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ALZHEIMER'’S DISEASE

PAC1 receptor-mediated clearance of tau
in postsynaptic compartments attenuates tau

pathology in mouse brain
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Accumulation of pathological tau in synapses has been identified as an early event in Alzheimer’s disease (AD)
and correlates with cognitive decline in patients with AD. Tau is a cytosolic axonal protein, but under disease
conditions, tau accumulates in postsynaptic compartments and presynaptic terminals, due to missorting within
neurons, transsynaptic transfer between neurons, or a failure of clearance pathways. Using subcellular fraction-
ation of brain tissue from rTg4510 tau transgenic mice with tauopathy and human postmortem brain tissue from
patients with AD, we found accumulation of seed-competent tau predominantly in postsynaptic compartments.
Tau-mediated toxicity in postsynaptic compartments was exacerbated by impaired proteasome activity detected
by measuring lysine-48 polyubiquitination of proteins targeted for proteasomal degradation. To combat the
accumulation of tau and proteasome impairment in the postsynaptic compartments of rTg4510 mouse brain, we
stimulated the pituitary adenylate cyclase-activating polypeptide (PACAP) type 1 receptor (PAC1R) with
its ligand PACAP administered intracerebroventricularly to rTg4510 mice. We observed enhanced synaptic prote-
asome activity and reduced total tau in postsynaptic compartments in mouse brain after PACAP treatment. The
clearance of tau from postsynaptic compartments correlated with attenuated tauopathy and improved cognitive
performance of rTg4510 transgenic mice on two behavioral tests. These results suggest that activating PAC1R
could prevent accumulation of aggregate-prone tau and indicate a potential therapeutic approach for AD and

other tauopathies.

INTRODUCTION

Synaptic dysfunction and synaptic spine loss are a strong patholog-
ical correlate of cognitive decline in Alzheimer’s disease (AD) (1),
with the accumulation of synaptic tau implicated in disease pro-
gression (2). Recent evidence from AD postmortem human brain
tissue suggests that the accumulation of tau oligomers in synapses
correlates better with cognitive decline than the accumulation of
B-amyloid oligomers, amyloid plaque burden, or somatic tau tan-
gles (3). Although a low amount of tau is present in presynaptic
terminals and dendritic spines under physiological conditions, the
accumulation of pathological tau in dendrites has been identified as
an early pathogenic event in AD (4). How cytosolic tau, which is
maintained at high concentrations in axons under normal physio-
logical conditions, is redistributed to dendrites and synaptic spines
under the disease condition is not well understood. However, stud-
ies using tauopathy mouse models indicate that hyperphosphoryla-
tion of tau causes tau to mislocalize to dendrites and dendritic
spines (5). Moreover, the manifestation of the cell-to-cell spread of
tau species can further drive synaptic toxicity. Tau positron emis-
sion tomography imaging studies of patients with AD or progressive
supranuclear palsy (6, 7) recently demonstrated that pathological
tau species spread in a hierarchical pattern throughout the brain
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according to the pattern described by Braak and Braak (8). 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
(9). The UPS machinery in synapses is critical for the normal func-
tion of synapses, including synaptic protein turnover (10), plasticity,
and long-term memory formation (11), which rely on tightly con-
trolled changes in the proteome. Recent studies in primary neuronal
cultures using microfluidic chambers showed that protein degrada-
tion systems (UPS and autophagy) play an essential role in the dis-
tribution of tau to dendrites and dendritic spines (12). The study
found that local inhibition of protein degradation restricted to neu-
rites led to missorting of phosphorylated tau to dendrites and loss of
dendritic spines, whereas enhancing protein degradation pathways
reduced tau missorting (12).

Degradation of tau and other polyubiquitinated substrates is
carried out by the 26S proteasome, a 2.5-MDa, multicatalytic,
adenosine 5'-triphosphate (ATP)-dependent protease that degrades
proteins into small peptides. It is composed of two components: a
198 regulatory particle and a 20S core particle that carries out the
catalytic activity. In addition to the accumulation of ubiquitinated
proteins, decreased proteasome activity has been reported in the
hippocampal, parietal, and temporal lobe regions of postmortem
AD brain tissue, but not in unaffected areas such as the occipital
lobe and cerebellum (13). The mechanism by which the proteasome
becomes dysfunctional has been addressed previously (14), suggest-
ing that protein aggregates may disrupt protein degradation by
physically blocking the gate opening of the 19S regulatory particle.
A recent detailed mechanistic study showed that oligomers from
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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, blocking protein degradation (15). These data suggest
that impairment of proteasome activity in various neurodegenera-
tive diseases may be a common mechanism. Moreover, we have
shown that the 26S proteasome remained defective in the degrada-
tion of ubiquitinated proteins even after they had been purified
from the brains of rTg4510 tau transgenic mice that develop robust
tau aggregates (14).

Unless they are removed, toxic tau aggregates can disrupt the
proper function of not only the UPS but also the nervous system. We
have shown that proteasome activity could be directly enhanced in vivo
through adenosine 3’,5’-monophosphate (cAMP)/cAMP-dependent
protein kinase (PKA)-mediated phosphorylation by the phospho-
diesterase (PDE) inhibitors rolipram and cilostazol (14, 16). En-
hanced proteolysis resulted in attenuation of tauopathy and rescued
cognitive decline in the rTg4510 mouse model of tauopathy. Other
independent studies have confirmed that the phosphorylation of
proteasome subunits by PKA (17) and other kinases such as protein
kinase G (18) or dual-specificity tyrosine-regulated kinase 2 (19)
enhances proteasome-mediated protein degradation. However, cell-
wide activation of protein degradation by proteasomes or autophagy
may not be a desirable strategy for long-term treatment. Thus, tar-
geting toxic tau in the specific neuronal compartments that are
reported to accumulate tau in the early stages of AD, before immuno-
histochemical detection of somatic neurofibrillary tangles, could
potentially be a safer strategy to prevent overt tau aggregation, the
spread of tau, and the progressive decline in cognition.

In this study, we tested whether stimulation of pituitary ade-
nylate cyclase-activating polypeptide (PACAP) type 1 receptor
(PACIR), a G4—G protein—coupled receptor (GPCR) present pre-
dominantly on the membranes of postsynaptic compartments in
the brain, could stimulate cAMP/PKA-mediated proteasome activity
and tau degradation. In the brain, PACIR is stimulated by its ligand
PACAP, which acts as a neurotransmitter, neurotrophic factor, and
neurohormone (20, 21). Its effect on cell survival is mediated by
stimulating adenylyl cyclase (AC)/cAMP/PKA signaling (22). In
mammals, two biologically active forms of PACAP have been iden-
tified: PACAP38, which predominates in the central nervous sys-
tem, and PACAP27. We characterized subcellular tau species across
different stages of tauopathy in rTg4510 mice and in postmortem
brain tissue from patients with AD. We found that postsynaptic
compartments were highly vulnerable to tau pathology due to the
accumulation of seed competent, high-molecular weight, and AT8-
positive tau forms. Chronic stimulation of PACIR by PACAP38
(hereafter referred to as PACAP) correlated with enhanced protea-
some activity, overall reduced hyperphosphorylated and aggregated
tau, and improved cognitive performance in rTg4510 transgenic
mice with tauopathy.

RESULTS

Pathological tau in postsynaptic compartments inrTg4510
mouse brain and in AD postmortem brain tissue

To study the spatial and temporal distribution of tau species across
tauopathy stages in rTg4510 mice, we used a method of subcellular
fractionation in sucrose isotonic buffer to isolate synaptosomes and
subsynaptic compartments from cytosolic fractions of mouse brains
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(fig. S1A). Using this method, synaptic boutons reseal to form
spherical structures known as synaptosomes when tissue is homog-
enized in sucrose isotonic buffer. To investigate the distribution of
tau within synapses, gradient-purified synaptosomes were further
separated into presynaptic and postsynaptic compartments. From
mouse cortical brain tissue extracts, we generated cytosolic, synap-
tic, presynaptic, and postsynaptic fractions from wild-type mice
(3 and 8 months of age) and from rTg4510 mice across three stages
of tauopathy: early (3 months), mid (5 months), and late stage
(8 months) (Fig. 1A and fig. S1B, uncut blots).

The biochemical state of tau species across fractions was assessed
by quantitative immunoblotting, and the ratio of 64- 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, hyperphosphorylated, and aggregate-
prone tau, whereas 55-kDa tau is the physiological form of tau (Fig. 1A).

The cytosolic fraction displayed a 15-fold increase in the 64/55-kDa
tau ratio as tauopathy progressed (from 3 to 8 months of age)
because of an inverse correlation between 64- and 55-kDa tau
(Fig. 1, A and B). In synaptic and postsynaptic fractions, we detected
a lower (~6-fold) increase in the 64/55-kDa tau ratio across tauopa-
thy stages due to the parallel accumulation of 55- and 64-kDa syn-
aptic tau (Fig. 1, A and B). Within synapses, presynaptic fractions
exhibited a different tau composition compared to postsynaptic
fractions because 55- and 64-kDa tau progressively increased in
postsynaptic fractions from brains of 3- to 8-month-old rTg4510
mice. In contrast, presynaptic fractions contained mainly 55-kDa
tau with a moderate decrease in tau from 3 to 8 months of age in
rTg4510 mice (Fig. 1, A and B).

Next, we assessed AT8 (pS202/pT205) tau immunoreactivity
across the fractions because this epitope is considered to be a typical
marker of early to moderate tau pathology, with immunoreactivity
confined to soma and dendrites (23). AT8 tau was present in cyto-
solic and synaptic fractions of brains from rTg4510 mice (Fig. 1A).
Within synapses, AT8 tau was mainly present in postsynaptic com-
partments but was undetectable in presynaptic compartments (Fig. 1A).
In wild-type animals, there was an equal distribution of tau in the
pre- and postsynaptic fractions, and the age (3 or 8 months) did not
affect this subsynaptic distribution (Fig. 1A). Moreover, there was a
reduction in postsynaptic markers (PSD95 and CamKIIa; P < 0.01)
but not presynaptic (synaptophysin) markers in fractions of brains
from rTg4510 mice indicating spine loss (Fig. 1, A and C).

To investigate the aggregation state of tau in synapses, we isolated
tau-enriched insoluble extracts from the total lysate, synaptic, and
cytosolic fractions of brains from rTg4510 mice with early-, mid-,
or late-stage tauopathy (fig. S1C). Insoluble synaptic tau was pres-
ent in two forms: a nonphosphorylated 55-kDa and a phosphorylated
(pS202/pT205) 64-kDa tau (fig. S1, C and D). Insoluble total
rTg4510 mouse brain extract, similar to insoluble cytosolic extract,
contained mainly 64-kDa phosphorylated (pS202/pT205) tau (fig. S1,
C and D), resulting in a threefold increase in the 64/55-kDa tau ratio
from 3 to 8 months of age, compared to a lower (onefold) increase
in the 64/55-kDa tau ratio in the synaptic fraction (fig. S1, Cand D).

In addition, we performed a quality control experiment to con-
firm that the tau observed in postsynaptic fractions did accumulate
in synapses and was not a contaminant that had cosedimented with
synaptosomes during sucrose gradient centrifugation. Crude syn-
aptosomes generated from the brain lysates of wild-type mice were
mixed with insoluble tau aggregates generated from equal amounts
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Fig. 1. Accumulation of pathological tau in the postsynaptic compartments of mouse and human brain. (A) Shown are representative immunoblots of cytosolic,
synaptic, presynaptic, and postsynaptic fractions from the brains of wild-type (WT) mice (3 and 8 months of age) and rTg4510 tau transgenic mice (3, 5, and 8 months of
age) showing total tau and pS202/pT205 (AT8) mutant tau. Markers of postsynaptic fractions were PSD95 and CamKllo; the presynaptic fraction marker was synapto-
physin. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was a loading control and was used for normalization (fig. S1B shows uncut immunoblots). Three tissue
fractionation experiments were performed, and for each fractionation, six hemicortices (three mice per gender) were pooled (overall, n=18 hemicortices or nine brain
cortices per age group). (B) Shown is the quantified densitometry of the 64/55-kDa tau ratio, expressed as fold increase relative to mice at 3 months of age. (C) Shown is
the quantified densitometry of presynaptic (synaptophysin) and postsynaptic (PSD95) markers expressed as fold decrease relative to mice at 3 months of age. (D) Repre-
sentative immunoblots of cytosolic, synaptic, presynaptic, and postsynaptic fractions from human postmortem brain tissue (Brodmann area 9) from patients with AD and
age-matched normal control individuals are shown, with detection of total tau, pS202/pT205 tau, and K48 ubiquitinated proteins. Postsynaptic markers were PSD95 and
CamKlla; presynaptic marker was synaptophysin. Actin and GAPDH were used as loading controls. Six blocks of the postmortem brain tissue from AD and age-matched
controls were analyzed. (E to K) Densitometric quantification of immunoblots in (D) were expressed as fold change relative to control brain tissue (fig. S3 shows uncut
immunoblots). Human tau antibody in the postsynaptic fraction shows very low cross-reactivity with murine tau in the wild-type littermates. (B, C, and E to K) Two-way ANOVA
followed by Bonferroni multiple comparison post hoc tests, means + SEM. n.s., not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. HMW (high molecular weight).
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of brain lysates from 3- and 8-month-old rTg4510 mice, and, to-
gether with rTg4510-derived crude synaptosomes, they were fur-
ther subjected to discontinuous sucrose gradient centrifugation to
isolate purified synaptic fractions (fig. S2A). Postsynaptic fractions
from wild-type mouse brains mixed with tau aggregates from 3-
and 8-month-old rTg4510 mouse brains were either negative or
showed negligible amounts of tau, respectively (fig. S2B), whereas
tau in postsynaptic fractions from rTg4510 mouse brain extracts
showed a similar synaptic distribution as in Fig. 1A. Brain extracts
from wild-type mice mixed with tau aggregates before gradient cen-
trifugation showed a similar distribution of tau compared to brain
extracts from rTg4510 mice (fig. S2C). Furthermore, sedimentation
of isolated synapses from the brains of rTg4510 and wild-type mice
mixed with insoluble tau aggregates from 8-month-old rTg4510
mice (fig. S2D) confirmed that, virtually, no tau was present in elu-
ates from the corresponding synaptic compartments (fractions 6
and 7) of wild-type mice mixed with tau aggregates. However, in
rTg4510 mouse brain extracts, tau eluted in fractions correspond-
ing to synapses (fractions 6 and 7) (fig. S2E), confirming accu-
mulation of synaptic tau and not tau aggregates from other cell
compartments.

To examine the accumulation of tau in synapses and the distri-
bution of tau between pre- and postsynaptic compartments in
human postmortem AD brain tissue and age-matched control brain
tissue from individuals without dementia, we performed a similar
fractionation assay. The AD postmortem brain tissue used was
from cortical Brodmann area 9, which is progressively affected in
AD (table S1) (24). Our data show that cytosolic and synaptic frac-
tions of AD postmortem brain tissue exhibited a ~7- to 10-fold in-
crease in high-molecular weight tau oligomers and AT8-positive
tau compared to control brain tissue that exhibited nonphosphoryl-
ated monomeric tau enriched in cytosolic fractions and low tau in
synapses (Fig. 1, D to G, and fig. S3). Moreover, postsynaptic frac-
tions from AD brain tissue accumulated high amount of monomeric,
high-molecular weight, and AT8-positive tau species compared to
presynaptic fractions (Fig. 1, D to G), consistent with results from
rTg450 mice. As expected, control brain tissue exhibited a negligi-
ble amount of tau in synaptic compartments with no difference in
the distribution of tau between pre- and postsynaptic compart-
ments (Fig. 1, D to F). Furthermore, we show that subcellular com-
partments that exhibited an increase in high-molecular weight and
AT8-positive tau species in AD brain tissue also exhibited an in-
crease in K48-linked ubiquitin chains that are the most prevalent
proteasome-targeting signal (Fig. 1, D and H, and figs. S3 and S4).
Consistent with previous studies (25), protein markers of postsynaptic
(Fig. 1, D, I, and J) and presynaptic compartments (Fig. 1,
D and K) were reduced in AD brain tissue compared to normal
brain tissue.

Postsynaptic compartment tau species exhibit high seeding
activity in cell culture

An essential feature of tauopathy is that seed-competent tau is pref-
erentially transported transsynaptically across anatomically con-
nected brain regions (8, 26-28). To test whether tau species detected
in pre- and postsynaptic fractions from mouse and human brain
tissue had seeding activity, i.e., the ability to recruit and misfold
endogenous tau monomers, we used the human embryonic kidney
(HEK) 293 DS1 cell line that stably expressed the repeat domain
(RD) of tau containing two disease-associated mutations (P301L and
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V337M) fused with yellow fluorescent protein (YFP) (RD-P301L/
V337M-YFP) (29). Although this cell line lacks tau aggregates,
upon exposure to exogenous tau seeds, DS1 cells are able to propa-
gate tau aggregates (29). DSI1 cells were exposed overnight to an
equal amount of tau (3 ng per well) from rTg4510 mouse brain-
derived pre- and postsynaptic fractions from mice with early-, mid-,
or late-stage tauopathy. Presynaptic tau exhibited negligible seeding
activity across disease stages (Fig. 2, A and B), whereas tau from
postsynaptic fractions showed high seeding activity across both early
and late stages of tauopathy (Fig. 2, A and B).

Furthermore, when we tested the seeding activity of tau (5 ng per
well) derived from isolated pre- and postsynaptic fractions from
brain tissue from normal and AD cases, we observed similar results.
Pre- and postsynaptic tau from normal human brain tissue exhibited
negligible seeding activity, whereas tau from pre- and postsynaptic
fractions of AD brain tissue displayed high seeding activity. Specif-
ically, tau from postsynaptic compartments showed higher seeding
activity compared to tau from presynaptic fractions (P < 0.001)
when an equal amount of tau was added to DS1 cells (Fig. 2, Cand D).

When immortalized mouse cortical neurons that stably ex-
pressed human tau ON4R were exposed to synaptic tau fractions
(5 ng per well) from normal control and AD human brains, no
aggregate formation of endogenous tau was detected (fig. S5, A to
D). However, a higher staining intensity of pS202/pT205 tau in
immortalized mouse cortical neurons exposed to synaptic tau from
AD human brain tissue (fig. S5, B, D, and E) compared to synaptic
tau from control brain tissue (P < 0.01) was observed (fig. S5, A,
C,and E).

PACAP attenuates seed-induced misfolding of endogenous
tau in mouse primary neurons

We tested whether stimulation of PACIR signaling and enhanced
proteasome activity by PACAP could reduce misfolding of endoge-
nous tau upon exposure to tau seeds in primary neuronal cultures
from the PS19 tau transgenic mouse line that carries the P301S tau
mutation. After being released from axon terminals, PACAP exerts
its function by binding to and stimulating PAC1R, which is primar-
ily located on the postsynaptic membranes of neurons. PS19 mouse
primary neurons were exposed for 5 days to tau seeds generated
from the HEK 293 DS9 cell line expressing RD-P301L/V337M-YFP
that displayed tau aggregation. The accumulation of misfolded in-
soluble tau in mouse primary neurons was assessed after soluble tau
was removed, and the neurons were stained for the aberrant tau
conformation using MC1 antibody and for the dendritic marker
MAP2. Mouse primary neurons not exposed to tau seeds (Fig. 3A) or
treated with PACAP alone (Fig. 3B) did not accumulate MCl1-positive
aberrant tau. However, neurons exposed to tau seeds showed seeding
activity and insoluble tau accumulation, mainly in MAP2-positive
dendrites (Fig. 3C). One day after seed exposure, neurons were
treated for 4 days with 100 nM PACAP (Fig. 3D) or were pretreated
with 200 nM PACIR antagonist, N-terminally truncated PACAP
(6-38), 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 MCI1-positive tau in
dendrites (P < 0.01) (Fig. 3, C, D, and F). Pretreatment with the
PACAP antagonist abrogated the effect of PACAP treatment (Fig. 3,
E and F). Neuron survival and neurite integrity were not compro-
mised during tau seed exposure (fig. S6, A to E) or PACAP treat-
ment (fig. S6, C to E).
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Fig. 2. Postsynaptic tau species exhibit high-seeding activity.
(A) Shown are representative immunofluorescence images of HEK 293
DS1 cells in culture exposed to 3 ng of tau per well from presynaptic
(pre-S) and postsynaptic (post-S) fractions from the brains of rTg4510
mice at 3, 5, and 8 months of age. (B) Quantification of tau seeding activ-

ity in HEK 293 DS1 cells shown in (A) is expressed as percentage of cells with aggregates/total number of cells. (C) Shown are representative immunofluorescence images
of HEK 293 DS1 cells in culture exposed to 5 ng of tau per well from presynaptic (pre-S) and postsynaptic (post-S) fractions from human postmortem AD and control brain
tissue. (D) Quantification of tau seeding activity in HEK 293 DS1 cells in (C) is expressed as percentage of cells with aggregates/total number of cells. No cell death was
detected upon tau seed treatment. Scale bars, 20 um. Tau seeds from three different biological extracts were used to test seeding in six (A and B) or eight (C and D) inde-
pendent experiments. Two-way ANOVA test for the main effects of fractions and disease stage for (B), and fraction and group (control and AD) for (D), with post hoc
Bonferroni correction. Data were plotted as means + SEM. n.s., not significant; **P < 0.01 and ***P < 0.001.

PACAP treatment reduces synaptic tau pathology

in the brains of rTg4510 mice

PACAP, through its receptor PACIR, primarily exerts its effect on
dendrites and dendritic spines. We and others have shown that
enhanced proteasome activity through PKA can facilitate the clear-
ance of tau (14, 30). Therefore, we used early-stage (~4-month-old)
rTg4510 mice known to accumulate tau in postsynaptic compartments
early in the disease (Fig. 1A) to test whether PACAP could promote
compartment-restricted activation of PKA/proteasome-mediated
clearance of toxic tau species. Intracerebroventricular administra-
tion of PACAP to rTg4510 mice was achieved using Alzet os-
motic pumps, allowing for slow and continuous infusion of PACAP

Schaler et al., Sci. Transl. Med. 13, eaba7394 (2021) 26 May 2021

(10 pmol/hour at a rate of 0.25 pl/hour) or vehicle [0.9% saline and 0.1%
bovine serum albumin (BSA)] for 30 days. After behavioral testing of
PACAP-treated or vehicle-treated rTg4510 mice, cortical brain re-
gions were harvested and subjected to subcellular fractionation.
Isolated fractions (cytosol, crude synaptosome, synaptosome, pre-
synaptic, and postsynaptic fractions) were analyzed by quantitative
immunoblotting for tau species. PACAP treatment resulted in a
significant decrease in total tau in the postsynaptic fraction com-
pared to vehicle-treated mice (P < 0.001) (Fig. 4, A and B, and fig.
S7). Moreover, the subcellular distribution of phospho-tau species
varied among fractions. For instance, pS202/T205 tau, predomi-
nantly found in the cytosolic and postsynaptic fractions from the
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ronal cultures treated with 20 pug of HEK 293 DS9 cell lysates as a source of < % 20
exogenous tau seeds, followed by 4 days of treatment with (C) DMSO and (D)
100 nM PACAP or (E) pretreatment with 200 nM of the PACTR antagonist, 0

PACAP 6-38, for 6 hours before addition of 100 nM PACAP. The culture medium DMSO PACAP Ant+PACAP

containing PACAP or DMSO was replenished every 48 hours. Cells were fixed 5 days after exposure to tau seeds. During fixation, 0.1% Triton X-100 was used to remove
soluble tau, followed by immunostaining for conformationally altered tau with the MC1 antibody and for the dendritic marker MAP2. (F) Shown is quantification of the
area of MC1-positive neurons (in square micrometers)/number of neurons (MAP2 and 4',6-diamidino-2-phenylindole positive) per well. Scale bars, 20 um. Tau seeds from
three batches of HEK 293 DS9 cell extracts were used to test seeding in six independent experiments. One-way ANOVA with Bonferroni multiple comparison post hoc

testing. Data were plotted as means + SEM. n.s. not significant; **P < 0.01.

brains of vehicle-treated mice, was significantly reduced (P < 0.05)
in these same fractions from the brains of PACAP-treated animals
(Fig. 4, A and C). In vehicle-treated mice pS396/PS404 tau was
evenly distributed across all fractions, but it was decreased in the
pre- and postsynaptic fractions of PACAP-treated animals (P < 0.01)
(Fig. 4, A and D). We also assessed pS214 tau, a marker of activated
cAMP/PKA signaling. We found that pS214 tau was enriched in
cytosolic and presynaptic fractions in the two groups (vehicle- and
PACAP-treated), but the cytosolic fraction had greater pS214 tau in
PACAP-treated mice compared to vehicle-treated littermates
(P <0.01) (Fig. 4, A and E), suggesting that PKA-dependent phos-
phorylation of tau had occurred after PACAP treatment. In con-
trast, pS214 tau in the presynaptic fraction was significantly reduced
(P < 0.01) in PACAP-treated compared to vehicle-treated mouse
brains (Fig. 4, A and E), suggesting that PKA associated with the
presynaptic extract was not stimulated by PACAP treatment.

Next, we tested the amount of K48-linked polyubiquitinated
proteins across fractions from brains of rTg4510 mice to determine
proteasome activity. Proteasome-specific ubiquitinated proteins
were significantly lower (P < 0.001) in cytosolic and pre- and post-
synaptic fractions of rTg4510 mice treated with PACAP (Fig. 4,
A and F). We also tested the distribution of PACIR upon PACAP
treatment. PACIR was present predominantly in the postsynaptic
fractions, confirming that the receptor was expressed on the mem-
branes of dendrites (Fig. 4, A and G). PACAP treatment caused a
significant decrease in PACIR in the postsynaptic compartment
compared to vehicle treatment (P < 0.01) (Fig. 4, A and G). Reduced
PACIR was consistent with target engagement. Postsynaptic
(PSD95 and CamKIIo) (Fig. 4, A, H, and I) and presynaptic (synap-
tophysin) (Fig. 4, A and J) markers remained unchanged upon
PACAP treatment.

Schaler et al., Sci. Transl. Med. 13, eaba7394 (2021) 26 May 2021

PACAP treatment increases the activity of synaptic 26S
proteasomes via PKA signaling

Because PACAP-induced PKA signaling is expected to be restricted
to where PACIR is present (predominantly in dendrites but also in
the perikarya of neurons), we hypothesized that PACAP treatment
would enhance proteasome function predominantly in postsynaptic
compartments. To test this, we isolated synaptic and cytosolic 26S
proteasomes by affinity purification (14). First, we performed a
kinetic assay, whereby degradation of a fluorogenic substrate by
purified 26S proteasomes was monitored for 60 min (Fig. 5A).
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 (P < 0.01) slope of reaction
compared to PACAP-treated cytosolic 26S proteasomes (Fig. 5B).
Moreover, purified 26S proteasomes were resolved by native poly-
acrylamide gel electrophoresis (PAGE) assay to assess the in-gel
proteolytic activity of one- or two-cap 268 particles (Fig. 5C). The
one-cap 268 proteasomes after PACAP treatment displayed a sig-
nificant (P < 0.01) increase in activity (Fig. 5, D and E), with synaptic
26S one-cap proteasomes displaying the highest (~2.5-fold) increase
in activity (Fig. 5E).

To assess whether stimulated PKA enhanced proteasome activity
via serine and threonine phosphorylation of proteasome subunits,
we analyzed purified 26S proteasomes from fractions of rTg4510
mouse brains by quantitative immunoblotting with an antibody
that recognized PKA-dependent phosphorylation (Fig. 5C). A sig-
nificant increase in the phosphorylation of serine and threonine of
several proteasomal subunits was evident in cytosolic (P < 0.05) and
synaptic fractions (P < 0.01) of the PACAP-treated compared to the
vehicle-treated group, with the most phosphorylation observed in
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Fig. 4. PACAP treatment reduces syn-
aptic tau pathology in rTg4510 mice.
(A) Representative immunoblots of
cytosolic, crude synaptic, synaptic, pre-
synaptic, and postsynaptic fractions
from the brains of rTg4510 mice treated
with vehicle (V) or PACAP (PC) are shown.
Blots were immunoprobed for total tau
and pS202/pT205, pS396/pT205, and
pS214 mutant tau epitopes, as well as
the PAC1 receptor (PACTR). Postsynap-
tic markers were PSD95 and CamKllo;
the presynaptic marker was synapto-
physin. Actin was a loading control and
used for normalization. (B to K) Shown
is quantified densitometry for immuno-
blots in (A), expressed as fold change
relative to vehicle-treated mice. Faded
color bars represent quantification of
proteins that were found in a low con-
centration in corresponding fractions.
Three fractionation experiments were
performed, and for each fractionation
experiment, five mouse hemicortices
were pooled together (overall, n=15
hemicortices per treatment). Two-way
ANOVA with treatment and fraction as
the independent variables, followed by
Bonferroni multiple comparison post hoc
tests. Data are presented as means + SEM;
*P < 0.05, **P < 0.01, and ***P < 0.001.

PACAP-treated synaptic prote-
asomes (Fig. 5, F and G). The
Rpt6 and 20S subunits of 26S
proteasomes remained unchanged
(Fig. 5C). Moreover, PACAP treat-
ment of wild-type animals re-
sulted in a significant (P < 0.05)
increase in 26S proteasome phos-
phorylation and activity com-
pared to vehicle-treated littermates
(fig. S8, A to E).
PACAP-mediated enhanced
proteasome activity was con-
firmed in mouse primary neu-
ronal cultures (fig. S8, F to K)
and in PAC1R-expressing HEK
293 cells (fig. S8, L to Q). Treating
both cell cultures with increas-
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K48 Ub
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ing concentrations of PACAP for 16 hours led to a concentration-
dependent increase in proteasomal activity (fig. S8, F, I, L, and O) and
phosphorylation of 26S proteasomes (fig. S8 G, J, M, and P) without
a change in the amount of total 26S proteasomes (fig. S8 H, K,

N, and Q).
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PACAP treatment attenuates tauopathy in rTg4510 mice

Next, we assessed whether PACAP treatment could reduce tau
phosphorylation and tau aggregation throughout the mouse cortex.
Total and insoluble extracts were prepared from brain cortex of
rTg4510 mice treated with PACAP or vehicle. To test whether
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Fig. 5. PACAP treatment increases activity of 26S proteasomes in rTg4510 mouse brain. Purified 26S proteasomes (either two-cap or one-cap 26S proteasomes
comprising 20S core particles attached to two or one 195 regulatory particles, respectively) from cytosolic (cyto) and synaptic (syn) fractions of mouse brains from vehi-
cle-treated or PACAP-treated rTg4510 mice were analyzed. (A) The peptidase activity of 10 nM purified 26S proteasomes from cytosolic (cyto) and synaptic (syn) fractions
was monitored for 60 min using the fluorogenic substrate Suc-LLVY-amc (40 uM). Y axis represents relative fluorescence units (RFU). (B) Shown is the rate of substrate
hydrolysis by 265 proteasomes from cytosolic (cyto) and synaptic (syn) fractions from (A) expressed as percentage of vehicle control. (C) Purified 26S proteasomes from
cytosolic (cyto) and synaptic (syn) fractions were tested for in-gel proteasome activity after native PAGE (top) and underwent immunoblot analysis for PKA-specific phos-
phorylated serine and threonine (middle) and for the Rpt6 and 20S proteasome subunits (bottom). (D and E) Shown is densitometric quantification of in-gel activity from
(C, top) that was normalized to the amount of Rpt6 and 205 proteasome subunits detected by Western blotting. (F and G) Shown is densitometric quantification of West-
ern blotting from (C, bottom) for PKA-specific phosphorylation of serine and threonine residues of purified 26S proteasome subunits from cytosolic fractions (F) or synap-
tic fractions (G). Purified 26S proteasomes from the brains of PACAP-treated or vehicle-treated mice were pooled from n =6 hemicortices (three hemicortices per gender),
and three independent purification experiments were performed. Two-way ANOVA, followed by Bonferroni multiple comparison post hoc tests for (B), (D), and (E). The
main effects of fraction and treatment for (B) and proteasome forms and treatment for (D) and (E) were tested. Two-tailed Student’s t test between groups for (F) and (G).
Error bars, means + SEM. n.s., not significant; *P < 0.05 and **P < 0.01.

PACAP treatment reduced abnormally hyperphosphorylated and
aggregated tau, we used multivariate analysis of variance (MANOVA),
which showed a significant main effect of treatment on both the
total [Pillai’s criterion = 0.71, Fs, 43) = 20.8, P < 0.0001] and insoluble
[Pillai’s criterion = 0.58, F(5, 43y = 12.1, P < 0.0001] extracts (Fig. 6
and figs. S9, A and B, and S10).

Univariate F tests also demonstrated a significant effect of
PACAP treatment on all tau epitopes in total mouse brain extracts:

Schaler et al., Sci. Transl. Med. 13, eaba7394 (2021) 26 May 2021

total tau [F(y, 47 = 16.8, P < 0.0002], pS396/pS404 tau [F(y, 47, = 20.8,
P < 0.000], pS202/pT205 tau [F(y, 47) = 33.2, P < 0.0001], pS262 tau
(F1. 47) = 27.3, P < 0.0001], pS214 tau [F(;, 47) = 7.5, P = 0.0089)]
(Fig. 6A and fig. S9A). Univariate F tests also demonstrated a significant
effect of PACAP treatment on all tau epitopes in insoluble mouse
brain extracts: total tau [F(;, 47) = 40.1, P < 0.0001], pS396/pS404 tau
(F,47) = 23.1, P < 0.0001], pS202/pT205 tau [F, 47 = 28.5, P < 0.0001],
p5262 tau [F(l, 47) = 4.8, P = 0.033], and p5214 tau [F(l, 47) = 10.3,
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? §r s extracts and (B) insoluble tau extracts for total tau and pS396/
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PACAP epitope in brain tissue from rTg4510 mice treated with PACAP

or vehicle control. Scale bars, 20 um. Scatter plots represent quantification of immunoreactivity normalized to GAPDH. Statistical analyses of vehicle-treated (n =22) and
PACAP-treated (n = 27) mice were performed in two sets. For quantification of immunofluorescence signals in (C), four brain slices from six mice per treatment group were
analyzed. Average neuron counts in four cortical brain sections per animal were used for analyses. Because of the relationship between phospho-tau epitopes, multivar-
iate analysis of variance (MANOVA) was used to investigate the effect of treatment (vehicle, n=22; PACAP, n=27) in total and insoluble extracts. We used unpaired two-
tailed Welch'’s t test between groups with unequal variance for (C) (pS396/pS404 tau). Error bars, means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

P =0.0023] (Fig. 6B and fig. S9B). Consistent with the data from the
cytosolic fraction, PACAP treatment increased pS214 tau in the total
mouse brain extract, confirming that PKA activity was enhanced
in vivo by continuous infusion of PACAP (Fig. 6A). Whereas there
was a significant interaction between treatment and gender on the
total extract [Pillai’s criterion = 0.32, Fs, 41) = 3.8, P = 0.0065], which
was driven by the differences in pS262 tau, the follow-up Wald tests
with Bonferroni correction for each tau epitope indicated only a trend
toward significance for a difference between treatment by gender
on the pS262 tau (P =0.07) (fig. S9C). There was no significant gender
by treatment effect on the insoluble extract [Pillai’s criterion = 0.009,
Fs,41) =0.07, P = 0.996] (fig. S9D). Immunohistochemical analyses also
showed that PACAP treatment reduced pS396/pS404 tau in the mouse
cortex (P < 0.05) (Fig. 6C) and in the hippocampus (P < 0.05) (fig. S11).

PACAP treatment improves cognitive performance

in rTg4510 mice with early-stage tauopathy

To assess the effect of PACAP treatment on tauopathy-associated
cognitive impairment, we examined wild-type and rTg4510 mice

Schaler et al., Sci. Transl. Med. 13, eaba7394 (2021) 26 May 2021

for hippocampal-dependent spatial (learning) memory and declar-
ative (episodic) memory, using the Morris water maze test and novel
object recognition (NOR) test, respectively. In the Morris water
maze test, we observed a difference between PACAP-treated and
vehicle-treated rTg4510 mice [treatment effect; F(1, 45 = 18.3,
P < 0.001] and between wild-type and rTg4510 mice [genotype ef-
fect; F3, 62) = 20.6, P < 0.0001] (Fig. 7A). PACAP-treated animals
showed a significant reduction in latency to reach the hidden plat-
form in the Morris water maze test starting at day 1 of the experi-
ment (¢ = 3.08, df = 310, P < 0.05). This effect was sustained at day 2
(t=2.91,df = 310, P < 0.05), day 4 (¢ = 3.10, df = 310, P < 0.05), and
day 5 (¢ =5.25, df = 310, P < 0.001) of the experiment (Fig. 7A). The
effect could not be attributed to a general improvement in cognition
or performance because PACAP treatment did not affect the per-
formance of wild-type mice [day 5; t = 0.05, df = 310, not significant
(n.s.)] (Fig. 7A). A summary of behavioral performance, visualized
by trace analyses of the swim path in a heat map, revealed improve-
ment in latency for PACAP-treated compared to vehicle-treated
rTg4510 mice (Fig. 7B). Moreover, we observed no significant
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g PACAP %’ index for the novel object was calculated as the difference in time ex-
= 407 g e 60 ploring the novel object compared to the familiar object, expressed as
'«g = 3019 § é 20 the ratio of the total time spent exploring both objects (time novel —
S 90 g g time familiar/time novel + time familiar) x 100. NOR test data were
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difference in treatment effect by gender [gender and treatment in-
teraction; F(1, 43) = 0.20, P = 0.66] (fig. S12, A to C). Wild-type ani-
mals showed no gender or treatment interaction; F(;, 15) = 1.39,
P =0.26] (Fig. 7A and fig. S12, D to F).

We next evaluated the exploratory behavior of mice using the
NOR test by analyzing the differences in the exploration time of the
novel and familiar objects. The preference for a novel object means

Schaler et al., Sci. Transl. Med. 13, eaba7394 (2021) 26 May 2021

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

that the appearance of the familiar object exists in an animal’s mem-
ory. We used short-term (1 hour) and long-term (24 hours) retention
intervals (i.e., the amount of time between the acquisition phase and
the test phase) to test short-term and long-term memory, respec-
tively. During the object acquisition phase, rTg4510 mice spent
equal time exploring object 1 (f = 0.109, df = 189, P = n.s.) and ob-
ject2 (t=0.71,df = 189, P=n.s.) (Fig. 7, Cand E). During the object
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recognition trial (test phase) after a long retention interval,
PACAP-treated mice showed a preference for the novel object,
spending significantly more time exploring the novel object com-
pared to vehicle-treated littermates (¢ = 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 mice compared to
vehicle-treated littermates (Fig. 7D). However, after a short reten-
tion interval, PACAP-treated animals failed to discriminate be-
tween novel and familiar objects in the test phase (¢t = 2.295,
df = 196.0, P = n:s.) (Fig. 7F). PACAP-treated and vehicle-treated
wild-type mice showed no difference in preference for the novel
object after short and long retention intervals (t = 0.6549, df = 72,
P=n.s;t=1554,df =72, P = n.s, respectively) (Fig. 7, G to ]).

DISCUSSION

Usually tau is a cytosolic protein that is not found in high amounts
in synapses (9). However, in the early stages of AD, tau is missorted
to the dendritic compartment, where it may alter synapse stability,
contributing to synaptic dysfunction and loss of dendritic spines.
Using a subcellular fractionation assay, we examined the biochemical
properties of synaptic tau in the pre- and postsynaptic compart-
ments of rTg4510 mouse brain at different stages of tauopathy and
in human AD and control postmortem brain tissue. We found that
AT8-positive tau species accumulated progressively in the postsyn-
aptic compartments of mouse brain, which correlated with a de-
crease in postsynaptic markers. Consistent with the mouse data,
AT8-positive synaptic tau in the human AD brain accumulated
mainly in postsynaptic compartments. During disease progression,
misfolded phospho-tau in postsynaptic compartments could im-
pair local proteolysis by proteasomes resulting in failure to remove
aggregation-prone tau and proteotoxicity. Our finding that post-
synaptic compartments from the human postmortem AD brain
contained more ubiquitinated proteins compared to presynaptic
compartments supports this notion.

The toxic tau species that accumulate in postsynaptic compart-
ments early in 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. Seed-competent tau
that can cause aggregation of naive monomeric tau is present in the
total lysate (31) and synaptosome (32) extracts of human AD brains
before the onset of tau pathology detected by immunohistochemis-
try. Our results extend these findings by demonstrating that isolated
postsynaptic compartments contain tau with higher seeding activity
than tau in the presynaptic compartments in brains from rTg4510
transgenic mice and human patients with AD. To develop an effec-
tive therapeutic approach that could target the accumulation of tau
in synaptic compartments in the early stages of disease, before the
accumulation of neurofibrillary tangles, we used a strategy of acti-
vating PACIR with resulting activation of cAMP/PKA signaling
and enhancement of proteasome-mediated clearance of tau species
(fig. S13).

GPCRs mediate critical physiological functions, and ~34% of all
drugs approved by the Food and Drug Administration target
GPCRs for treating a broad spectrum of diseases (33). Activation of
Gs-coupled GPCRs that transduce AC/cAMP/PKA signaling has
been suggested as a therapeutic approach for AD. Here, we investi-
gated the effect of stimulating the G;-GPCR PACIR that is present
predominantly on the membranes of dendrites. The PACIR ligand
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PACAP enhanced PKA-dependent phosphorylation, activation of
proteasomes, and the clearance of tau species in the rTg4510 mouse
model of tauopathy.

We and others have previously shown that enhanced protea-
some activity that mediated through PKA is dependent on phos-
phorylation of proteasome subunits (14, 30). Here, we demonstrate
that proteasomes purified from synaptic and cytosolic fractions of
PACAP-treated animals showed increased proteolytic activity com-
pared to purified proteasomes from vehicle-treated animals. A re-
cent study in tau transgenic mice expressing the frontotemporal
degeneration with MAPT deletion K280 mutation (deltaK280)
demonstrated that administration of rolofylline, an antagonist of the
Gj-coupled adenosine Al receptor located on synaptic terminal
membranes, can lead to elevated cAMP signaling, restored neuronal
activity, and prevented presynaptic impairment and dendritic spine
loss (34). Restoring dendritic spines by elevating cAMP using the
PDE4 inhibitor rolipram was shown to be dependent on the activation
of the UPS clearance pathway (35).

There are several limitations to our study. Our results from
behavioral analyses showed that PACAP treatment improved cog-
nitive performance in rTg4510 mice, which could have been due to
the neuroprotective and antiapoptotic properties of PACAP, as well
as its effects on proteasome activity. Although PACAP is known to
have neurogenic, antiapoptotic, and neuroprotective properties, its
metabolic instability limits its clinical application. PACAP rapidly
undergoes enzymatic degradation by endopeptidases after its ad-
ministration into the systemic circulation (36). With a reported
half-life of 5 to 10 min in the blood, PACAP would reach its site of
action in the central nervous system at a diminished concentration
(36). This disadvantageous property of PACAP reinforces the
necessity to design PACAP derivatives or small molecules with
chemical modifications that increase enzymatic stability while
maintaining selectivity and potency for PAC1R. The PACIR distri-
bution in nonneuronal cells (37) could also be considered a limita-
tion of the study. Although PACAP itself cannot be used clinically,
our study provides proof of concept in mice that this therapeutic
approach could attenuate the spread of pathological tau.

One potential issue that could have affected our interpretation of
the data is that the genome of rTg4510 mice has been shown to be
disrupted (38) with deletion of the first exons and promoter regions
of fibroblast growth factor 14 and disruption of four other genes
(Vipr2, Ptprn2, Wdr60, and Esyt2). Overexpression of the mutant
tau construct in a new transgenic mouse model, r'T2/t2, was not suf-
ficient to cause premature neuronal loss and brain atrophy at ad-
vanced stages of tauopathy, as observed in the rTg4510 mouse
model (38). For our in vivo treatment study, we used rTg4510 mice
with early-stage tauopathy (3.5 to 4 months of age) because this was
the therapeutic window when proteasome activity could be rescued
before overt tauopathy developed. The early-stage mice analyzed in
the rT2/t2 mouse study (38) did not show differences compared to
rTg4510 mice because most of the differences between these mouse
strains were found at 7 months of age or later.

Tau seeding cellular models including our model use truncated
RD tau or full-length P301L/S mutant tau instead of wild-type tau.
To assess the seeding capacity of exogenous pre- and postsynaptic
tau, we used the truncated mutant RD form of tau because wild-type
tau exhibits low or no aggregation after exposure to exogenous seeds,
making it a challenge to study the pathogenicity of exogenous tau seeds
(39). Consistent with in vitro findings, wild-type nontransgenic
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mice inoculated with purified AD-derived fibrils take much longer
to form tau aggregates and brain pathology than do tauopathy mouse
models (40, 41).

The first compounds to facilitate protein degradation via the
UPS, known as PROTAC:s (proteolysis-targeting chimeras), are in
early-phase clinical trials for cancer (42). PROTACs do not affect
the hydrolytic activity of the proteasome directly but work up-
stream of the proteasome by facilitating ubiquitination of the target
protein of interest. Hence, the strategy may not be feasible for AD
therapies because the three B subunits (B;, B2, and Bs) that contain a
proteolytic active site, required to digest proteins, are impaired in
the disease state. Our data and recent work from other groups
(17, 43) show that phosphorylation of the proteasome by PKA is a
better approach to targeting the enzymatic activity of the 26S prote-
asome. However, PKA as an effector molecule of cAMP has a broad
range of substrate proteins, which could be a concern for long-term
treatment required for AD and other proteotoxic diseases.

In conclusion, we have used a subcellular fractionation approach
to showing the biochemical properties of tau in pre- and postsynaptic
compartments of rTg4510 mouse brain and AD postmortem hu-
man brain. Postsynaptic compartments were shown to contain
pathological tau, potentially making these structures vulnerable to
tau toxicity. We targeted PACIR with PACAP to clear tau in post-
synaptic compartments in rTg4510 mouse brain via increased PKA
signaling and enhanced proteasome activity. Increased proteasome
activity in this compartment correlated with reduced tau pathology
and improved cognitive performance in PACAP-treated rTg4510
mice. This approach may have potential for development of treat-
ments for AD and other tauopathies.

MATERIALS AND METHODS
Study design
The aims of the study were to investigate the distribution and
pathogenicity of tau within synaptic compartments in brain tissue
from rTg4510 tau transgenic mice and in postmortem human AD
brain samples and to investigate whether enhanced proteolysis re-
stricted to postsynaptic compartments could clear synaptic tau and
attenuate tauopathy. To accomplish this, we conducted time course
studies with an equal number of male and female Tg4510 transgenic
mice and wild-type mice aged 3 to 8 months. For in vivo treatment
studies, male and female 3- to 3.5-month-old age-matched Tg4510
and wild-type mice from the same litters were randomly assigned to
each experimental group: rTg4510 mice (vehicle, n = 22; or PACAP,
n = 27) and wild-type mice (vehicle, n = 10; and PACAP, n = 9).
Drug administration (30 days) and testing were performed in three
sets of mice. No animals or extracted samples were excluded from
any of the analyses. The behavioral tests were conducted blinded to
treatment group allocation. Confocal microscopy and image analysis
were performed blinded to treatment condition and genotype. The
number of biological replicates for each in vivo and in vitro experiment
is specified in the figure legends. D’Agostino and Pearson or Shapiro
Wilk normality tests were used to assess normality as reported in data
file S1. Animal protocols and procedures were approved by the
Committee on the Ethics of Animal Experiments of Columbia Univer-
sity Irving Medical Center (CUIMC) and were in full compliance
with U.S. National Institutes of Health Institutional Animal Care.
Postmortem human brain tissue samples were provided by the
New York Brain Bank at CUIMC. The demographics of human
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cases used in this study are listed in table S1. The specimens were
obtained by consent at autopsy and were deidentified to protect the
identity of each patient and thus were IRB exempt. At the time of
collection, about 300-mg blocks of the Brodmann area 9 region of
brain tissue samples were dissected and stored at —80°C until
homogenization. All cases were examined by a CUIMC neuropa-
thologist to identify a neuropathological diagnosis for the Braak
stage of AD.

Mouse studies

Bitransgenic rTg4510 mouse line and wild-type mice with the same
background (129/FVB) were used. Mice were housed in 12-hour
light/dark cycles with free access to food and water. PS19 mice
(TauP301S) were used for generating E18 primary neuronal cul-
tures for Fig. 3 and fig. S4. The PS19 colony was maintained as
hemizygous.

Behavioral testing: Morris water maze test

After 30 days of treatment and nonspatial training, young (4 to
4.5 months of age) rTg4510 [PACAP-treated (n = 27) and vehicle-
treated (n = 22) mice] were analyzed over two batches. A third batch
included age-matched wild-type mice (PACAP-treated, n = 9;
vehicle-treated, n = 10). Mice underwent place discrimination test-
ing for 5 days with two trials per day. Statistical analyses were per-
formed on the mean time to find the hidden platform (latency) per
day, for each day of testing (5 days in total), using a two-way repeated-
measures analysis of variance (ANOVA), described “in the “Statis-
tical analyses” section (PACAP versus vehicle), and gender were used
as between-subject factors and day of testing as the within-subject
factor. The analysis was performed for the rTg4510 and wild-type
groups separately. We investigated the main effects of treatment,
gender, and day of testing on escape latency and each interaction.
Behavioral testing: NOR test

NOR testing was performed in a white rectangular open field (60 cm
by 50 cm by 26 cm) surrounded by a black curtain. One day before
testing, mice were individually habituated to the experimental ap-
paratus without any objects for 5 min. During the training phase,
animals were placed in the experimental apparatus with two identi-
cal 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-hour intertrial interval. To test long-term memory, animals
were returned to their cages for a 24-hour intertrial interval. Explo-
ration 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 abil-
ity to recognize the novel object was determined by equation Thovel/
[Thovel + Thamiliar]. Exploration times were used to calculate a dis-
crimination index [Thnovel = Tfamitiar)/ [ Tnovel + Tfamiliar] X 100. For
statistical analyses, we used a two-way ANOVA with Bonferroni
correction described in the statistics section. For statistical analyses
of the discrimination index, we used an unpaired Student’s ¢ test or
Welch ¢ test for equal and unequal variance, respectively.

In-gel proteasome activity

Cortical brain tissue, E18 cortical primary neuronal cultures, or
HEK 293 PACIR-enhanced green fluorescent protein cells were
harvested and homogenized in a buffer containing 50 mM tris-HCI
(pH 7.4), 5 mM MgCl,, 5 mM ATP, 1 mM dithiothreitol, 1 mM
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EDTA, 10 mM NAF (Sodium fluoride), 25 mM B-glycerolphosphate,
phosphatase inhibitors, and 10% glycerol, which preserved 26S pro-
teasome assembly and centrifuged at 20,000¢ for 25 min at 4°C. The
supernatant was normalized for protein concentration determined
by Bradford assay. Samples (lysate, 25 pg per well) were loaded on
a 4% nondenaturing gel and run for 180 min at 160 V. The activity
of the 268 proteasome was measured by 100 uM Suc-LLVY-amc
(Bachem Bioscience), diluted in the homogenizing buffer after in-
cubation for 10 to 15 min at 37°C. 26S proteasome bands were de-
tected by transilluminator with 365-nm light and photographed
by iPhone 10S camera.

Intracerebroventricular administration with Alzet

osmotic pumps

Mice were anesthetized with isoflurane for intracerebroventricular
administration experiments using Alzet osmotic pumps (model #2004,
ALZET Corporation) with a brain infusion kit. Osmotic pumps,
filled with sterile vehicle (0.9% saline and 0.1% BSA) or PACAP
(10 pmol/hour; with a rate of 0.25 ul/hour), 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: 0.5-mm posterior, —1.1-mm
lateral (left), and —2.5-mm ventral. Mice were sutured and housed
for 4 weeks. The protocol was approved by the Committee on the
Ethics of Animal Experiments of CUIMC.

In vitro seeding activity of tau

In vitro tau seeding activity was conducted on HEK 293 cells and
primary neuronal cultures plated on 12-well plates. The DS1 clonal
line were plated in poly-p-lysine 18-mm coverslips at 100,000 cells
per well. The next day, cells that were at 60 to 70% confluency were
transduced with 10 pl of lysate and normalized to 3 ng/ul per well of
tau from rTg4510 mice or 5 ng/ul per well of tau from human brains
and 1% lipofectamine 2000. Cells were incubated with lysate from
rTg4510 or human brains for 24 or 48 hours, respectively, before
fixation with 4% Paraformaldehyde (PFA) for immunofluorescence
(see below). Primary cortical neurons from PS19 mice were plated at
a density of 100, 000 and were exposed at 14 days in vitro to 20 pg of
lysates from HEK 293-DS9 clone that features tau aggregates and
has high seeding activity. DS9 lysate was used as tau seeds to induce
aggregation and propagation of tau in naive neuronal cells. Neurons
were exposed to seeds for 5 days. Neurons were treated for 4 days
with PACAP 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 days after seeding (Fig. 3). In
other experimental paradigms, we omitted Triton X-100 to assess
neurite integrity during seed exposure (fig. S4).

Purification of 26S proteasomes

Cortices from six mice (three mice per gender) were pooled each
time proteasome purification was carried out, and 26S proteasomes
were affinity-purified using a ubiquitin-like (UBL) domain as the
ligand. Briefly, brain homogenates were spun for 1 hour at 100,000g. The
soluble extracts were incubated at 4°C with glutathione S-transferase—
UBL domain (GST-UBL; 2 mg/ml) and 300 pl of glutathione-
Sepharose 4B. The slurry containing 26S proteasomes bound to
GST-UBL was poured into an empty column, washed, and then incu-
bated with His'*-ubiquitin-interacting motif (10x His-UIM; 2 mg/ml).
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The eluate was collected and incubated with Ni**-nitrilotriacetic
acid (NTA)-agarose for 20 min at 4°C. The Ni*-NTA-bound 10x
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 sub-
units, we incubated 10 nM proteasome with 40 uM Suc-LLVY-amc
fluorogenic peptide. Kinetic reactions (peptidase activity) were
carried out for a period of 60 to 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 and 460-nm
emission by Infinite 200 PRO multimode reader (TECAN).

Statistical analyses

Statistical analyses were performed with Prism 8 (GraphPad Software,
San Diego, CA) and Stata ICv14 (StataCorp LLC, College Station,
TX). P < 0.05 was considered significant. Data were assessed for
normality using the D’Agostino skewness and kurtosis tests. Levine’s
robust test, Spearman’s test (Stata), or Shapiro-Wilk test (Prism 8)
was used to assess the homogeneity of variance. Data from fraction-
ation assays (Figs. 1 and 4 and fig. S1), in vitro seeding assays with
DS1 HEK 293 cells (Fig. 2), peptidase activity and phosphorylation
analyses (Fig. 5, B, D, and E), the NOR test (Fig. 7, C, E, G, and I),
immunoblotting with phospho-tau epitopes, and testing the PACAP
effect on gender (fig. S12) were analyzed using a two-way ANOVA.
Main effects and interactions were tested in each ANOV A, followed
by post hoc Bonferroni correction.

Because of the relationship between the phosphorylated tau epi-
topes, MANOV A was used to determine the effect of treatment and
gender on the immunoblot results from the total and the insoluble
extracts (dependent variables: total tau, pS396/pS404 tau, pS202/
pT205 tau, pS262 tau, and pS214 tau) (Fig. 6, A and B, and fig. S9).
Multivariate normality was assessed via the Doornik-Hansen mul-
tivariate test. Before testing, the following model assumptions were
investigated: correlation of dependent variables and univariate and
multivariate homogeneity of variance (as determined using Levine’s
test and Mahalanobis distance, respectively). Covariance matrices
assumptions were assessed using a Box’s M test. Pillai’s criterion
was used to assess whether there was a statistically significant effect
of treatment on a linear combination of the dependent variables.
Estimates of the coefficients were obtained from the multivariate
regression model. Univariate F tests were used to demonstrate the
significant effect of treatment on all dependent variables. Morris
water maze tests (Fig. 7A and fig. S12) were analyzed using a two-
way repeated-measures ANOVA followed by Bonferroni multiple
comparison post hoc tests.

For the seeding assay of primary neuronal cultures (Fig. 3) and
for in vitro proteasome assays (fig. S8, F to Q), we used a one-way
ANOVA followed by Bonferroni multiple comparison post hoc
testing. The discrimination index from the NOR test (Fig. 7,
D, F, H, and J) and data from purified proteasomal extracts for
PKA-specific phospho serine/threonine assays (Fig. 5, F and G),
in vivo in-gel proteasome analysis (fig. S8, A to E), and immunobhis-
tochemistry analysis (Fig. 6C and fig. S11) were analyzed using an
unpaired two-tailed Student’s ¢ test, when the variance between
groups was equal, or a two-tailed Welch ¢ test, when groups had
unequal variance.

To evaluate data from the Morris water maze test, statistical
analyses were performed on the mean time to find the hidden
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platform (latency) per day for each day of testing (5 days), using a
two-way repeated-measures ANOVA. Treatment (PACAP versus
vehicle) and gender were used as between-subject factors and day of
testing as the within-subject factor. The analysis was performed for
the rTg4510 and wild-type mouse groups separately. We investigated
the main effects of treatment, gender, and day of testing on escape

latency and each interaction.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/595/eaba7394/DC1
Materials and Methods

Fig. S1. Fractionation assay diagram and accumulation of pathological tau in the postsynaptic

compartments in rTg4510 mice.

Fig. S2. Synaptic tau does not cosediment with tau aggregates in rTg4510 mice.

Fig. S3. Accumulation of pathological tau in the postsynaptic compartments in AD.

Fig. S4. Selection of area for quantification of immunoreactivity from human samples.
Fig. S5. Pre- and postsynaptic tau from AD brains increased p$202/pT205 tau but not the
aggregation of endogenous human tau.

Fig. S6. Seed-induced misfolding of endogenous tau can be attenuated by PACAP.

Fig. S7. PACAP treatment reduces synaptic tau pathology in rTg4510 mice.

Fig. S8. Increased proteasome activity under PACAP-treated conditions.

Fig. S9. Effect of PACAP on attenuated tauopathy grouped by treatment and gender.
Fig. S10. PACAP treatment attenuates tauopathy.

Fig. S11. PACAP treatment reduced pS396/pS404 tau in the hippocampus.

Fig. 512. PACAP’s mediated improved cognitive functions showed no gender differences.
Fig. S13. Putative mechanism of tau clearance restricted to postsynaptic compartment.
Table S1. Human demographics and neuropathological data.

Data file S1. Individual level data.

View/request a protocol for this paper from Bio-protocol.
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PACKking toxic tau a punch

Tau is enriched in healthy axons, but in the early stages of Alzheimer's disease (AD), tau becomes
mislocalized to synapses. Using a mouse model of tauopathy and postmortem human brain tissue samples from
patients with AD, Schaler et al. show that synaptic tau accumulated predominantly in postsynaptic compartments
resulting in tau aggregation. To combat tau accumulation in postsynaptic compartments, the authors stimulated the
PAC1 receptor expressed on the surface of dendrites using the receptor's ligand PACAP. This resulted in
increased PKA-dependent proteasome activity and tau clearance. Treatment with PACAP led to reduced synaptic
tau, attenuated tauopathy, and improved cognitive performance in mice.
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