 

tau. 

One therapeutic strategy that we devised for this study is the clearance of tau restricted to the post-synaptic 

compartment. By utilizing the pharmacology of G protein‐coupled receptors (GPCRs) that mediate 

activation of adenylyl cyclase (AC), production of cyclic adenosine monophosphate (cAMP) and 

stimulation of PKA with region, cell type and sub-cellular -specific patterns (55), we hypothesized that 

stimulation of particular GPCRs can lead to PKA-dependent clearance of toxic tau species accumulated in 

dendritic spines and dendrites. We envisaged that this is a plausible hypothesis because GPCRs that mediate 
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slow synaptic transmission by modulating the release and binding of neurotransmitters (55-57) are situated 

on the pre and post-synaptic terminals (55) and can propagate signal transduction restricted to synapses.  

In our study, we tested whether stimulation of pituitary adenylate cyclase-activating polypeptide (PACAP) 

type 1 receptor (PAC1R), a Gs-coupled GPCR, present on the membrane of the post-synaptic compartment 

can stimulate cAMP/PKA/proteasome tau degradation predominantly in the post-synaptic compartment. In 

the brain, PAC1R is stimulated by its ligand PACAP, which acts as a neurotransmitter, neurotrophic factor, 

and a neurohormone (58, 59). Its effect on cell survival is mediated through stimulation of AC/cAMP/PKA 

signaling (60). In mammals, two biologically active forms of PACAP have been identified. The 

predominant form in CNS is PACAP38, composed of 38 amino acids, and the minor form is PACAP27, 

composed of the first 27 amino acids of PACAP38 (59).  

In this study, the subcellular characterization of tau species across different stages of tauopathy in rTg4510 

mice and post-mortem tissue from AD patients shows that post-synaptic compartments are highly 

vulnerable to tau pathology due to accumulation of seed competent, high molecular weight (HMW), AT8 

positive tau forms. Moreover, the chronic stimulation of PAC1R by PACAP38 (hereafter PACAP) resulted 

in proteasome-mediated clearance of post-synaptic tau, overall reduced hyper-phosphorylated and 

aggregated tau and improved cognitive performance in rTg4510 mice.  

 

RESULTS 

Deposition of pathological tau in post-synaptic compartments  

Physiological tau is present predominantly in the axon of neurons with low levels present in the soma, 

dendrites, and pre-synaptic axon terminals (61-64). In contrast, synaptosomes isolated from AD brains 

contain high levels of hyper-phosphorylated (11, 65) and ubiquitinated (29) insoluble tau forms. Studies on 

primary neuronal cultures (15, 66, 67) and tauopathy mouse models (14, 68, 69) support the mechanism of 

missorting of tau to dendrites/post-synaptic compartments in early stages of the disease leading to 

disruption of synaptic function (70-72), loss of dendritic spines (14, 67, 73, 74) and cognitive impairment 

(14, 73, 75, 76). It is thought that the deposition of tau to dendrites marks an important event in AD due to 

its ability to mediate amyloid-β toxicity inside neurons (74). Despite mounting evidence that the 

accumulation of abnormal tau is synaptotoxic, it is not clear how tau pathology leads to synaptic dysfunction 

and loss.  

To study the spatial and temporal distribution of tau species across tauopathy stages in rTg4510 mice, we 

used a method of sub-cellular fractionation in sucrose isotonic buffers to isolate synaptosomes and sub-

synaptic compartments from a cytosolic fraction (Supplementary Fig. 1A (schematic diagram)). These 

structures form instantaneously when tissue is homogenized in sucrose isotonic buffers, whereby synaptic 

boutons reseal to form spherical structures known as synaptosomes. To investigate the distribution of tau 

within synapses, gradient-purified synaptosomes were further separated into pre and post -synaptic 

compartments. Thus, from the total extracts we generated cytosolic, synaptic, pre and post -synaptic 

fractions from WT (3 and 8 months of age) and rTg4510 mice across three stages of tauopathy: early (3 

months), mid (5 months) and late -stage (8 months) from intact cortical brain tissue (Fig. 1A, for uncut 

blots, see Supplementary Fig. 1B).  

The biochemical state of tau species across fractions was assessed by quantitative immunoblotting, and the 

ratio of 64-kDa to 55-kDa tau bands (referred to as the 64/55-kDa tau ratio) was used to indicate the 

tauopathy stage in these mice. The slower migrating, 64-kDa-tau, represents disease-associated, hyper-

phosphorylated, and highly aggregable species of tau, whereas the 55-kDa tau is associated with soluble 

and the physiological form of tau (Fig. 1A).  

Here we show that cytosolic fraction displayed a 15-fold increase in the ratio between 64/55-kDa tau as 

tauopathy progressed (from 3-8 months) due to an inverse correlation of 64 and 55-kDa tau levels (Fig. 1A, 

B). In synaptic and post-synaptic fractions, we detected a lower (~ 6 fold) increase in the 64/55-kDa tau 

ratio across tauopathy stages due to the parallel accumulation of 55 and 64 -kDa synaptic tau (Fig. 1 A, B). 

Within synapses, pre-synaptic fractions exhibited remarkably different tau composition compared to post-

synaptic fractions as levels of 55-kDa and 64-kDa tau progressively increased in post-synaptic fractions 

from 3 to 8 months old animals, whereas pre-synaptic fractions contained mainly 55-kDa tau with moderate 
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decrease of tau levels from 3 to 8 months in rTg4510 mice (Fig. 1 A, B). The latter could be due to retraction 

of tau from pre-synaptic space and axonal projections to somato-dendritic compartments and/or reduced 

pre-synaptic terminals.  

Next, we assessed AT8 (pS202/pT2015 tau) immunoreactivity across the fractions as this epitope is 

considered to be a typical marker of early to moderate stage of tau pathology with immunoreactivity 

confined to soma and dendrite (77). Here we show that AT8 positive tau is present in cytosolic and synaptic 

fractions (Fig. 1A). However, within synapses, it is overwhelmingly present in post-synaptic compartments. 

Moreover, in pre-synaptic compartments, AT8 positive tau is virtually undetectable similar to fractions 

from WT animals (Fig. 1A). This is in accordance with other published studies that have shown that tau 

accumulates in dendritic spines and that aberrant phosphorylation plays a critical role in tau mislocalization 

to post-synaptic compartments (14, 68). In WT animals, tau displayed equal distribution of synaptic tau in 

the pre and post -synaptic fractions, and age (3, 8 months) did not affect the sub-synaptic distribution of tau 

(Fig. 1A). Markers for pre-synaptic (synaptophysin) and post-synaptic (PSD95 and CaMKIIα) fractions 

were used to validate the corresponding fractions, showing a significant reduction of post-synaptic markers 

in rTg4510 mice, indicative of spine loss (Fig. 1 A, C). Synaptophysin exhibited a non-significant reduction 

in presynaptic fractions, as was reported by other studies in rTg4510 (70) (Fig. 1 A, C).  

To investigate the aggregation state of tau in synapses, we generated tau-enriched insoluble extracts from 

the total lysate, synaptic, and cytosolic fractions of rTg4510 mice with early, mid and late -stage tauopathy 

(Supplementary Fig. 1C). Our data show that insoluble synaptic tau was present at high levels in two 

forms, as non-phosphorylated 55-kDa and as phosphorylated (pS202/pT205) 64-kDa tau (Supplementary 

Fig. 1 C, D). Insoluble total extract, similar to insoluble cytosolic extract, contained mainly 64-kDa 

phosphorylated (pS202/pT205) tau (Supplementary Fig. 1 C, D) resulting in 3-fold increase in the ratio 

of 64/55kDa tau from 3 to 8 months of age, compared to lower (1-fold) increase in 64/55kDa tau ratio in 

the synaptic fraction (Supplementary Fig. 1 C, D). These results suggest that as tauopathy worsens, the 

synapses are enriched with distinct forms of tau aggregates compared to tau aggregates in other subcellular 

compartments.  

Additionally, we performed a quality control experiment to confirm that the tau observed in post-synaptic 

fractions was truly accumulated in synapses and was not a contaminant that had co-sedimented with 

synaptosomes during the sucrose gradient centrifugation. Crude synaptosomes generated from WT mice 

were mixed with insoluble tau aggregates generated from equal amounts of brain lysate from 3 and 8 months 

old rTg4510 mice, and together with rTg4510-derived crude synaptosomes were further subjected to 

discontinuous sucrose gradient centrifugation to isolate purified synaptic fractions (Supplementary Fig. 

2A (schematic diagram)). Post-synaptic fractions from WT mice mixed with aggregates of 3 and 8 months 

old rTg4510 mice were either negative or showed negligible amounts of tau, respectively (Supplementary 

Fig. 2B), whereas tau in post-synaptic fractions from rTg450 extracts showed a similar synaptic distribution 

as in Fig. 1A. Input extracts from WT mice mixed with tau aggregates before gradient centrifugation show 

a similar distribution of tau as extracts from rTg4510 mice (Supplementary Fig. 2C). 

Furthermore, sedimentation of isolated synapses by continuous glycerol density centrifugation (10-40% 

glycerol) from rTg4510 and WT mice mixed with insoluble tau aggregate from 8 month old rTg4510 

(Supplementary Fig. 2D) confirmed that virtually no tau was present in eluants from the corresponding 

synaptic compartment (fractions 6 and 7) of WT mice mixed with tau aggregates. However, in rTg4510 

mice, tau eluted in fractions corresponding to synapses (fractions 6 and 7) (Supplementary Fig. 2E). Thus, 

we confirmed that tau detected in the post-synaptic fractions in Fig. 1A represents accumulated synaptic 

tau and not tau aggregates from other cell compartments.  

To examine the accumulation of tau into synapses and the distribution of tau between pre and post -synaptic 

compartments in AD and age-matched non-demented control brains, we performed a similar fractionation 

assay using post-mortem brain tissue from cortical Brodmann area 9 (BA9), an area that is progressively 

affected in AD (5) (Supplementary Table 1).  In patients with AD, tau accumulates into high molecular 

weight (HMW) oligomers that assemble into filaments and tangles as the disease progresses (78, 79). Our 

data show that cytosolic and synaptic fractions of AD brains exhibit ~7-10-fold increase in HMW and AT-

8 positive tau compared to control cases which display non-phosphorylated monomeric tau enriched in 
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cytosolic fractions and low amount of tau present in synapses (Fig. 1 D-G. For uncut blots see 

Supplementary Fig. 3). Moreover, post-synaptic fractions from AD brains accumulate significantly higher 

levels of monomeric, HMW and AT8 positive tau species compared to pre-synaptic fractions (Fig. 1 D-G), 

consistent with results from rTg450 mice. Previous studies from AD synaptosomes have also reported a 

trend in the increase in levels of tau in post-synaptic compared to pre-synaptic fraction, albeit using a 

different approach whereby synaptosome structures were fixed onto a glass slide followed by 

immunostaining and optical imaging (11). As expected, normal brains exhibited a negligible amount of tau 

in synaptic compartments and a non-significant difference in the distribution of tau between pre and post -

synaptic compartments (Fig. 1 D-F).  

Furthermore, we show that subcellular compartments that exhibited a significant increase in the levels of 

HMW, AT-8 positive tau species also exhibited a substantial increase in the levels of K48-linked ubiquitin 

chains that are the most prevalent proteasome-targeting signal (Fig. 1 D, H), confirming previous evidence 

that tau aggregates can cause dysfunction in the UPS-mediated protein clearance (29, 39, 40).  

Consistent with previous studies (80), protein markers of post-synaptic (Fig. 1 D, I, J) and pre-synaptic 

compartments (Fig. 1 D, K) were significantly reduced in AD compared to normal brains tissue.  

Altogether, our results show that the accumulation of hyper-phosphorylated and aggregated tau into 

synaptic compartments is a pathological feature of tauopathy disorders. Moreover, we show that missorting 

and the progressive deposition of pathogenic forms of tau predominantly into post-synaptic compartments 

occurs in a mouse model of tauopathy and in the brains of AD patients making these synaptic structures 

particularly vulnerable to tau toxicity. Post-synaptic tau toxicity could be further exacerbated by apparent 

impaired UPS clearance, which we detected by measuring the levels of K48-linked ubiquitin chains that 

target proteins to proteasomal degradation.  

 

Post-synaptic tau species exhibit high seeding activity  

An essential feature of tauopathy is that seed competent tau is preferentially transported trans-synaptically 

across anatomically connected regions (6, 18, 19, 28, 81). For trans-synaptic transmission to occur, tau 

seeds would have to be present in the pre and post -synaptic compartments of neurons and be able to corrupt 

tau monomers in recipient synapses/cells. Accordingly, we show in Fig.1 that pathological tau can be found 

in isolated pre and post -synaptic fractions from AD post-mortem brains. Other immunohistological studies 

have shown tau to co-localize with both pre and post -synaptic markers of isolated synaptosomes from AD 

patient brains (11, 29, 82).  

To test whether tau species detected in pre and post -synaptic fractions from mice and human samples have 

seeding activity, i.e., the ability to recruit and misfold endogenous tau monomers, we used HEK 293 cell 

line that stably expresses repeat domain of tau with two diseases associated mutations (P301L and V337M) 

fused with YFP (RD-P301L/V337M-YFP) (24, 25). This cell line, (denoted as DS1 clone, a kind gift from 

Dr. Diamond) lacks tau aggregates, however, upon exposure to exogenous tau seeds, DS1 cells can 

indefinitely propagate tau aggregation. Previous studies with similar biosensor cells have shown seeding 

activity of tau from the total (83) and synaptosome extracts (65) of AD brains, indicating that seeding 

activity can be a marker of disease progression that manifests before histopathological detection of NFTs.   

DS1 cells were exposed overnight to an equal amount of tau (3 ng/well) from rTg4510-derived pre and post 

-synaptic fractions from mice with early, mid and late -stage tauopathy. Pre-synaptic tau exhibited 

negligible seeding activity across disease stages (Fig. 2 A, B), whereas tau from post-synaptic fractions 

showed significant seeding activity between early and late stages of tauopathy (Fig. 2A, B). In contrast, pre 

and post -synaptic fractions from WT animals showed no seeding activity (data not shown). 

Furthermore, when we tested the seeding activity of tau (5ng/well) derived from isolated pre and post -

synaptic fractions from normal and AD cases, we observed similar results as with transgenic tau mouse 

seeds. Pre and post –synaptic tau from normal brains exhibited negligible seeding activity. However, tau 

from pre and post -synaptic fractions of AD cases displayed significant seeding activity. Specifically, tau 

from post-synaptic compartments showed significantly more seeding activity compared to tau from pre-

synaptic fractions when an equal amount of tau was added to cells (Fig. 2 C, D). 
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These results show that there is a positive correlation between the spatial distribution of tau within synapses 

and the seeding competency of synaptic tau species to induce aggregation in the biosensor assay. Moreover, 

seed competent tau was present in post-synaptic compartments before any detectable deficit in post-synaptic 

markers and before mature tangles were detected in rTg4510 mice. 

 

PACAP can attenuate seed-induced misfolding of endogenous tau  

Upon uptake by neurons, extracellular tau seeds can trigger misfolding and mislocalization of endogenous 

monomeric tau (84, 85). It is proposed that tau seeds can act as a template for the amplification of 

pathogenic tau, initially within recipient neurons followed by propagation of seeds to neighboring neurons 

across synaptic connections throughout the brain. 

For effective therapies that target the trans-synaptic spread of pathogenic tau, it is vital to target toxic tau 

in synaptic compartments. One strategy would be to prevent tau aggregates from being released and spread 

by enhancing tau clearance at the synapses.  

We first tested whether stimulation of PAC1R signaling and enhanced proteasome activity by PACAP can 

lead to reduced misfolding of endogenous tau upon exposure to tau seeds in primary neuronal cultures from 

the PS19 tau transgenic line that encodes the P301S tau mutation.  

After being released from axon terminals, PACAP exerts its physiologic function by binding to, and 

stimulating PAC1R, a Gs-coupled GPCR, primarily located on post-synaptic membranes of neurons leading 

to potent activation of cAMP/PKA signaling (58, 59). Through these intracellular signaling pathways, 

PACAP promotes neurogenesis and differentiation during neurodevelopment (86, 87), inhibits apoptosis 

(88, 89) and provides neuroprotection (60, 90-92) under various toxic stimuli in the developed brain.  

PS19 primary neuronal cells were exposed for five days to tau seeds generated from HEK 293 clonal line 

expressing RD-P301L/V337M-YFP that show tau aggregation and high seeding activity (DS9 clone. A 

kind gift from Dr. Diamond). The accumulation of conformationally altered and misfolded insoluble tau 

was assessed after soluble tau was removed by incubating neurons with 0.1% Triton-X100 during the 

fixation step, followed by MC1 and MAP2 (dendritic marker) mAb immunostaining (93). PS19 primary 

neurons not exposed to seeds (Fig. 3A) or treated with PACAP alone (Fig. 3B) do not accumulate MC1 

positive tau. However, neurons exposed to tau seeds show seeding activity and accumulation of insoluble 

tau mainly in MAP2 positive dendrites (Fig. 3C). One day after seed exposure, neurons were treated for 

four days with 100 nM PACAP (Fig. 3D) or pre-treated with 200nM of a PAC1R antagonist, the N-

terminally truncated PACAP(6-38) (94), 6 hours before the addition of 100 nM PACAP (Fig. 3E). 

Treatment with PACAP resulted in a significant reduction in the templating of endogenous tau into 

insoluble MC1 positive tau (Fig. 3 D, F), and pretreatment with PACAP antagonist prevented the effect of 

PACAP treatment alone (Fig. 3 E, F). The same experimental paradigm was used when 0.1% Triton-X100 

was omitted during the fixation step to show that survival and neurite integrity was not compromised during 

seed exposure (Supplementary Fig. 4 A-E) and during the treatment paradigm (Supplementary Fig. 4 C-

E). Overall these results suggest that PACAP, via its receptor- PAC1R, mediated intracellular signaling 

leading to reduced seed-competent tau and the accumulation of insoluble MC1 positive tau, suggesting that 

targeting tau clearance in dendrite/post-synaptic compartments could be used as a synaptic therapy 

approach.  

 

PACAP treatment reduces synaptic tau pathology in rTg4510 mice 

In situ hybridization studies of adult brains show that PACAP and PAC1R receptors are widely distributed, 

with the highest amounts of PACAP detected in the hypothalamus (95, 96). However, high levels of PACAP 

and PAC1R are also present in the cerebral cortex, the dentate gyrus, CA1, and CA3 pyramidal neurons of 

the hippocampus, striatum, and nucleus accumbens (97-101). Immunohistochemical labeling of the PAC1R 

protein shows that, in neurons, the receptor is primarily located in neuronal perikarya and dendrites (95). It 

has been reported that PACAP but not PAC1R levels start to decline before the onset of AD dementia as 

early as the MCI-AD stage and that this reduction in PACAP levels was shown to be region-specific, 

targeting vulnerable areas of the AD brain (102). Interestingly, a deficit in PACAP was also reported in 

PS1/APP/tauP301L triple transgenic mice (103), and intranasal administration of PACAP in APP 
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transgenic mice showed a reduction of Aβ plaques and increase of sAPPα (103). This effect of PACAP on 

the amyloid pathway could be due to the overall impact of Gs-coupled GPCRs that have been shown to 

promote the non-amyloidogenic cleavage of APP by  secretase, generating a neuroprotective sAPP 

peptide and at the same time reducing A plaque burden (104, 105).  

Because PACAP, through its receptor, would primarily exert its effect on dendrites and dendritic spines, 

we used rTg4510 mice known to accumulate tau in post-synaptic compartments early in the disease (Fig. 

1A), to test whether stimulation of PAC1R receptor by PACAP could promote compartment-restricted 

activation of PKA/proteasome-mediated clearance of toxic tau species in early-stage (~4 months of age) 

rTg4510 mice. Our published studies and others have shown that enhanced proteasome activity through 

PKA can facilitate the clearance of tau in vitro (106, 107) and in vivo (40). In our studies, treatment was 

achieved by intraventricular administration of PACAP via Alzet osmotic pump, allowing for slow and 

continuous infusion for 30 days of PACAP (10 pmol/h; with a rate of 0.25 µl/h) and vehicle (0.9% saline 

and 0.1% BSA). After treatment and behavioral testing, cortical brain regions were harvested and subjected 

to the sub-cellular fractionation method. Isolated fractions (cytosol, crude synaptosome, synaptosome, pre 

and post -synaptic fractions) were analyzed by quantitative immunoblotting for tau species.  

Our results show that PACAP treatment caused a significant decrease in the levels of total tau in the post-

synaptic fraction compared to vehicle-treated mice (Fig. 4 A, B. For uncut blots see Supplementary Fig. 

5). Moreover, the subcellular distribution of phospho-tau species varied between fractions. For instance, 

pS202/T205 tau, predominantly found in the cytosolic and post-synaptic fractions was significantly reduced 

in PACAP treated animals, (Fig. 4 A, C) and pS396/PS404 tau that had been evenly distributed across all 

fractions was markedly decreased in the synapses (pre and post -synaptic fractions) (Fig. 4 A, D). We also 

assessed the level of pS214 tau, which is a marker of stimulated cAMP/PKA signaling and an indication 

that PKA signaling was active during PACAP treatment. In the cytosolic fraction, where most metabolic 

chemical reactions occur, we detected a significant increase in pS214 tau levels in PACAP treated compared 

to vehicle-treated littermates (Fig. 4 A, E). Within synapses, pS214 tau was predominately found in the 

pre-synaptic compartment and was significantly reduced in PACAP treated mice (Fig. 4 A, E). 

Interestingly, the migration pattern of 55 and 64 kDa tau species appeared to differ between pre and post -

synaptic compartments, with pre-synaptic fractions containing 55-kDa tau and post-synaptic fractions 

containing predominately the 64-kDa tau forms, which is recognized to be a pathological and aggregated 

form of tau (Fig. 4A).  

Next, we tested the amount of K48-linked poly-ubiquitinated proteins across fractions to determine 

proteasome activity indirectly. Our data show that proteasome-specific ubiquitinated proteins were 

significantly lower in cytosolic, pre and post-synaptic fractions (Fig. 4 A, F), suggesting enhanced 

proteasome activity resulted in reduced ubiquitinated protein levels. 

Moreover, we tested the distribution and the levels of PAC1R receptors upon PACAP treatment. We show 

that the PAC1R receptor is present predominantly in the post-synaptic fractions, confirming what other 

studies have suggested that the receptor is present on the membrane of dendrites (Fig. 4 A, G). Furthermore, 

PACAP treatment caused a significant decrease in the levels of PAC1R in the post-synaptic compartments 

(Fig. 4 A, G), showing target engagement due to the effect of agonist-induced activation of the receptor 

leading to internalization for fine-tuning of the PAC1R signaling (108-110).  

Extracts from fractionation assays were tested for markers of post-synaptic (PSD95 and CamkII) (Fig. 4 A, 

H, I) and pre-synaptic (Synaptophysin) (Fig. 4 A, J) compartments, which were detected in the 

corresponding fractions. Their levels were not changed upon PACAP treatment.  

Overall the results show that in vivo stimulation of a GPCR (PAC1R receptor) by its ligand can propagate 

intracellular signaling that can lead to reduced total tau in the post-synaptic compartment and reduced 

phospho-tau in synapses and overall reduced UPS-specific ubiquitinated proteins in rTg4510 mice.  

 

PACAP- via PKA increases phosphorylation and the activity of synaptic 26S proteasome 

In previous studies, we have shown that increasing cAMP/PKA signaling by PDE inhibitors resulted in 

PKA-mediated phosphorylation and enhanced proteolytic activity of 26S proteasomes leading to clearance 

of mutant tau and overall attenuation of tauopathy in mice (40, 48).  
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Because PACAP-induced signaling is expected to be restricted to where the PAC1R receptor is present, we 

hypothesized that PACAP treatment would enhance proteasome function predominantly in post-synaptic 

compartments. Published studies on the subcellular distribution of 26S brain proteasomes have shown that 

UPS components are abundant in synapses and there are no detectable differences in proteasome subunit 

composition between cytosolic and synaptic proteasomes (111). To test whether PACAP preferentially 

enhanced synaptic proteasome activity, we isolated synaptic and cytosolic 26S proteasomes by the affinity 

purification method, which yields purified and functionally intact 26S proteasomes (40, 112).  

First, we performed a kinetic assay, whereby degradation of a fluorogenic substrate by purified 26S 

proteasomes was monitored over 60 min (Fig. 5A). As shown, PACAP treated 26S proteasomes displayed 

a higher degradation rate of the fluorogenic substrate compared to vehicle-treated 26S proteasomes (Fig. 

5B). Specifically, PACAP-treated synaptic 26S proteasomes showed a significantly higher slope of reaction 

compared to PACAP treated-cytosolic 26S proteasome (Fig. 5B). Moreover, purified 26S proteasomes 

were resolved by native PAGE assay to assess the in-gel proteolytic activity of doubly and singly -capped 

26S particles (Fig. 5C). The singly-capped 26S proteasomes from PACAP treatment displayed a significant 

increase in activity (Fig. 5D, E), with synaptic 26S singly-capped proteasomes displaying the highest (~2.5) 

fold increase in activity (Fig. 5D, E).  

To assess whether stimulated PKA enhanced proteasome activity via serine and threonine phosphorylation 

of proteasome subunits we analyzed purified 26S proteasome from fractions by quantitative 

immunoblotting with an antibody to PKA-dependent phosphorylation (Fig. 5C). A significant increase in 

the phosphorylation of serine and threonine epitopes of several subunits was evident in cytosolic and 

synaptic fractions of the PACAP-treated group, with a more prominent increase in phosphorylation of 

PACAP treated synaptic proteasomes (Fig. 5F, G). The levels of 26S proteasomes represented by Rpt6 and 

20S subunits remained unchanged (Fig. 5C).  

PACAP-mediated enhanced proteasome activity was confirmed in PAC1R-expressing HEK293 cells (A 

kind gift from Dr. Victor May). Treating these cells with increasing concentrations of PACAP for 16 hours 

led to a concentration-dependent increase in activity (Fig. 5H, K) and phosphorylation levels (Fig. 5I, L), 

of 26S proteasomes without a change in 26S proteasome levels (Fig. 5J).  

Overall our data demonstrate that stimulation of PAC1R, present predominantly on the post-synaptic 

compartment, resulted in a pronounced PKA-dependent phosphorylation and activity of synaptic 26S 

proteasomes.  

 

PACAP treatment attenuates tauopathy  

Next, we assessed whether PACAP treatment could reduce tau phosphorylation and tau aggregation 

throughout the cortex. A previous study has shown that intranasal administration of a PACAP analog to 

spinobulbar muscular atrophy (SBMA) mice, characterized by phosphorylation and polyglutamine 

expansion of the androgen receptor (AR), reduced phosphorylation and aggregation of the mutant protein 

(113). For our studies, cortices of rTg4510 mice treated with PACAP or vehicle were used to prepare total 

and insoluble extracts, and the levels of total and phosphorylated tau species were assessed. PACAP 

treatment significantly reduced amounts of total and phosphorylated tau in both the total extract (Fig. 6A) 

and the insoluble fraction (Fig. 6B. For uncut blots see Supplementary Fig. 6). Consistent with the data 

from cytosolic fraction, PACAP treatment increased the levels of pS214 tau in the total extract confirming 

that PKA activity was enhanced during in vivo continuous infusion of PACAP (Fig. 6A). 

Immunohistochemical analyses also show that PACAP treatment reduced levels of pS396/pS404 tau 

significantly (Fig. 6C). 

These results suggest that designing therapies that target clearance of mislocalized post-synaptic tau can 

attenuate hyper phosphorylation and aggregation of tau throughout the brain.  

 

PACAP improves cognitive performance in early-stage tauopathy 

To assess the effect of PACAP on tauopathy-associated cognitive impairment, we examined WT and 

rTg4510 mice for hippocampal-dependent spatial learning memory and declarative (episodic) memory, by 

Morris water maze test (MWM) and novel object recognition test (NOR), respectively. In the MWM test, 
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we observed a difference between PACAP and vehicle-treated rTg4510 mice (treatment effect F [1, 45] = 

18.3, p < 0.001) and between WT and rTg4510 mice (genotype effect F [3, 62] = 20.6, p < 0.0001) (Fig. 

7A). PACAP treated animals showed a significant reduction in latency to reach the hidden platform starting 

at day 1 of the experiment (t=3.08, df=310, p < 0.05). This effect was sustained at day 2 (t=2.91, df=310, p 

< 0.05), day 4 (t=3.10, df=310, p < 0.05) and day 5 (t=5.25, df=310, p < 0.001) of the experiment. The 

effect could not be attributed to a general improvement in cognition or performance, as PACAP treatment 

did not affect the performance of WT mice (day 5 [t=0.05, df=310, ns]). Summary of behavioral 

performance is visualized by trace analyses of the swim path in a heat map, showing improvement in latency 

of PACAP treated rTg4510 mice (Fig.7 B). 

We next evaluated the exploratory behavior of mice by the NOR paradigm. During the object acquisition 

phase, mice spent equal time exploring object 1 (t=0.109, df=189) and 2 (t=0.71, df=189) (Fig. 7C). During 

the object recognition trial, PACAP treated mice showed a preference for a novel object, spending 

significantly more time exploring the novel object (t=2.543, df=189, p<0.05) (Fig. 7C). The discrimination 

index was also increased significantly (t=2.656, df=46, p<0.0108) in PACAP treated littermates (Fig. 7D). 

Vehicle treated mice failed to discriminate between novel and familiar objects, and they spent equal percent 

time exploring both objects.  

 

Discussion  

Normally tau is a cytosolic protein that is not found in large amounts in synapses (29). However, in the 

early stages of AD, tau is missorted to the dendritic compartment where it is thought to alter synapse 

stability, contribute to synaptic dysfunction and to loss of dendritic spines (14, 72, 114-117). Using a sub-

cellular fractionation assay, we examined the biochemical properties of synaptic tau in the pre and post -

synaptic compartments across tauopathy stages in the rTg4510 mice and in human control and AD post-

mortem brains. Our studies in rTg4510 mice show that highly aggregable (~ 64kDa) and AT-8 positive tau 

species were found to accumulate progressively across stages of tauopathy in the post-synaptic 

compartments, which correlated with a significant decrease in post-synaptic markers. Interestingly, pre-

synaptic compartments were moderately enriched with non-phosphorylated tau that remained the same 

across tauopathy stages. Consistent with the mouse data, HMW, AT-8 positive synaptic tau in the human 

AD brain accumulated mainly in post-synaptic compartments. Furthermore, synapses from normal brains 

exhibited low levels of tau with no apparent difference in distribution between pre and post -synaptic 

compartments. During disease progression, several mechanisms working simultaneously could account for 

the overwhelming deposition of tau in post-synaptic compartments. For instance: 1) Mislocalization of 

phospho-tau to dendrites that occurs early in disease pathogenesis. 2) Release of tau from intact or 

degenerating pre-synaptic terminals into the extracellular space that can be readily taken up by post-

synaptic compartments. 3) Misfolded phospho-tau in post-synaptic compartments could impair local 

proteolysis resulting in failure to remove aggregation-prone tau and proteotoxicity. Our finding that post-

synaptic compartments from the AD brain contain high levels of ubiquitinated proteins compared to pre-

synaptic compartments supports the third idea. Other published evidence suggests that phospho-tau 

oligomers present in synaptosomes interact directly with synaptic 26S proteasomes, potentially impeding 

the proteolytic activity of the local 26S proteasomes causing accumulation of ubiquitinated proteins (29). 

A recent study in microfluidic devices suggests that robust proteolysis of tau in synapses contributes to the 

polarized distribution of tau mainly in axons and that downregulation of UPS or autophagy in synapses 

leads to missorting of tau to dendrites followed by loss of dendritic spines (15).  

The toxic tau species that accumulate in post-synaptic compartments early in the disease can act as seeds 

for aggregation and spread of tau pathology in other subcellular compartments within a neuron and across 

synapses to neighboring neurons. Recent studies have demonstrated that seed competent tau that can cause 

aggregation of naïve monomeric tau is present in the total lysate (83) and synaptosome (65) extracts of 

human AD brains before the onset of tau pathology detected by IHC. Herein our results extend these 

findings by demonstrating that isolated post-synaptic compartments contain tau that exhibits significantly 

higher seeding activity than tau in the pre-synaptic compartment from transgenic mice and human AD 
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brains. This apparent difference in pathogenicity of tau seeds could be due to the differential distribution of 

tau species across synapses, i.e., HMW phospho-tau that is overwhelmingly present in post-synaptic 

compartments. Furthermore, the seeding activity of post-synaptic tau is evident even before overt somatic 

aggregation of tau in rTg4510.  

To develop effective therapeutic strategies that can target accumulation of tau in synaptic compartments in 

early stages of the disease before the accumulation of neurofibrillary tangles, we employed a strategy of 

GPCR-mediated stimulation of downstream cAMP/PKA signaling and subsequent enhancement of 

proteasome-mediated clearance of tau in post-synaptic compartments (Fig. 8).  

The GPCRs mediate critical physiological functions and are considered one of the most successful drug 

targets, as ~34 % of all drugs approved by the FDA target 108 GPCRs for a broad spectrum of diseases 

(118). Activation of Gs-coupled GPCRs that transduce the classical AC/cAMP/PKA signaling has been 

suggested as a therapeutic approach for AD primarily due to its anti-amyloidogenic effect involving alpha-

secretase dependent processing of APP and production of sAPPα, which is proven to be neuroprotective 

(104, 119). However, stimulation of Gs-coupled GPCR in tau-related pathology is less explored. Since 

GPCRs mediate slow synaptic transmission, then specific Gs-coupled GPCRs that are present in post-

synaptic and pre-synaptic membrane terminals (55) can stimulate cAMP/PKA signaling and presumably 

enhance UPS-mediated protein clearance in synapses. In our study, we investigated the effect of in vivo 

stimulation of the PAC1R receptor, a Gs-coupled GPCR, present on the membrane of dendrites of neurons 

in a mouse model that accumulates tau in the post-synaptic compartment in the early stage of the disease.  

Our data show that PACAP, through PAC1R, mediates therapeutic effect by enhancing PKA-dependent 

phosphorylation and activation of proteasomes and clearance of tau restricted to post-synaptic 

compartments (Fig. 8). Chronic treatment with PACAP resulted in a significant reduction of phosphorylated 

tau species in synapses and throughout the brain. We and others have shown previously that enhanced 

proteasome activity through PKA is dependent on phosphorylation of proteasome subunits (40, 49). Here 

we show that proteasomes purified from synaptic and cytosolic fraction of PACAP treated animals show 

an increase in proteolytic activity and an increase in phosphorylation pattern of proteasome subunits 

compared to purified proteasome vehicle-treated animals. Within PACAP treated proteasomes, synaptic 

proteasomes display more pronounced activity and phosphorylation compared to cytosolic proteasomes. In 

line with our work, a previous study has shown in a mouse model of HD (lineR6/2) that in vivo chronic 

stimulation of the A2A receptor resulted in a Gs-coupled response, improved proteasome function by PKA-

mediated phosphorylation and reduced HTT aggregates in striatal synapses (120). A recent study in tau 

transgenic mice expressing the FTD mutation DK280 demonstrated that administration of rolofylline, an 

antagonist of the Gi-coupled adenosine A1 receptor located on the membrane of synaptic terminals, which 

can lead to elevated cAMP signaling, restored neuronal activity, and prevented pre-synaptic impairment 

and dendritic spine loss. In this study, the status of synaptic proteasome function and synaptic tau 

concentrations were not assessed, but the same improvements in synapses were seen when tau aggregation 

was reduced (121). Furthermore, restoring dendritic spines loss by elevating cAMP levels by rolipram, a 

PDE4 inhibitor, was demonstrated to be dependent on activation of the UPS clearance pathway (122). 

Additionally, our results from behavioral analyses that evaluated hippocampal-dependent spatial learning 

memory and declarative (episodic) memory showed that PACAP treatment leads to significant 

improvement of cognitive performance.  

To address the limitation of this study, it is essential to note that although PACAP is known to have 

neurogenic, anti-apoptotic and neuroprotective properties, its metabolic instability remains a major issue 

and represents a limitation in clinical applications. Previously it was reported that PACAP rapidly 

undergoes enzymatic degradation by endopeptidases after its administration into the systemic circulation 

(123, 124). With the reported half-life of 5-10 min in the blood, PACAP would reach its site of action in 

the CNS at a diminished concentration (124). This disadvantageous property of PACAP reinforces the 

necessity to design PACAP derivatives or small molecules with chemical modifications that increase their 

enzymatic stability while maintaining selectivity and potency for the PAC1R receptor. While the clinical 

utility of PACAP is not supported, this study presents a novel therapeutic approach aimed at reducing post-

synaptic tau and attenuating the spread of pathological tau by pharmacological modulation of GPCRs 
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present on the membrane of post-synaptic compartments. Depending on the distribution of GPCR targets, 

this strategy could be designed to prevent the accumulation of proteins with regional, cellular, and sub-

cellular selectivity in the brain. 

In conclusion, we show by subcellular fractionation method the biochemical properties of tau in pre and 

post -synaptic compartments separately that led us to identify the difference in distribution and seeding 

activity of tau in synaptic compartments in AD and a mouse model of tauopathy. Post-synaptic 

compartments were shown to contain high levels of pathological tau, and potentially making these 

structures vulnerable to tau toxicity. To prevent tau toxicity in the post-synaptic compartment, we designed 

a therapeutic strategy of space-restricted receptor-mediated clearance of synaptic tau via the proteasome 

pathway, leading to overall reduced tau pathology and improved cognitive performance in the tauopathy 

mouse model. 
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MATERIALS AND METHODS 

 

Antibodies 

Monoclonal antibodies to total human tau (CP27; 1:5000), pS396 and pS404 (PHF1; 1:2500), and a 

conformational monoclonal antibody specific for PHF-tau (MC1; 1:500) were generous gifts from Dr. Peter Davies. 

Rabbit anti-human tau was from Dako (1:8000, A0024). Other tau antibodies: polyclonal rabbit pS214 tau was 

from Life Technologies (1:3000, #44-742G); mouse monoclonal pS202 and pT205 Tau (AT8, 1:2500, #MN, 

1020) and rabbit polyclonal pS262 (1:2000, #44-750G) were from Thermo Fisher.  Monoclonal anti-rabbit 

K-48 linked ubiquitin (1:1000, D905) from Cell Signaling.  Mouse monoclonal anti-PSD-95 (1:5000, 6G6-

1C9, #ab2723); rabbit monoclonal synaptophysin (YE269, ab32127, 1:5000) were from Abcam. CamKIIα 

(1:2000, A-1, sc13141) was from Santa Cruz Biotechnology. Dendritic marker, anti-rabbit MAP2 (1:500, 

ab32454), was from Abcam. Rabbit polyclonal PAC1R antibody (1:1000) was provided by Dr. Shioda. 

Rabbit monoclonal phospho-(Ser and Thr) PKA substrates (1:1000, #100G7E) from Cell signaling.  

Proteasome antibodies: Mouse monoclonal anti-Rpt6/S8 (#PW9265) and anti-proteasome 20S (α1–α7) 

(clone MCP231, #BML-PW8195) were from Enzo. Loading control markers anti-GAPDH (1:5000, clone 

GADH-71.1, #G8795) and Actin (1:5000 AC-74, #A2228) were from Sigma. Secondary antibodies were 

from Jackson Immunoresearch, anti-mouse (115-035-003) and anti-rabbit (111-035-003). 

 

Animals  

Mouse models. Protocols and procedures were approved by the Committee on the Ethics of Animal 

Experiments of Columbia University and were in full compliance with the US National Institutes of Health 

Institutional Animal Care. Double-transgenic rTg4510 mice express human tau with four microtubule-
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binding domain repeats (4R0N) and the P301L mutation (line FVB-Tg(tetO-MAPT*P301L 

human)#Kha/JlwsJ) under the control of mouse calcium-calmodulin kinase II–driven tetracycline-

controlled transcriptional activator (tTa) (line Tg(Camk2a-tTA). The strain of origin is FVB. For time-

course studies, male and female Tg4510 and WT mice aged 3–8 months were used (at least n = 9 per age 

group). For in vivo studies, male and female early-stage (3–3.5 months old) were used. No animal or 

extracted sample was excluded from any of the analyses. For treatment trials, mice from the same litters 

were randomly assigned to each experimental group (vehicle n=22 or PACAP n=27) and age-matched WT 

mice (vehicle n=10 and PACAP n=9). Drug administration and testing were performed in three sets of 

mice. Mice were housed in 12 h light–12 h dark cycles with free access to food and water.  

PS19 mice expressing human TauP301S (1N4R isoform) under control of the mouse prion promoter were 

obtained from JAX (Stock # 008169, strain name: B6;C3-Tg(Prnp-MAPT∗P301S)PS19Vle/J). The colony 

was maintained as hemizygous Tau PS19 that was used for generating E18 primary neuronal cultures.  

 

Behavioral testing  

Morris water maze. The Morris water maze test was carried out as previously described (125). After non-

spatial training, young (4–4.5 months of age) rTg4510 (27 PACAP and 22 vehicle-treated mice, analyzed 

in two experiments). A third test was performed on age-matched WT mice (9 PACAP and 10 vehicle -

treated). Mice underwent place-discrimination testing for five days with two trials per day. Statistical 

methods were not employed to predetermine sample size; however, compared to other reported in vivo 

studies with transgenic animals, our studies included higher numbers of animals. Mice from the same litter 

(4–5 mice per litter) were randomly assigned to each experimental group (vehicle or PACAP). Investigators 

carrying out tests were blinded to treatment group allocation. No animal was excluded from any of the 

analyses. We did not apply formal statistical tests for normality or equality of variances but assumed an 

approximation to the normal distribution when appropriate. Statistical analyses for the Morris water maze 

test were done by two way repeated measures ANOVA with Bonferroni correction, as described in the 

statistics section. 

Novel Object Recognition (NOR) test. NOR testing was performed in a white rectangular open field (60 

cm x 50 cm x 26 cm) surrounded by a black curtain. One day before testing, mice were individually 

habituated to the experimental apparatus without any objects for 5 min. During the training phase, animals 

were placed in the experimental apparatus with two identical rectangular objects and allowed to explore for 

10 min. For the testing phase, one rectangular object was replaced with a cylindrical object and animals 

were again allowed to explore for 10 min. To test short-term memory, animals were then returned to their 

cages for a 1 h inter-trial interval. To test long-term memory, animals were returned to their cages for a 24 

h inter-trial interval. Before both the training and testing phase, the objects and the apparatus were cleaned 

with ethanol. All training and testing sessions were recorded and analyzed using automated ANY-maze 

video tracking software. Exploration of an object was defined as the mouse sniffing the object within 2 cm 

of it or touching it while facing it. Object placement was balanced to control for potential spatial or side 

preference. The ability of the mouse to recognize the novel object was determined by dividing the meantime 

exploring the novel object by the mean of the total time exploring the novel and familiar objects during the 

test session (Tnovel/[Tnovel + Tfamiliar]. Exploration times were used to calculate a discrimination index (DI) as 

percent time exploring novel object minus time exploring familiar object divided by total time spent 

exploring both objects multiplied by 100 ([Tnovel- Tfamiliar]/[Tnovel+Tfamiliar] x 100). Testers were blind to the 

treatment group. For statistical analyses, we employed two-way repeated-measures ANOVA with 

Bonferroni correction described in the statistics section.  

 

Cell lines 

We used the HEK293 (Clone DS1) cell line generated by Dr. Marc Diamond’s lab (24) that stably expresses 

the repeat domain of 2N4R tau with two disease-associated P301L and V337M mutations fused with YFP 

(RD-P301L/V337M-YFP). These cells allow us to identify tau strains that can seed and template 

aggregation of endogenous monomeric tau. For seeding assays, DS1 clones were plated on 18mm coverslips 

coated with 0.05 mg/mL poly-D-lysine and cultured in DMEM containing 10% FBS, 100 U/ml pen /strep 
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and 1% nonessential amino acids. Additionally, we used HEK293 PAC1-EGFP receptor-expressing cell 

line that was maintained in DMEM/F-12 media containing 10% FBS, 100 U/ml pen /strep, 1% nonessential 

amino acids. 

 

Fractionation assay  
Postmortem frozen human brains (~300 mg/sample) or cortices from mice (3 cortices/sample) were 

homogenized on ice gently with a Heidolph RZR-1 homogenizer in ice-cold homogenization buffer (320 

mM sucrose made in hypotonic buffer, 25mM HEPES-KOH pH 7.5, 1mM EDTA, 5mM MES pH 7.5, 

5mM MgCl2, 5mM ATP pH 7.5, 1mM DTT, 10mM NAF, 25mM beta-glycerol-phosphate, phosphatase, 

and protease inhibitors). The workflow of the fractionation assay is schematically depicted in Supp. Fig.1A 

The homogenates were centrifuged at 500 x g for 5 min at 4ºC. The supernatant (total extract) was further 

centrifuged at 19, 000 x g for 20 min at 4ºC. The resulting supernatant is a cytosolic fraction, and the pellet 

is a crude synaptosome that was resuspended in homogenizing buffer.  

Discontinuous sucrose density gradient. Crude synaptosome extracts were layered on top of non-linear 

sucrose gradient (1.2M, 0.8M and 0.32M sucrose from bottom to top) and centrifuged at 300, 000 x g for 4 

hours at 4ºC. Synaptosomes sediment at the interface between 1.2M and 0.8M sucrose layer. To separate 

synaptosomes into pre and post -synaptic fractions. Collected synaptosomes (∼3–4 mL/sample) were 

diluted (in 0.01 mM CaCl2, 20mM Tris–HCl pH 6, 1% Triton X-100, with protease and phosphatase 

inhibitors) and mixed by inversion for 20 min at 4ºC. After incubation, samples were centrifuged at 40,000 

× g for 20 min. The resulting pellet was collected as a post-synaptic fraction, and the supernatant was 

collected as a pre-synaptic fraction. Following separation of pre and post-synaptic compartments, fractions 

were precipitated in ice-cold acetone or can be concentrated by Amicon-15 10kDa cut-off tubes. Both 

fractions were resuspended in PBS with 0.05% Triton X-100 with protease/phosphates inhibitors and 

sonicated. Fractionation assay was repeated at least three times. Protein concentration was determined by 

Bradford assay.  

Continuous Glycerol Density Gradient. Following isolation of synaptosomes, the extracts were subjected 

to centrifugation at 100,000 × g for 24h at 4°C in a 10–40% glycerol gradient. Following ultracentrifugation, 

16 fractions (800 μl each) were collected by the fraction collector. Proteins from each fraction were 

precipitated in ice-cold acetone. Before western blotting, two fractions were combined to one fraction 

resulting in 8 fractions total that were subjected to western blot analysis.  

 

Human post-mortem brain tissues 

Human tissue samples were provided by the New York Brain Bank at Columbia University Medical 

Center (CUMC). The demographics of human cases used in this study are listed in Supplementary 

Table 1. The specimens were obtained by consent at autopsy and have been de-identified and are IRB 

exempt to protect the identity of each patient. At the time of collection, approximately 300 mg block of 

BA9 region of the brain was dissected out of the frozen brain section and kept at −80°C until 

homogenization. All cases had been formerly examined by a CUMC neuropathologist to identify a 

neuropathological diagnosis for the Braak stage.  

 

In-gel proteasome activity 

HEK293 PAC1R-EGFP cells were harvested and homogenized in a buffer containing 50 mM Tris-HCl, pH 

7.4, 5 mM MgCl2, 5 mM ATP, 1 mM DTT, phosphatase inhibitors and 10% glycerol, which preserved 26S 

proteasome assembly and centrifuged at 20,000 × g for 25 min at 4 °C. The supernatant was normalized for 

protein concentration determined by Bradford assay. Samples (25μg/well lysate) were loaded on a 4% non-

denaturing gel and run for 180 min at 160 V. The activity of the 26S proteasome was measured by 100 μM 

Suc-LLVY-amc (BACHEM Bioscience) diluted in the homogenizing buffer, after incubation for 10-15 

minutes at 370C. 26S proteasome bands were detected by trans-illuminator with 365 nm light and 

photographed by iPhone 10S camera. For immunoblot analysis, native gels were transferred to detect 

proteasome levels using the 20S proteasome antibody, and phosphorylation status of 26S proteasomes by 
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PKA-specific phospho Ser/ Thre antibody. In-gel assay of 10nM purified 26S proteasomes from in vivo 

study was performed as described here.  

 

Primary neuronal cultures  
Dissociated cortical neurons from E18 PS19 tau of each independent embryo were individually cultured 

and genotyped to determine Tau PS19 or Non-Tg littermate. Neurons were plated at a density of ∼100,000 

cells and mounted on 18 mm glass coverslip (coated with 0.05 mg/mL poly-D-lysine) in neurobasal medium 

supplemented with 2% B27 and 0.5 mM Glutamax and Pen-Strep. Neurons were cultured for over three 

weeks in a 37°C incubator with 5% CO2. Half of the medium was replaced with fresh medium every 4-5 

days. Neurons on day 7-10 in vitro were exposed to tau seeds fromDS9 lysate that had been sonicated for 

60 pulses just before adding to neurons. Immunocytochemistry was performed at 15 -21 d after seeds 

treatment. 

 

Intracerebroventricular administration of pumps 
Mice were anesthetized with isoflurane for intracerebroventricular administration experiments using Alzet 

osmotic pumps (model #2004; Alzet Corp, Palo Alto, CA, USA) with a brain infusion kit (Alzet) according 

to the published protocol (126). Osmotic pumps, filled with sterile vehicle (0.9% saline and 0.1% BSA) or 

PACAP (10 pmol/h; with a rate of 0.25 µl/h) were subcutaneously implanted to allow continuous infusion 

into the lateral ventricle of the brain. The catheter was placed in the left lateral ventricle with the following 

coordinates based on bregma: 0.5mm posterior, -1.1 mm lateral (left) and -2.5 mm ventral. Mice were 

sutured and housed for four weeks. Animals were used in full compliance with the National Institutes of 

Health/Institutional Animal Care and Use Committee guidelines. The protocol was approved by the 

Committee on the Ethics of Animal Experiments of Columbia University Medical Center. 

 

In Vitro Seeding Activity of Tau 

In vitro tau seeding activity was conducted on HEK293 cells and primary neuronal cultures plated on 12-

well plates as previously described (25, 83). Seeding assay in HEK293 cells. The DS1 clonal line that 

stably expresses RD-P301L/V337M-YFP were plated in poly-D-lysine 18 mm coverslips at 100,000 

cells/well. The next day when cells were at 60–70% confluency and were transduced with 10 µl of lysate 

normalized to 3ng/µl per well of tau from rTg4510 mice or 5ng/µl per well of tau from human brains plus 

1% Lipofectamine 2000 (Invitrogen) diluted in OptiMEM (Thermo Fisher). Cells were incubated with 

lysate from rTg4510 or human brains for 24 or 48 h, respectively, before fixation with 4% PFA for 

immunofluorescence (see below). 

Seeding assay in primary neuronal cultures. Primary cortical neurons from PS19 mice were plated at 

density 100, 000 and were exposed at 14 days in vitro (DIV) to 25ug lysates from HEK293-DS9 clone that 

feature tau aggregates and have high seeding activity. DS9 lysate was used as tau seeds to induce 

aggregation and propagation of tau in naïve neuronal cells. Neurons were exposed to seeds for 5-7 days. To 

test whether PACAP can attenuate seeding activity, neurons were treated for four days before they were 

fixed for immunocytochemistry experiments. During fixation with 4% PFA, 0.1% Triton X-100 was used 

to remove soluble tau, and primary neurons were stained for conformationally altered tau (MC1) 5-7 days 

following seeding (Fig 3). In other experimental paradigms, we omitted Triton X-100 to assess neurite 

integrity during seed exposure (Supplementary Fig. 4). 

 

Immunoblot analysis 

Samples (5–10 µg protein) were typically run on 4–12% Bis-Tris gels (Life Technologies; WG1403BOX10) 

using MOPS buffer (NP0001) with antioxidant (NP0005). Proteins were analyzed after electrophoresis on 

SDS-PAGE and transferred onto 0.2-µm nitrocellulose membranes (Whatman). Blots were blocked and 

incubated with primary and secondary antibodies at concentrations listed below. Membranes were 

developed with enhanced chemiluminescent reagent (Immobilon Western HRP substrate and Luminol 

reagent (WBKLS0500, Millipore) using a Fujifilm LAS3000 imaging system. ImageJ (http://rsb.info. 
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nih.gov/ij) was used to quantify the signal. Relative intensity (fold change or fold increase, no units) is the 

ratio of the value for each protein to the value of the respective loading control.  

 

Immunofluorescence 

Primary neuronal cells and HEK293 (DS1) cells. Following treatment, neurons and DS1 cells were rinsed 

three times in PBS and fixed with 4% paraformaldehyde for 15 min at RT. In the case of neurons, 0.1% 

Triton X-100 was used to remove soluble tau, to allow for the detection of insoluble aggregates that stain positive 

for conformationally altered tau (MC1) 7days the following seeding. Alternatively, seeded neuronal cultures 

were fixed without Triton X-100. Afterward, cells were blocked for 1 h in 5% bovine serum albumin/PBS and 

were processed for immunofluorescence using the following primary antibodies: mouse anti-MC1 (1:500) 

and rabbit anti-MAP2 (1:500) for 24 h at 4 °C. Fluorescent-conjugated secondary antisera mixtures 

containing Alexa 488 IgG and Alexa 594 IgG (1:500) (anti-mouse and anti-rabbit Alexa, Invitrogen 

Molecular Probes) were used, respectively. Cells were mounted on coverslips with Prolong Gold antifade 

containing DAPI (Invitrogen). In the case of HEK293 cells after fixation, no antibody was used; instead, 

cells were mounted on coverslips for confocal imaging.  

 

Mouse brain tissue. Brains of rTg4510 mice were isolated after transcranial perfusion with PBS, and one 

hemisphere was drop-fixed in 4% PFA overnight then subject to cryoprotection treatment in 30% sucrose in 

PBS for 24 h. Free-floating brain sections (35 µm) from brains sectioned in the sagittal plane were used. The 

sections were incubated at 4 °C overnight with primary antibody diluted in PBS containing 0.3% Triton X-

100 and 5% normal goat serum blocking solution (Vector Laboratories, #S-1000). Antibodies were as follows: 

anti-mouse monoclonal pS396 and pS404 (PHF1-1:1,000). Following washes, sections were incubated with 

goat anti-mouse IgG Alexa 594 (1:500).  
Staining was visualized by confocal microscopy, Zeiss LSM710 confocal microscope at 20× dry and 40× 

oil immersion objectives. Sequential tile scans were performed to capture images of 1,024 × 1,024 

resolution. All images from the same experiment were taken at the same laser intensity and detector gain.  

 

Purification of 26S proteasomes 

Cortices from 6 mice were pooled each time proteasome purification was carried out, and 26S proteasomes 

were affinity purified using a UBL domain as the ligand. Briefly, brain homogenates were spun for 1 h at 

100,000 × g. The soluble extracts were incubated at 4 °C with 2 mg/ml glutathione-S-transferase–ubiquitin-

like domain (GST-UBL) and 300 µL of glutathione–Sepharose 4B (GSH-Sepharose). The slurry containing 

26S proteasomes bound to GST-UBL was poured into an empty column and washed, then incubated with 
2 mg/ml His10-ubiquitin–interacting motif (10× His-UIM). The eluate was collected and incubated with 

Ni2+- NTA-agarose for 20 min at 4 °C. The Ni2+-NTA-bound 10× His-UIM was removed by filtration. The 

resulting flow-through (~0.6 mL) contained purified 26S proteasomes. The molarity of 26S proteasome 

particles was calculated, assuming a molecular weight of 2.5 MDa. To assess the peptidase capacity of 

26S proteasome subunits, we incubated 10 nM of the proteasome with 40 µM Suc-LLVY-amc fluorogenic 

peptide for chymotrypsin-like activity (β5 activity). Kinetic reactions (peptidase activity) were carried 

out for a period of 60 -120 min. The rate of the degradation of the substrate over time was calculated as 

the slope of the reaction. The fluorescence signal was captured at 380 nm excitation, 460 nm emission by 

Infinite 200 PRO multimode reader (TECAN). 

 

Tissue fractionation and protein extraction for western blotting 

Mice were sacrificed by cervical dislocation, and the brains were immediately dissected on wet ice and 

stored on dry ice. Briefly, frozen hemispheres free of cerebellum and brainstem were weighed and 

homogenized without thawing in RIPA buffer (10× volume/weight) (50 mM Tris-HCl, pH 7.4, 1% NP-40, 

0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethyl-sulfonyl (PMSF), 1 mM 

sodium orthovanadate, 1 mM sodium fluoride (NaF), 1 µl/ml protease inhibitor mix (Sigma-Aldrich)). 

Homogenates were centrifuged for 10 min at 3,000 × g at 4 °C. Protein assay was performed on the clear 
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supernatants representing the total extract used for the analysis of the total protein levels. Sample volumes 

were adjusted with RIPA buffer containing 100 mMDTT and NuPAGE LDS Sample Buffer 4× buffer (Life 

Technologies) and boiled for 5 min. The sarkosyl-insoluble extracts, which are highly enriched in aggregated 

tau species, were generated when 200 µg aliquots from the total protein extracts were normalized into 

200 µl final volume containing 1% sarkosyl, followed by ultra-centrifugation at 100,000 × g for 1 h at 20 °C. 

Without disturbing the pellet, the supernatant was transferred to new tubes. The pellet was resuspended in 100 

µL RIPA buffer containing DTT and NuPAGE LDS Sample Buffer 4× buffer, followed by vortexing for 1 

min and 5 min heating at 95 °C. The heat-stable extract, which contains soluble tau, was obtained when 

the supernatant was further processed, first by heating for 5 min at 95 °C followed by 30 min centrifugation 

at 20,000 × g. Extracts were transferred to new tubes containing NuPAGE LDS Sample Buffer 4× buffer (4:1 

(extracts/buffer) ratio). 

 

Tau ELISA 

Sandwich ELISA was performed as previously described using tau monoclonal antibodies DA31 pan-

tau antibody that maps in the amino acid region 150–190 of tau and DA9-HRP (gifts from Dr. Peter 

Davies) (127). Briefly, 96-well plates were coated with the DA31 antibody at a final concentration of 6 

µg/ml in coating buffer for at least 48 h at 4°C. After washing 3X in the wash buffer, the plates were 

blocked for 1 h at room temperature using StartingBlock (Thermo scientific) to avoid non-specific 

binding. Each plate was then washed 5 times and 50 µl of diluted samples were added to the wells. 

Concurrently, 50 µl of the DA9-HRP detection antibody (dilution 1/50) was added to the samples. Plates 

were incubated O/N shaking at 4°C and then washed 5 times in wash buffer. 1-Step ULTRA TMB-

ELISA (Thermo scientific) was added for 30 minutes at room temperature before stopping the reaction 

with 2 M H2SO4. Plates were read with an Infinite m200 plate reader (Tecan) at 450 nm. 

 

Statistical analyses  

Statistical analyses were performed with Prism6 (Graphpad Software, San Diego, CA). Data from 

fractionation assays with WT and rTg4510 mice, in vitro seeding assays with DS1-HEK293 cells, Morris 

water maze, and novel object recognition tests, utilized two-way repeated-measures ANOVA with post hoc 

Bonferroni correction. For fractionation assays with human samples, and with rTg4510 mice from in vivo 

studies, and in vitro seeding assay in primary neuronal cultures and proteasome assays, we employed one-

way ANOVA followed by Bonferroni multiple comparison post hoc test. Data from immunoblot analysis 

from the total and insoluble extracts and discrimination index from novel object recognition and from 

purified extracts of proteasome for PKA-specific phospho Ser/Thre were analyzed using unpaired two-

tailed Student’s t-test between groups with unequal variance.  

 

Figure 1 

Deposition of pathological tau in the post-synaptic compartments 

(A) Representative immunoblots of cytosolic, synaptic, pre-synaptic and post-synaptic fractions from WT 

(3 and 8 months of age) and rTg4510 (3, 5 and 8 months of age) mice for total tau and pS202/pT205 (AT8) 

tau. Post-synaptic fractions were identified by markers: PSD95 and CamKIIα. Pre-synaptic fractions were 

identified by synaptophysin. GAPDH was a loading control that was used for normalization. (See 

Supplementary Fig 1B for uncut immunoblots) (B) Quantified densitometry of 64/55-kDa tau ratio, 

expressed as fold increase relative to 3 months of age. (C) Quantified densitometry of pre (synaptophysin) 

and post (PSD95) -synaptic markers expressed as fold decrease relative to 3 months of age. (D) 

Representative immunoblots of cytosolic, synaptic, pre-synaptic and post-synaptic fractions from human 

post-mortem brains of AD and age-matched normal brains for total tau, pS202/pT205 tau and K-48 

ubiquitinated proteins. Post and pre -synaptic markers were identified by immunoprobing with their 

respective markers: PSD95 and CamKIIα and synaptophysin. Actin and GAPDH as a loading control. (E-

K) Densitometric quantification of immunoblots in D expressed as fold change relative to control brains. 

(See Supplementary Fig. 3 for uncut immunoblots).  
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For A, at least three biological experiments were performed. For each fractionation (biological) experiment, 

three cortices of mice were pooled together, n = 9 cortical brains/age group were used. For D, six blocks of 

BA9 region from AD and age-matched normal post-mortem tissue were used. Error bars, mean ± SEM; 

n.s., not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Two-way repeated-measures 

ANOVA with post hoc Bonferroni correction was used in Fig.1 B, C. One-way ANOVA followed by 

Bonferroni multiple comparison post hoc test was used in Fig. 1E-K.  

 

Figure 2 

Post-synaptic tau species exhibit high seeding activity  

(A) Representative images of HEK239- tau RD-P301L/V337M-YFP (DS1) cells exposed to 3ng of tau/well 

from pre and post -synaptic fractions of rTg4510 mice (3, 5 and 8 months of age). (B) Quantification of 

seeding activity in DS1 cells in A expressed as % cells with aggregates/total number cells (C) Representative 

images of HEK239-tau RD-P301L/V337M-YFP (DS1) cells exposed to 5ng/well of tau from pre and post 

-synaptic fractions of normal and AD post-mortem brains. (D) Quantification of seeding activity in DS1 

cells in C expressed as % cell with aggregates over a total number of cells. Scale bars represent 50 μm. 

Seeds from three different biological extracts were used to test seeding in six (Fig 2A, B) or eight (Fig 2 C, 

D) independent experiments. Data were plotted as mean ± SEM. n.s. not significant; *P < 0.05, **P < 0.01, 

***P < 0.001. For statistical analysis, we employed two-way repeated-measures ANOVA with post hoc 

Bonferroni correction.  

 

Figure 3 

Seed-induced misfolding of endogenous tau can be attenuated by PACAP  

Representative images of PS19 primary neuronal cultures treated with (A) DMSO or (B) PACAP for four 

days, followed by fluorescent immunostaining. Representative images of PS19 of primary neuronal cultures 

seeded with 20 µg of DS9 cell lysate (C-E) followed by four days treatment with (C) DMSO, (D) 100 nM 

PACAP or (E) pre-treated with 200nM PAC1R antagonist (PACAP 6-38) for 6 h before adding 100 nM 

PACAP. The media with PACAP was replenished every 48 hours. Cells were fixed five days after seed 

exposure. During fixation, 0.1% Triton X-100 was used to remove soluble tau, followed by immunostaining 

for conformationally altered tau (MC1) and MAP2. (F) Quantification of the area of MC1 positive neurons 

reported as µm2 over the numbers of neurons (MAP2 and DAPI positive) per well. Scale bars represent 50 

μm. Seeds from three batches of DS9 extracts were used to test seeding in six independent experiments. 

Data were plotted as mean ± SEM. n.s. not significant; *P < 0.05, **P < 0.01. For statistical analysis, we 

employed one-way ANOVA followed by Bonferroni multiple comparison post hoc test. 

 

Figure 4 

PACAP treatment reduces synaptic tau pathology in rTg4510 mice 

(A) Representative immunoblots of cytosolic, crude synaptic, synaptic, pre-synaptic and post-synaptic 

fractions from rTg4510 mice treated with vehicle or PACAP. Blots were immunoprobed for total tau and 

phospho tau species (pS202/pT205, pS396/pT205, and pS214 tau epitopes) and PACAP receptor - PAC1R. 

Post-synaptic fractions were identified by markers: PSD95 and CamKIIα. Pre-synaptic fractions were 

identified by synaptophysin. Actin was a loading control that was used for normalization. (B-K) Quantified 

densitometry of A, expressed as fold change relative to vehicle-treated.  

At least three biological experiments were performed. For each fractionation experiment, 5 hemi cortices 

were pooled together for fractionation experiment, n = 15 hemi cortical brains/treatment. Error bars, mean 

± SEM.; *P < 0.05, **P < 0.01, ***P < 0.001. For statistical analysis, we employed one-way ANOVA 

followed by Bonferroni multiple comparison post hoc test.  

 

Figure 5 

PACAP- via PKA, increases phosphorylation and the function of 26S proteasomes. 

Purified 26S proteasomes from cytosolic and synaptic fractions of vehicle and PACAP treated rTg4510 

mice tested for: (A) The peptidase activity, 10 nM of 26S proteasomes were monitored over 60 min using 
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the fluorogenic substrate Suc-LLVY-amc (40 μM). (B) Rate of substrate hydrolysis by 26S proteasomes 

from A. (C) 26S purified proteasomes tested for in-gel proteasome activity following native PAGE (top), 

and immunoblot analysis of PKA-specific phosphorylated serine and threonine (middle), and for proteasome 

subunits Rpt6 and 20S (bottom). (D and E) Densitometric quantification of in-gel activity normalized to 

26S proteasome levels. (F and G) Densitometric quantification of PKA-specific phosphorylation of serine 

and threonine. HEK293 PAC1R-EGFP-expressing cells treated with increasing concentration of PACAP 

were resolved on a native PAGE for (H) In-gel 26S proteasome activity, followed by immunoblotting for 

(I) PKA-specific phosphorylation of serine and threonine and for (J) 20S core proteasomes. (K, L, and M) 

Densitometric quantification of H, I, and J.  

Purified 26S proteasomes from in vivo study were pooled from n = 6 cortical hemi brains, and at least three 

independent purification experiments were performed. Data from HEK293 PAC1R-EGFP-expressing cells 

are representative of at least three independent experiments. Statistical analyses employed one-way 

ANOVA followed by Bonferroni multiple comparison post hoc test (B, K, L and M), two-way repeated 

measures of ANOVA with Bonferroni multiple comparison post hoc test (D and E), and two-tailed Student’s 

t-test between groups (F and G). Error bars, mean ± SEM.; n.s., not significant; *P < 0.05, **P < 0.01, ***P 

< 0.001.  

 

Figure 6 

PACAP treatment attenuates tauopathy  

Representative immunoblots and corresponding densitometric quantification of (A) total and (B) insoluble 

extracts for total tau, pS396 and pS404, pS202 and pT205, pS262, and pS214 tau epitopes from cortical 

tissue of rTg4510 mice treated with vehicle or PACAP. (C) Immunofluorescence labeling and 

quantification of fluorescence intensity for pS396 and pS404 tau epitope. Scale bars represent 50 μm.  

Scatter plots represent quantification of immunoreactivity normalized to GAPDH. Statistical analyses of 

vehicle (n = 22) and PACAP (n = 27) -treated mice were performed in two sets. For quantification of 

immunofluorescence signal in C, slices from 6 mice per treatment group were analyzed. Error bars, mean 

± SEM. *P < 0.05, **P<0.01, ***P < 0.001, ****P<.0.0001. Statistical analysis employed unpaired two-

tailed Student’s t-test between two groups. 

 

Figure 7 

PACAP improves cognitive performance in early-stage tauopathy mice 

Morris water maze (MWM) task was used to assess spatial reference memory of rTg4510 and WT mice 

treated with vehicle or PACAP; n = 22 (vehicle) or 27 (PACAP) rTg4510 mice group, and n = 10 (vehicle) 

or n =9 (PACAP) in WT mice group. (A) Escape latencies were averages of six trials for each day (60 s per 

trial) separated into two sessions a day (three trials per session). (B) Heatmaps depict the summary recording 

of the MWM task. Increasing color intensity (arbitrary scale) represents increased time spent i.e strong 

preference for the location where the platform was placed (small circle in the bottom right quadrant). (C) 

Novel object recognition (NOR) task showing exploration, during the object acquisition phase (object 1 and 

2) and during object recognition trial (novel and familiar object) for the vehicle (n=22) and PACAP (n=27) 

treated animals. (D) The discrimination index for the novel object was calculated as the difference in time 

exploring the novel and familiar object, expressed as the ratio of the total time spent exploring both objects 

(i.e., [Time Novel − Time Familiar/Time Novel + Time Familiar]× 100).  

Morris water maze and novel object recognition tests utilized two-way repeated-measures ANOVA with 

post hoc Bonferroni correction. The discrimination index from novel object recognition data was analyzed 

using unpaired two-tailed Student’s t-test between groups with unequal variance. Data are reported as means 

± SEM.; n.s., not significant, *P < 0.05, ***P < 0.001.  

 

Figure 8  

Tau clearance in the post-synaptic compartment 

A schematic illustration of how PACAP stimulation of the PAC1 receptor, a Gs GPCR, present on the 

membrane of the post-synaptic compartment, can lead to activation of AC/cAMP/PKA signaling. Liberated 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 23, 2020. ; https://doi.org/10.1101/2020.01.21.914135doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.21.914135


 30 

activate PKA can phosphorylate 26S proteasome subunits, conferring super activity on the proteasomes 

leading to enhanced clearance of missorted tau in the post-synaptic compartment. 

  

Supplementary Figure 1 

(A) Schematic diagram of the subcellular fractionation protocol to generate cytosolic, synaptic, pre-synaptic 

and post-synaptic fractions from post-mortem humans and mice tissue. (B) Representative uncut 

immunoblotting data from Fig 1A. (C) A representative of immunoblot analysis of insoluble extracts from 

the total, cytosolic and synaptic fractions for tau and pS202 and pS205 tau epitope. (D) The quantitative 

analysis represented as a fold increase of insoluble 64/55 tau ratio relative to 3 months of age. Two-way 

repeated-measures ANOVA with post hoc Bonferroni correction was employed. Error bars, mean ± SEM. 

***P < 0.001, ****P<.0.0001.  

 

Supplementary Figure 2 

(A) Schematic diagram of the subcellular fractionation protocol from crude synaptosomes of WT mice 

mixed with sarkosyl tau aggregates to generate synaptic, pre and post -synaptic fractions. (B) The 

representative of immunoblot analysis for synaptic, pre and post -synaptic fractions of rTg4510 and WT 

mice mixed with sarkosyl tau aggregates from 3 and 8 months old rTg4510 mice. (C) Total extracts before 

the fractionation procedure. Continuous Glycerol Density Gradient (10-40% density) of isolated 

synaptosomes from: (D) 3 months old WT crude synaptosomes mixed with tau aggregates from 8months 

old rTg4510 and (E) synaptosomes from 8 months rTg4510. 

 

Supplementary Figure 3 

Summary of uncut immunoblotting data from human post mortem subcellular fractionation assay from Fig. 

1 D.  

 

Supplementary Figure 4 

Representative images for MC1 and MAP2 (merged) or MC1 alone of PS19 of primary neuronal cultures 

treated with (A) DMSO or (B) PACAP for four days followed by fluorescent immunostaining. 

Representative images of PS19 of primary neuronal cultures (C, D, E) seeded with 20 µg of DS9 cell lysate 

followed by four days treatment with (C) DMSO, (D) 100 nM PACAP or (E) pre-treated with 200nM 

PAC1R antagonist for 6 hours before adding 100 nM PACAP. Cells were fixed 5-7 days post-seed exposure 

without 0.1% Triton X-100 and immunostained for MC1 and MAP2.  

 

 Supplementary Figure 5 

The representative of uncut immunoblotting data from Fig. 4. 

 

Supplementary Figure 6 

Summary of uncut immunoblotting data from Fig.6.  In vivo treatments were carried out in two sets.  
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TABLE 1: Human demographics and neuropathological data. 

Case # Sex Age at Death PMI - C PMI - F NPDX Braak ADNC 

       A B C 

5412 M 54 2:40 17:02 ADNC V/VI 3 3 3 

5475 F 68 3:30 9:20 ADNC V/VI 3 3 3 

5521 M 67 0:00 14:55 ADNC V/VI 3 3 3 

5453 F 89+ 2:15 6:16 ADNC V/VI 3 3 3 

5333 
218 
199 

M 
F 
F 

89 
86 
82 

0:30 
5:10 
3:50 

7:17 
6:20 

22:45 

ADNC 
ADNC 

Control 

V/VI 
V/VI 

0 

2 
3 

n/a 

3 
3 

3 
3 

168 M 57 5:09 6:29 Control 0 n/a   
169 M 67 3:40 9:20 Control 0 n/a   

5404 
2674 
346 

F 
M 
M 

54 
80 
84 

6:40 
5:40 

10:00 

16:30 
11:40 
14:10 

Control 
Control 
Control 

0 
0 
0 

n/a 
n/a 
n/a 

  

          

PMI-C, post-mortem interval – time to cold (h:min); PMI-F, post-mortem interval – time to frozen (h:min); 

NPDX, Neuropathologic diagnosis; ADNC, Alzheimer’s Disease Neuropathologic Changes. 
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