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APPsa Rescues Tau-Induced Synaptic Pathology
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Alzheimer’s disease (AD) is histopathologically characterized by Ab plaques and the accumulation of hyperphosphorylated Tau species,
the latter also constituting key hallmarks of primary tauopathies. Whereas Ab is produced by amyloidogenic APP processing, APP
processing along the competing nonamyloidogenic pathway results in the secretion of neurotrophic and synaptotrophic APPsa.
Recently, we demonstrated that APPsa has therapeutic effects in transgenic AD model mice and rescues Ab-dependent impairments.
Here, we examined the potential of APPsa to mitigate Tau-induced synaptic deficits in P301S mice (both sexes), a widely used mouse
model of tauopathy. Analysis of synaptic plasticity revealed an aberrantly increased LTP in P301S mice that could be normalized by
acute application of nanomolar amounts of APPsa to hippocampal slices, indicating a homeostatic function of APPsa on a rapid time
scale. Further, AAV-mediated in vivo expression of APPsa restored normal spine density of CA1 neurons even at stages of advanced
Tau pathology not only in P301S mice, but also in independent THY-Tau22 mice. Strikingly, when searching for the mechanism
underlying aberrantly increased LTP in P301S mice, we identified an early and progressive loss of major GABAergic interneuron sub-
types in the hippocampus of P301S mice, which may lead to reduced GABAergic inhibition of principal cells. Interneuron loss was
paralleled by deficits in nest building, an innate behavior highly sensitive to hippocampal impairments. Together, our findings indicate
that APPsa has therapeutic potential for Tau-mediated synaptic dysfunction and suggest that loss of interneurons leads to disturbed
neuronal circuits that compromise synaptic plasticity as well as behavior.
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Significance Statement

Our findings indicate, for the first time, that APPsa has the potential to rescue Tau-induced spine loss and abnormal synaptic
plasticity. Thus, APPsa might have therapeutic potential not only because of its synaptotrophic functions, but also its homeo-
static capacity for neuronal network activity. Hence, APPsa is one of the few molecules which has proven therapeutic effects
in mice, both for Ab - and Tau-dependent synaptic impairments and might therefore have therapeutic potential for patients
suffering from AD or primary tauopathies. Furthermore, we found in P301Smice a pronounced reduction of inhibitory inter-
neurons as the earliest pathologic event preceding the accumulation of hyperphosphorylated Tau species. This loss of inter-
neurons most likely disturbs neuronal circuits that are important for synaptic plasticity and behavior.
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Introduction
Alzheimer’s disease (AD) is the most prevalent neurodegenera-
tive disease in the elderly, characterized by two major pathologic
hallmarks: extracellular senile amyloid-b (Ab ) plaques, and in-
tracellular neurofibrillary tangles that consist of hyperphos-
phorylated Tau protein (for review, see Ballatore et al., 2007; De
Strooper and Karran, 2016). Under physiological conditions,
Tau is enriched in axons where it binds to microtubules and reg-
ulates their dynamics (Y. Wang and Mandelkow, 2016). Under
pathologic conditions, Tau becomes increasingly phosphoryl-
ated, which leads to its detachment from microtubules and pro-
motes its mislocalization to the somatodendritic compartment.
Eventually, Tau undergoes a transition from soluble to insoluble
oligomers that fibrillize and are finally deposited as neurofibril-
lary tangles (Fitzpatrick et al., 2017; Wegmann et al., 2018).

Recent studies indicated that in addition to impairments
induced by pathologic Tau and Ab species, network abnormal-
ities caused by a disturbed balance of excitation and inhibition
(E/I) are frequent in AD patients (Nakamura et al., 2017) and
may precede the formation of protein aggregates (Harris et al.,
2020). Inhibitory interneurons are key regulators of network ac-
tivity and impaired GABAergic neurotransmission can lead to
network hyperexcitability (for review, see Vossel et al., 2017;
Harris et al., 2020; Y. Xu et al., 2020). In AD mouse models,
interneuron dysfunction and hyperexcitability have previously
been observed in conjunction with Ab -mediated pathology.
Importantly, these Ab -mediated impairments crucially involved
Tau-dependent signaling cascades (Roberson et al., 2007, 2011;
Verret et al., 2012; Ittner et al., 2016; Palop and Mucke, 2016).

Ab is generated by sequential cleavage of APP by b - and
g -secretase. In the competing and physiologically predomi-
nant nonamyloidogenic pathway, APP is cleaved by a-sec-
retase (Lammich et al., 1999; Lichtenthaler et al., 2011), which
liberates the neuroprotective ectodomain APPsa and precludes
the formation of Ab . The levels of endogenous APPsa are
reduced in neurologic disorders, including AD (Lannfelt et al.,
1995; Kim et al., 2009) and low APPsa levels in the CSF corre-
late with poor memory performance in both aged humans and
rats (Almkvist et al., 1997; Anderson et al., 1999). Shifting APP
processing toward nonamyloidogenic processing has therefore
been suggested as a therapeutic strategy for AD (Mockett et al.,
2017; Müller et al., 2017). Indeed, APPsa protects neurons
against different forms of stress (Müller et al., 2017), stimulates
neurite outgrowth and branching (Young-Pearse et al., 2008;
Weyer et al., 2014), increases spine density in APP-deficient
mice (Weyer et al., 2011, 2014; Tyan et al., 2012; Hick et al.,
2015) and in WT mice upon environmental enrichment (Zou
et al., 2016). Moreover, APPsa facilitates LTP (Taylor et al.,
2008; Hick et al., 2015; Richter et al., 2018; Mockett et al., 2019)
and enhances memory (Ring et al., 2007; Xiong et al., 2017;
Richter et al., 2018). Importantly, we recently demonstrated that
APPsa has therapeutic potential in transgenic APP/PS1DE9 mice
with plaque pathology, as viral vector-mediated APPsa expression
in the hippocampus of these mice rescued deficits in synaptic plas-
ticity, spine density, and spatial memory and also reduced Ab
levels (Fol et al., 2016). These results raised the question of
whether the beneficial in vivo effects of APPsa may also be
exploited for Ab -independent impairments, in particular Tau-
induced pathology.

Here, we used Tau transgenic mice, the hTau.P301S mouse
line (further referred to as P301S mice) (Allen et al., 2002), and
the THY-Tau22 mouse line (Schindowski et al., 2006; van der
Jeugd et al., 2011) to examine whether APPsa has a more

generalized therapeutic effect and could ameliorate Tau-induced
synaptic deficits. As a baseline for these studies, we first charac-
terized P301S mice in more detail. Electrophysiological record-
ings indicated an aberrantly increased LTP in hippocampal slices
of P301S mice that could be restored to WT levels by recombi-
nant (rec) APPsa. In vivo, AAV-mediated APPsa expression in
the hippocampus rescued spine density deficits of pyramidal
neurons both in P301Smice and in THY-Tau22mice. Strikingly,
the aberrant increase in LTP in P301S mice was paralleled by a
so far unrecognized progressive loss of inhibitory GABAergic
interneurons present already early postnatally and clearly pre-
ceding detectable Tau pathology.

Materials and Methods
Ethics statement
All animal experiments were performed in accordance with the guide-
lines and regulations set forth by the German Animal Welfare Act and
the Regierungspräsidium Karlsruhe (Germany) to reduce the numbers
of animals and prevent unnecessary suffering. All procedures performed
were approved by the Regierungspräsidium Karlsruhe. (Aktenzeichen
35-9185.81/G-153/16, 35-9185.81/G-151/16, 35-9185.81/G-157/21).

Mice
Animals were housed in a 12 h light/dark cycle in Makrolon Type II cages
with standard bedding and ad libitum access to water and food.
Homozygous Tau transgenic mice overexpressing a human Tau (hTau)
isoform harboring a mutation at position 301 were originally generated on
a C57Bl/6J and CBA mixed background, backcrossed to C57Bl/6J and a
kind gift from Michel Goedert. Generation and genotyping of hTau.P301S
mice (further referred to as P301S) were described previously (Allen et al.,
2002). C57Bl/6J mice were used as the age-matched control group (further
referred to as WT). Because of the expression of the transgene in the motor
neurons of the spinal cord, P301Smice show a progressing hindlimb paral-
ysis. Hence, they are classified as having a burdened phenotype. The
decline of their motor performance is monitored on a daily basis and a
score is assigned: 0, no symptoms; 0.5, paralysis of the tip of the tail; 1, pa-
ralysis of the tail and beginning ataxia; 1.5, paresis of the tail, weakness of
the hindlimbs; 2, severe one-sided paresis of the hindlimbs and ataxia.
Animals had to be sacrificed when reaching a score of 2 to prevent
unnecessary suffering.

Generation and genotyping of THY-Tau22 mice were described pre-
viously (Schindowski et al., 2006). Heterozygous THY-Tau22 mice and
internal WT littermate controls of both sexes were used.

Protein extraction based on solubility
For Sarkosyl-soluble/insoluble protein extraction, mice were sacrificed at
the age of 12-14, 16-18, or 20-22weeks by cervical dislocation, and the
brain was rapidly removed. Brain samples from animals of the same age
were processed strictly in parallel. The cerebral hemispheres were sepa-
rated, the hippocampi were dissected, snap-frozen in liquid nitrogen, and
stored at �80°C upon handling. Samples were homogenized in 250ml of
buffer H (10 mM Tris, pH 7.4, 0.8 M NaCl, 1 mM EGTA, 10% sucrose, 1
mM PMSF, protease and phosphatase inhibitors) using a bead mill (Omni
Bead Ruptor 24, Omni International; 2� 20 s at 3.1 m/s). The homoge-
nates were kept on ice for 20min. Subsequently, the samples were centri-
fuged for 20min at 21,200 � g at 4°C, and the supernatants (S1) were
collected. The resulting pellets (P1) were homogenized a second time in
the same volume of buffer H and centrifuged again. The supernatants (S2)
were mixed with the corresponding supernatants from the first centrifuga-
tion step (S1) in a new tube and the beads were washed with 50ml of buffer
H, that was added to the supernatants afterward. The pellets (P2) were
resuspended in 100ml Tris-buffered saline, snap-frozen in liquid nitrogen,
and stored at �80°C. The combined supernatants were adjusted to 1%
Sarkosyl and incubated for 1 h at 37°C on an orbital shaker (350-400 rpm).
Afterward, an ultracentrifugation step for 68min at 127,900� g and at 4°C
was used to form the pellets (P3) and the supernatants (S3), containing
Sarkosyl-insoluble and Sarkosyl-soluble Tau species, respectively. The pel-
lets (Sarkosyl-insoluble fraction) were resuspended in 30 ml Tris-buffered
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saline. From the supernatants (S3), 5ml was used for protein quantification
(BCA assay). From the pellets (P3), 30ml was used directly for sample prep-
aration. Protein quantification and sample preparation were performed on
the same day as the fractionation.

Western blot analysis
Sarkosyl-soluble (S) and insoluble (P) fractions (20mg/20ml) were used
for SDS-PAGE. Proteins were separated using 4% stacking and 10% run-
ning Tris-glycine gels in Laemlli buffer (0.025 M Tris, 0.2 M glycine, 0.1%
(w/v) SDS, add H2O). The gels contain TCE (Trichlorethanol, Merck
Millipore) to allow for the detection of total protein. Before blotting, gels
were placed on an UV transilluminator and activated for 1min. Proteins
were transferred to 0.45mm PVDF membranes (GE Healthcare) using a
tank blot (1 h, 450mA). After the electro transfer, stain-free blot images
were acquired using the ChemiDoc MP system without further activa-
tion to detect total protein amount on the membrane.

Membranes were blocked at room temperature (RT) for 1 h in PBS-
T (0.05% Tween-20 in PBS) with 5% BSA. Primary antibodies were
diluted in PBS-T with 5% BSA. The following antibodies were used: AT8
(mouse monoclonal, 1:500, #MN1020, Thermo Fisher Scientific), AT180
(mouse monoclonal, 1:1000, #MN1040, Thermo Fisher Scientific). After
washing with PBS-T, membranes were incubated with an HRP-coupled
secondary antibody against mouse primary antibodies (goat anti-mouse
HRP, 1:10,000, #115-165-146, Dianova), followed by another washing
step. The membranes were developed using Signal-Fire ECL reagent
(#6883, Cell Signaling Technology) and signals were detected using the
Bio-Rad Chemidoc MP imager (Bio-Rad, Hercules).

To re-probe the membranes with the HT7 antibody (mouse mono-
clonal, 1:1000, #MN1000, Thermo Fisher Scientific), they were incubated
in stripping buffer (62.5 mM Tris, pH 6.7, 2% [w/v] SDS, 100 mM b -mer-
captoethanol, add H2O) for 30min at 65°C. After washing with PBS-T,
the membranes were blocked again using 3% nonfat milk in PBS-T for
1 h at RT and then incubated with HT7 diluted in blocking buffer.
Afterward, the membranes were incubated in secondary antibody and
imaged as described above.

Immunohistochemistry (IHC)
Animals of the same age and treatment group were always sacrificed on
the same day, and brain samples were stained in parallel. For IHC, mice
were sacrificed with CO2 and transcardially perfused with ice-cold PBS,
followed by 4% PFA in PBS. Brains were dissected from the skull and
postfixed in 4% PFA in PBS for 24 h at 4°C. 40mm coronal brain sections
were cut on a vibratome (HM650V Vibratome, Thermo Fisher
Scientific) and collected in PBS.

Standard IHC. Slices were blocked and permeabilized (5% BSA, 5%
NGS, 0.4% Triton X-100 in PBS) for 2 h at RT. After washing in PBS, the
slices were stained free-floating overnight at 4°C in a 24-well plate using
the following primary antibodies in corresponding primary antibody solu-
tions (5% NGS, 0.2% Triton X-100 in PBS): parvalbumin (PV, guinea pig,
1:1500, #195004, Synaptic Systems), calretinin (CR, rabbit, 1:1500,
#214102, Synaptic Systems), Somatostatin (SST, rat, incubated for 48 h,
#MAB354, Merck Milipore). Afterward, the slices were washed in PBS
and incubated in the corresponding secondary antibody solutions (0.1%
BSA, 0.05% Triton X-100 in PBS) for 2 h at RT. The following secondary
antibodies were used: donkey anti-rabbit Cy3 (1:1000, #711-165-152,
Jackson ImmunoResearch Laboratories), goat anti-rat Cy3 (1:1000,
#112-165-167, Dianova), goat anti-guinea pig Alexa-488 (1:1000, #106-
545-003, Jackson ImmunoResearch Laboratories), goat anti-guinea pig
Alexa-568 (1:500, #A11075, Thermo Fisher Scientific). Following second-
ary antibody incubation, the slices were washed in PBS and nuclei were
counterstained with DAPI. Slices were mounted in Mowiol on Superfrost
microscope slides (Menzel). Images were taken with a Nikon C2 Plus con-
focal microscope.

Fluorescent ABC staining. Remaining PFA was neutralized using
50 nM NH4Cl in PBS for 15min at RT. After washing, the slices were
permeabilized (2% Triton X-100 in PBS) overnight at RT, followed by a
blocking step (M.O.M. (Mouse on Mouse) Blocking Reagent, 1:100, #
MKB-2213, Vector Laboratories) for 6 h at RT. After washing in PBS,
the slices were stained free-floating overnight at RT in a 24-well plate

using the following primary antibodies (5% NGS in PBS): HT7 (mouse, 1:200,
#MN1000, Thermo Fisher Scientific), AT8 (mouse, 1:200, #MN1020, Thermo
Fisher Scientific), and AT180 (mouse, 1:200, #MN1040, Thermo Fisher
Scientific). Afterward, the slices were washed in PBS and afterward incubated
in the corresponding biotinylated secondary antibody (1:250, goat anti-mouse
IgG antibody, biotinylated, #BA-9200, Vector Laboratories) for 2 h at RT (3%
NGS, 1% BSA in PBS). Brain sections were washed again and incubated in
ABC solution for 2 h at RT (1:100, Vectastain ABC Kit, #PK-4000, Vector
Laboratories). After another washing step in PBS, a streptavidin rhodamine-
RedX conjugate was used to detect the biotinylated secondary antibody (8mg/
ml, S6366, Thermo Fisher Scientific). Following streptavidin incubation, the sli-
ces were washed in PBS and nuclei were counterstained with DAPI. Slices
were mounted in Mowiol on Superfrost microscope slides (Menzel). Images
were taken with a Nikon C2 Plus confocal microscope as described below.

Production of recAPPsa
Recombinant His-HA-tagged recAPPsa was purified by affinity chroma-
tography from the supernatant of stably transfected HEK293T cells as
described previously (Hick et al., 2015). Briefly, HEK293T cells were stably
transfected with pIRES-His-TEV-HA-muAPPsa-Puro and cultivated in
DMEM, supplemented with 10% FCS, 1% L-Glut, and 2.5mg/ml puromy-
cin, in T-1000 flasks. When reaching 70%-80% confluency, the medium
was changed to serum-reduced OptiMEM. Medium was conditioned with
secreted His-HA-APPsa for 24 at 37°C. The conditioned medium was
applied to a diafiltration process using a 10 kDa cutoff diafiltration car-
tridge (Vivaflow 200, 10,000 MWCO, PES, # VF20P0, Sartorius) on a
modified ÄKTA PrimePlus chromatography system (Cytiva). For the affin-
ity purification of the His-tagged APPsa, either a cobalt resin (Amintra
Cobalt IDA Resin, Expedeon) or prepacked nickel columns were used
(HisTrap High Performance, Cytiva). Afterward, the bound protein was
eluted from the column using 50 mM sodium phosphate buffer, pH 7.4,
300 mMNaCl, 300 mM imidazole, and 1mM benzamidine. During the puri-
fication process, protein-containing fractions were collected and analyzed
using stain-free SDS gels and Western Blot with the following antibodies:
anti-HA (mouse, 1:1000, #2367, Cell Signaling Technology), anti-His (mouse,
1:3000, #27-410-01, Sigma Aldrich), anti-APP (m3.2, mouse, 1:1000, a kind
gift from Paul Mathews), and anti-APP (clone 22c11, mouse, 1:200,
#MAB348, MerckMillipore) to check for C- and N-terminal integrity of the
protein. Fractions containing APPsa were pooled and concentrated using
centrifugal concentrators (VivaSpin 20, 30000 MWCO, #VS2021, Sartorius).
Using a HiPrep Desalting column (GE Healthcare), the physiological condi-
tions in the preparation were restored by exchanging the buffer to PBS. The
protein concentration was determined by BCA assay and the integrity and
purity of produced His-HA-APPsa was assessed using stain-free SDS gels
andWestern blot with aforementioned antibodies.

Electrophysiology
Slice preparation for extracellular field recordings. In vitro extracellu-

lar recordings were performed on acute hippocampal slices of WT con-
trols and P301Smice aged 16-18weeks.

Acute hippocampal transversal slices were prepared from isoflurane-
anesthetized mice. Following decapitation, the brain was removed and
quickly transferred into ice-cold carbogenated (95% O2, 5% CO2) ACSF
containing 125.0 mM NaCl, 2.0 mM KCl, 1.25 mM NaH2PO4, 2.0 mM

MgCl2, 26.0 mM NaHCO3, 2.0 mM CaCl2, and 25.0 mM glucose. The hip-
pocampus was sectioned into 400-mm-thick transversal slices with a
vibrating microtome (VT1200S, Leica) and maintained in carbogenated
ACSF at RT for at least 1.5 h.

recAPPsa application. Acute hippocampal slices of P301S mice and
WT controls were preincubated in 30 ml gently carbogenated ACSF con-
taining recombinant APPsa (recAPPsa) at a concentration of 10 nM, in
a custom-made incubation chamber for 1 h at RT. Afterwards, slices
were transferred into the recording chamber where again 30 ml of ACSF
with recAPPsa was circulating in a closed loop during the entire experi-
ment at 32°C.

Muscimol application. The GABA-R agonist muscimol (Tocris
Bioscience) solved in Aqua dest. was used at a final concentration of
0.2 mM and applied 10min before Theta-Burst Stimulation delivery.
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Extracellular field recordings. Slices were placed in a submerged re-
cording chamber and perfused with carbogenated ACSF (32°C;
125.0 mM NaCl, 2.0 mM KCl, 1.25 mM NaH2PO4, 2.0 mM MgCl2, 26.0 mM

NaHCO3, 2.0 mM CaCl2, 25.0 mM glucose) at a rate of 1.2-1.5 ml/min.
fEPSPs were recorded in stratum radiatum of CA1 region with a borosili-
cate glass micropipette (resistance 1-4 MV) filled with 3 M NaCl at a depth
of ;150-200mm. Monopolar tungsten electrodes were used for stimulat-
ing the Schaffer collaterals at a frequency of 0.1Hz. Stimulation intensity
was adjusted to ;40% of maximum fEPSP slope for 20min baseline re-
cording. LTP was induced by applying Theta-Burst Stimulation, TBS: 10
trains of four pulses at 100 Hz in a 200 ms interval, repeated 3 times. To
induce LTD, a low-frequency stimulus (1Hz) was applied for 15min after
20min of baseline recording.

Basal synaptic transmission properties were analyzed via input-out-
put (IO) measurements and short-term plasticity was examined via
paired-pulse facilitation (PPF). The IO measurements were performed
by application of defined current values (25-250mA) or by adjusting the
stimulus intensity to achieve specific fiber volley (FV) amplitudes (0.1–
0.8mV). Presynaptic function and short-term plasticity were assessed
with the PPF paradigm by applying a pair of two closely spaced stimuli
in interstimulus intervals (ISIs) ranging from 10–160ms.

Whole-cell electrophysiological recordings. 16-18-week-old WT and
P301Smice were anesthetized with isoflurane and intracardially perfused
with sucrose dissection solution containing 212 mM sucrose, 3.0 mM

KCl, 1.25 mM NaH2PO4, 7.0 mM MgCl2, 26.0 mM NaHCO3,
0.02 mM CaCl2, and 10.0 mM glucose. Brains were quickly removed and
cut into 250-mm-thick acute transverse slices with the help of a tissue
slicer (Leica; razor blade: Personna). Slices were incubated at 37°C for
15min in ACSF containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, and 25 mM glucose
(bubbled with 95% O2/5% CO2 to pH 7.4). The holding chamber was
slowly cooled down to RT and slices were incubated for 45min before
recordings. mEPSCs and mIPSCs were recorded from the same cell using
glass capillaries filled with an internal solution containing 120 mM Cs-meth-
ane sulfonate, 5 mM MgCl2, 0.4 mM GTP, 4 mM MgATP, 10 mM Na-phos-
phocreatine, 0.6 mM EGTA, and 30 mM HEPES, pH 7.3. Recordings were
acquired in 30°C ACSF containing 50 mM APV (Biotrend) and 1 mM TTX
(Biotrend) in voltage-clamp mode at a holding potential of �70mV to re-
cord mEPSCs or 10mV to record mIPSCs. Series resistance was monitored,
but no compensation was performed.

AAV plasmid design and vector production
The codon-optimized murine APPsa coding sequence was cloned under
control of the synapsin promoter into a single-stranded rAAV2-based
shuttle vector, as described previously (Fol et al., 2016). To enable easy
detection, an N-terminal double HA-tag was inserted downstream of
the APP signal peptide. The bicistronic DNA construct harbors a T2A
site that connects the cDNA of membrane-anchored lckVenus and
muAPPsa. The monocistronic AAV-Venus vector serves as a control
and encodes only the yellow fluorescent protein Venus, which contains a
lymphocyte-specific protein tyrosine kinase (lck)-derived peptide motif
which tethers it to the plasma membrane. To produce viral particles,
HEK293 cells were transfected with the abovementioned expression cas-
settes and the helper plasmid pDP9rs as previously described (Richter et
al., 2018). Briefly, cell lysate and supernatant were collected, and virus
particles were purified by ultracentrifugation on an iodixanol density
gradient followed by buffer exchange to 0.01% pluronic/PBS (1� DPBS)
via a 100 kDa Amicon centrifugal filter unit (Merck Millipore). The con-
centration was determined by free inverted terminal repeat-specific
quantitative TaqMan PCR and expressed as genomic copies per ml of
concentrated stocks (gc/ml) as previously described (Richter et al., 2018).

Stereotactic injection of AAVs
Mice were anesthetized by intraperitoneal injection of sleep mix (mede-
tomidine: 500mg/kg, midazolam: 5mg/kg, fentanyl: 50mg/kg in isotonic
NaCl solution) and positioned on a stereotactic frame (World Precision
Instruments). For optimized vector spread, AAV-Venus or AAV-APPsa
vectors were bilaterally injected into two spots of the hippocampus. At
each injection spot, 1ml AAV vector stock titer (5� 108 to 1� 109 gc/ml)

was applied at a rate of 0.2ml/min. To prevent efflux of viral vector prep-
arations, the cannula was left to rest for 1min. Stereotactic coordinates
of injection sites are as follows (relative to bregma): anteroposterior �2
mm, mediolateral:61 mm, dorsoventral�2.25 mm and�1.75 mm.

Neuronal morphology and spine counts
Biocytin fillings of neurons. For morphologic analysis, CA1 pyrami-

dal neurons of P301S or WT mice were filled with a solution containing
0.1%-0.5% biocytin (Sigma Aldrich) through the patch pipette while re-
cording. Acute slices were fixed in 4% Histofix (Carl Roth) after record-
ing. After 2-10d, the slices were washed in 1� PBS for 3� 10min.
Permeabilization was performed for 1 h in 0.2% PBST (0.2% Triton X-
100 in 1� PBS). Slices were stained overnight with Alexa-594-conju-
gated Streptavidin directed against biocytin (Invitrogen). On the next
day, the slices were washed again for 3� 10min in 1� PBS. After air-
drying the slices at RT for 1 h, they were mounted with a coverslip in
ProLong Gold Antifade (Invitrogen).

Golgi staining. Golgi staining was done using the Rapid Golgi Staining
Kit according to the manufacturer’s protocol (FD NeuroTechnologies).
Briefly, AAV-injected mice were sacrificed by cervical dislocation either at
the age of 16-18 or 20-22weeks for the P301S mouse line, or at the age of
12months for the THY-Tau22mouse line. Brains were removed from the
skull and parted into hemispheres, from which one was used for Western
blot analysis while the other one was used for Golgi staining. All proce-
dures were performed in the dark. The hemispheres were immersed
according to the manufacturer’s protocol. Then brains were rapidly frozen
on dry ice, and 100mm coronal sections were cut using a cryotome
(HM550, Thermo Fisher Scientific). Sections were mounted with Solution
C on adhesive microscope slides precoated with 0.5% gelatin/0.05%
Chromalaun and let dry at RT. The sections were stained according to the
manufacturer’s protocol. Finally, slices were coverslipped with Permount
(Thermo Fisher Scientific).

Image acquisition. Images were acquired at the inverted fluorescence
microscope Axio Observer Z1 using Plan Apo 20�/0.8 DICII and Plan
Apo 63�/1.4 Oil DICII objectives (Zeiss). Overview images of the whole
neuron for reconstruction were taken with a 20� objective and a z-step
size of 0.5mm. Basal and apical dendrites were imaged individually with
two overlapping stacks. More detailed images of basal and apical dendri-
tic segments for spine density analysis were acquired with a 63� oil
objective and a z-step size of 130 nm. Exposure time was individually set
for each cell so that the complete range of the grayscale was used.

Sholl and spine density analysis. Biocytin-filled hippocampal CA1
neurons were manually reconstructed using the Neurolucida software
(MicroBrightField) by an experimenter blind to genotype. Neurons were
only included in Sholl analysis if they showed a completely filled apical or
basal tree and well-defined dendritic endings. The morphometric Sholl
analysis was done using the NeuroExplorer software (MicroBrightField).
In short, a series of concentric spheres (centered on the soma) was drawn
with an intersection interval of 30mm and the number of dendrites cross-
ing each sphere as well as the dendritic length in between each sphere was
calculated. This analysis was done separately for basal and apical dendrites
of CA1 pyramidal cells and was plotted against the distance from the
soma. For evaluation of dendritic spine density, at least three different
dendritic segments of the basal dendritic arbor were imaged. Spine density
was determined as described (Richter et al., 2018; Steubler et al., 2021) fol-
lowing the criteria of Holtmaat et al. (2009) and was plotted as spines per
mm of dendrite. Before statistical analysis and blind to genotype, neurons
were excluded if the image quality (poor signal-to-noise ratio) was not suf-
ficient for counting of spines. Data acquisition and analysis were per-
formed blind to genotype.

Nesting behavior
Species-specific nesting behavior was assessed as described previously
(Deacon, 2006). The nesting test was conducted in the Interdisciplinary
Biomedical Facility at the University of Heidelberg. Thirty mice (15 WT
and 15 P301S mice) of both sexes were housed in individual cages con-
taining regular bedding. Mice were kept under a 12 h light/dark cycle
(lights on at 6:00 A.M.). A nestlet of roughly 3 g of compressed cot-
ton (Ancare, Bellmore) was placed into each cage at the beginning

Bold, Baltissen et al. · APPsa Restores Tau-Induced Synaptic Deficits J. Neurosci., July 20, 2022 • 42(29):5782–5802 • 5785



of the dark phase. The exact weight of the nestlet was measured
and noted.

Experimental design and statistical analysis
All analyses were performed with the person analyzing the data blind to
the genotype and experimental condition. For each experiment, the exact
number of animals (N) as well as the number of slices analyzed (n) are
given in the corresponding figure.

For all experiments, male and female mice were used at different
ages as indicated in the main text and figure legends (age: 4, 6, 12-14, 16-
18, 20-22weeks).

Data analysis and statistics of Western blot experiments. For the
analysis of Western blots, the Bio-Rad Image Lab Software was used
(version 6.1.0, build 7). The signal intensity of the AT8/AT180 bands
was normalized to the corresponding HT7 signal in the same fraction.
Using GraphPad Prism (versions 8 and 9), the datasets were analyzed for
Gaussian distribution applying the D’Agostino-Pearson omnibus test.
Values that deviated more than 2 times the SD from the mean value
were classified as outliers and were removed from the dataset. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc test. Values
of p=0.05 were considered significant and plotted as follows: *p , 0.05;
**p, 0.01; ***p, 0.001. All data are indicated as mean6 SEM. Figures
were created using the graphics program Affinity Designer (version
1.8.6).

Data analysis of Tau immunohistochemistry. For quantification of
Tau immunohistochemistry (HT7, AT8, AT180), z-stack mosaic images
of the hippocampus were taken using a 10� objective. Hippocampal sec-
tions from all groups were imaged with consistent settings (number of
steps: 11; step size: 2.7mm) and with the same laser intensities avoiding
overexposure. For quantification, maximum intensity projections of the
images were prepared and four hippocampal subregions were analyzed:
stratum oriens (SO), pyramidal cell layer (Pyr), stratum radiatum (SR),
and CA3. In each of these regions, 4-6 nonoverlapping rectangles were
positioned and the mean intensity was measured using Fiji (version:
2.0.0-rc69&1.52r), with the experimenter blind to genotype and age of
specimen. The mean intensities were analyzed relative to WT that was
set to 100%. Using GraphPad Prism (version 8), the datasets were ana-
lyzed for Gaussian distribution with the D’Agostino-Pearson omnibus
test. Values deviating from the mean by more than 2 times the SD were
classified as outliers and removed. Datasets were analyzed for each sub-
region separately by one-way ANOVA, followed by Bonferroni’s post
hoc test. Non-Gaussian distributed data were analyzed by the nonpara-
metric Kruskal–Wallis test, followed by Dunn’s test for multiple compar-
isons. Values of p=0.05 were considered significant and plotted as
follows: *p , 0.05; **p , 0.01; ***p , 0.001. All data are indicated as
mean 6 SEM. Image analysis was performed on raw data, while images
shown in the figures were subject to postprocessing to enhance contrast
and brightness. Figures were created using the graphics program
Affinity Designer (version 1.8.6).

Data analysis and statistics of interneuron subpopulations. For the
analysis of interneuron subpopulations, z-stack mosaic images of the
hippocampus using a 10� objective were taken. Slices from all groups
were imaged with the same settings (number of steps: 11; step size:
2.7 mm) and with the same laser intensities. At minimum, 3 or 4 ani-
mals per group and at least three slices per animal were imaged. For
quantification, maximum intensity projections of the images were
prepared and the area of the hippocampus was measured using Fiji
(version: 2.0.0-rc-69&1.52r). PV1, CR1, and SST1 cell profiles in all
hippocampal subfields were counted manually using the multipoint
tool in Fiji, with the experimenter blind to the genotype and treat-
ment. The number of cell profiles identified in the z-stack projections
was given as % of cell profiles/mm2 relative to the WT. Using
GraphPad Prism (versions 8 and 9), the datasets were analyzed for
Gaussian distribution with the D’Agostino-Pearson omnibus test and
outliers were removed. Values that deviated .2 times the SD from
the mean value were classified as outliers. Data were analyzed by ei-
ther using a Student’s t test (2 groups) or a one-way ANOVA (.2
groups), followed by Bonferroni’s post hoc test using GraphPad
Prism. Values of p = 0.05 were considered significant and plotted as

follows: *p , 0.05; **p , 0.01; ***p , 0.001. All data are indicated as
mean 6 SEM. Image analysis was performed on raw data, while
images shown in the figures were subject to postprocessing. In order
to increase the clarity of the figures, contrast and brightness were
adjusted and the same changes were applied to the entire image. All
images in a figure were processed strictly in parallel to maintain com-
parability. Figures were created using the graphics program Affinity
Designer (version 1.8.6).

Data analysis and statistics of extracellular field recordings. Data of
electrophysiological field recordings were collected, stored and analyzed
with Labview software (National Instruments). The initial slope of
fEPSPs elicited by stimulation of the Schaffer collaterals was measured
over time, normalized to baseline, and plotted as average 6 SEM.
Analysis of the PPF data was performed by calculating the ratio of the
slope of the second fEPSP divided by the slope of the first one and multi-
plied by 100. The statistical analysis was performed using Microsoft
Excel or GraphPad Prism. Data obtained between two genotypes or
two different experimental conditions were compared using an
unpaired two-tailed student’s t test. Data including more than two
different groups were analyzed using a one-way ANOVA followed
by a Bonferroni’s post hoc test. Values of p = 0.05 were considered
significant and plotted as follows: *p , 0.05; **p , 0.01; ***p ,
0.001. All data are indicated as mean 6 SEM. Figures were created
using the graphics program Affinity Designer (version 1.8.6).

Data analysis and statistics of patch-clamp recordings. Miniature
events were detected with a template search using Clampfit software
(Molecular Devices). Statistical analyses were performed with GraphPad
Prism using t test for normally distributed data and Mann–Whitney tests
for not-normally-distributed data. Data are represented as median 6
SEM for normally distributed data and median 6 interquartile range
(IQR) for not normally distributed data.

Data analysis and statistics of spine counts. The number of spines
was determined per micrometer of dendritic length at apical and basal
segments using Neurolucida software (version 2019.1.2), Neurolucida
Explorer (version 2019.2.1) (MicroBrightField Bioscience). At mini-
mum, 5 mice per genotype (N) and 5 neurons per animal were
imaged. In total, 100 mm per neuron from not more than three seg-
ments per picture (n) was analyzed, blinded to genotype, and
injected viral vector. Before statistical analysis, the dataset was ana-
lyzed for Gaussian distribution with the D’Agostino-Pearson omni-
bus test and outliers were removed. Values that deviated .2 times
the SD from the mean value were classified as outliers. If the dataset
was normally distributed, a one-way ANOVA was conducted, fol-
lowed by Bonferroni’s post hoc test using GraphPad Prism (version
8). Values of p = 0.05 were considered significant and plotted as fol-
lows: *p , 0.05; **p , 0.01; ***p , 0.001. All data are indicated as
mean 6 SEM. Figures were created using the graphics program
Affinity Designer (version 1.8.6).

Data analysis and statistics of Sholl analysis. Dendritic trees were
reconstructed using Neurolucida software (Neurolucida (version
2019.1.2), and Sholl analysis was performed using Neurolucida Explorer
(version 2019.2.1), MicroBrightField Bioscience). At minimum, 5 mice
per genotype (N) and 5 neurons per animal were imaged. Before statisti-
cal analysis, the dataset was analyzed for Gaussian distribution with the
D’Agostino-Pearson omnibus test and outliers were removed. Values
that deviated .2 times the SD from the mean value were classified as
outliers. If the dataset was normally distributed, a two-way repeated-
measures ANOVA was conducted, followed by Sidak’s post hoc multiple
comparisons test using GraphPad Prism (version 8). Bar graphs were an-
alyzed using either unpaired Student’s t test or Mann–Whitney test,
depending on the distribution of the data using GraphPad Prism (ver-
sion 8). Values of p= 0.05 were considered significant and plotted as fol-
lows: *p, 0.05; **p, 0.01; ***p, 0.001. All data are indicated as mean
6 SEM. Figures were created using the graphics program Affinity
Designer (version 1.8.6).

Data analysis and statistics of the nest building test. Data analysis
and statistics of the nest building test. After the dark phase, the nest was
rated according to the scale published by Deacon (2006): 1, nestlet .
90% intact; 2, nestlet 50%-90% intact; 3, nestlet mostly shredded but no
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identifiable nest site; 4, identifiable but flat nest; 5, crater-shaped nest.
Remaining intact parts of the nestlet were weighted. As the data did not
follow a Gaussian distribution, a Mann-Whitney test was performed.

Results
Progressive Tau pathology in the hippocampus of P301S
mice
Previous studies indicated an early onset of Tau pathology in
transgenic P301S mice (Allen et al., 2002; Hampton et al., 2010;
Scattoni et al., 2010) with functional impairments in spatial
memory that were associated with reduced spine density from
10weeks of age onwards (H. Xu et al., 2014). So far, however, a
systematic immunohistochemical analysis of the temporal course
of pathologic Tau species accumulation in the brain of P301S
mice had not yet been performed. Here, we concentrated pre-
dominantly on the hippocampus because of its crucial role in
synaptic plasticity, as well as cognition and being one of the brain
regions affected early during AD pathogenesis. We choose three
different time points for our analysis: 12-14weeks of age (shortly
after the onset of learning and memory impairments in P301S
mice), 16-18weeks as an intermediate time point, and 20-
22weeks as the latest possible time point. At this age, P301Smice
need to be sacrificed because of paralysis of the hindlimbs, which
occurs as a consequence of Tau accumulation in motor neurons
and their subsequent degeneration (Allen et al., 2002). We per-
formed stainings for total hTau and used two different anti-Tau
antibodies to visualize pathologically phosphorylated Tau spe-
cies. Total hTau, as indicated by HT7 staining, was found in all
hippocampal subfields at the earliest time point of analysis (12–
14weeks) and was strongly increased at the latest time point
(Fig. 1a–d, left). AT8 immunoreactivity, directed against hTau
phosphorylated at Ser202, Thr205, and Ser208, was detected
mainly in the mossy fibers at 12-14 and 16-18weeks of age. With
progressing age, AT81 cells were prominently stained in the hi-
lus of the dentate gyrus (DG) and the CA1 region of the hippo-
campus with immunoreactivity detected both in dendritic
regions and also in somata (Fig. 1a–d, middle). AT180 immuno-
reactivity detecting paired helical filament hTau, phosphorylated
at Thr231, was present at low levels in the CA1-CA3 region at
the early and intermediate time points of analysis. At the age of
20–22weeks, somata and dendrites of both CA1 and CA3 py-
ramidal neurons showed strong immunoreactivity for AT180, as
well as the somata of neurons in the hilus of the DG (Fig. 1a–d,
right). Together, P301S mice express hTau in all hippocampal
subfields and exhibit progressive Tau pathology, indicated by
increasingly hyperphosphorylated Tau species.

In addition, we performed Western blot analysis at the same
time points to further assess changes in the abundance of differ-
ent Tau species over time. Figure 2a shows a representative
Western blot of hippocampal fractions probed with the AT8
antibody, stripped, and re-probed with HT7 to detect total hTau.
No signal was observed with HT7, AT8 or AT180 for non-
transgenic WT controls, indicating that antibodies used are
specific for hTau epitopes. While the amount of soluble and
insoluble AT81 Tau (normalized to the HT7 signal in the
soluble or insoluble fraction, respectively), was comparable
at all time points (Fig. 2b,c), the ratio of insoluble to soluble
AT81 Tau significantly increased by ;3-fold at the latest
time point analyzed (Fig. 2d).

The amount of AT180-immunoreactive soluble Tau (nor-
malized to the HT7 signal in the soluble fraction) was com-
parable at all time points (Fig. 2e,f), while the amount of

insoluble AT180-positive (AT1801) Tau increased over time,
reaching significance at the latest time point analyzed (Fig.
2g). Further, the ratio of insoluble to soluble Tau increased
by ;3-fold until 20-22 weeks of age (Fig. 2h). Together, our
Western blot data indicate a progressive increase of insoluble
Tau species over time but only mild, statistically not signifi-
cant alterations until 16-18 weeks of age. Only at the latest
time point of analysis (20-22 weeks), a significant increase in
hTau aggregation, as expressed by the ratio of Sarkosyl-insol-
uble to soluble Tau, was detectable.

P301Smice exhibit reduced spine density but otherwise
normal dendritic length and complexity
To study synaptic impairments of P301S mice, we first
determined neuronal morphology and spine density of CA1
pyramidal cells at 16-18 weeks of age. For Sholl analysis,
biocytin-filled neurons and their dendritic tree were imaged
and reconstructed (Fig. 3b). The number of intersections
was plotted against the distance from the soma (Fig. 3a,
measured within circles centered on the soma). When com-
paring CA1 neurons from P301S and WT mice, we observed
no significant difference in the overall morphology or complexity
of basal or apical dendrites (Fig. 3c,f). Further, no significant dif-
ference in total dendritic length was detectable (Fig. 3d, apical:
WT 3601.866 124.42 vs P301S 3771.886 173.09, not significant;
Fig. 3g, basal: WT 1430.496 153.67 vs P301S 1454.046 120.51,
not significant). Next, we assessed spine density as a correlate
of excitatory synapses. Spine density was significantly reduced
in apical dendrites of P301S neurons by ;7% (Fig. 3e, WT
100.006 2.41% vs P301S 92.586 1.47%, *p = 0.0104), while
basal dendrites were unaffected at this age (Fig. 3h, WT
100.006 2.96% vs P301S 102.466 2.60%, not significant; for
the later time point at 20-22weeks of age, see Fig. 7e,f).

P301Smice exhibit impaired synaptic function with deficits
in basal synaptic transmission
Despite being one of the earliest generated Tau-transgenic lines
which dates back to 2002 (Allen et al., 2002), electrophysiological
properties of neurons from P301S mice have not been investi-
gated up to now. As a baseline for further studies, we therefore
analyzed synaptic physiology by recording AMPA receptor-
mediated mEPSCs and GABA receptor-mediated mIPSCs in
CA1 pyramidal cells (Fig. 4a–k). We found that mEPSC fre-
quency was significantly higher in CA1 neurons of P301S mice
compared to neurons of WT mice (Fig. 4b, WT: 1 [0.84-1.6] Hz
vs P301S: 2 [1.7-2.6] Hz; median [IQR], Mann–Whitney test:
p, 0.0001). mEPSC peak amplitudes of neurons from P301S
mice were also significantly larger than those of WT neurons
(Fig. 4c, WT: 8.9 [7.6-9.7] pA vs P301S: 9.56 [9.2-11.1] pA; me-
dian [IQR], t test: p=0.0028). Finally, charge transfer (area) of
mEPSCs was increased in neurons from P301S mice (Fig. 4d,
WT: 39.84 [29.01-53.67] fC per second vs P301S: 67.61 [50.53-
101.5] fC per second; median [IQR]; Mann–Whitney test:
p = 0.0001). While mIPSC frequencies of CA1 neurons were
comparable between genotypes (Fig. 4f, WT: 7.3 [5.9-9.3] Hz vs
P301S: 8 [6.6-10.1] Hz; median [IQR], t test: p= 0.2446), mIPSC
peak amplitudes were slightly but significantly larger in neurons
from P301S mice (Fig. 4g, WT: 20.74 [18.2-23.8] pA vs P301S
22.77 [21.22-44.22] pA; median [IQR], Mann–Whitney test:
0.0023). Charge transfer of mIPSCs was not different between ge-
notypes (Fig. 4h, WT: 1752 [1100-2304] fC per second vs P301S:
1828 [1201-2571] fC per second; median [IQR]; t- test:
p= 0.9818). To assess E/I balance, we calculated the ratio of
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Figure 1. Progressive Tau pathology in P301S mice. Overview and zoom-in (CA1, CA3, DG) of the hippocampus of P301S mice. a, At 12-14 weeks of age, immunoreactivity with the HT7 anti-
body, detecting total hTau, was present in all hippocampal subfields. AT8 immunoreactivity was mainly observed in stratum lucidum (sl), while AT180 immunoreactivity was present at low lev-
els in the stratum pyramidale (sp) of the CA1-CA3 region and to a lesser extent in the stratum oriens (so), stratum radiatum (sr), and lacunosum moleculare (slm). b, At the age of 16–
18 weeks, all hippocampal subfields show HT7 immunoreactivity. A weak AT8 immunoreactivity was detected in all layers of the CA1 region as well as in the DG, where AT81 cells were present
in the hilus. Immunoreactivity for AT1801 Tau increased in all layers of the CA1-CA3 region compared with 12–14 weeks. c, At the latest time point analyzed (20–22 weeks), HT7 immunoreac-
tivity massively increased in all hippocampal subfields. AT81 cells were detected throughout the CA1 region, with a massive accumulation of AT8 immunoreactivity in the mossy fibers of sl. In
the DG, AT81 cells were present in the hilus and the stratum granulosum (sg), showing a somatodendritic staining pattern. Somata and dendrites of CA1 pyramidal neurons show strong im-
munoreactivity for AT180, also somata of CA3 neurons show AT180 staining. d, Quantification of HT7, AT8, and AT180 immunoreactivity in hippocampal regions over time. Staining intensity in
the four subregions was quantified relative to the respective earlier time points. AT8 (center) and AT180 (right) immunoreactivity significantly increased in all subregions from 12–14 to 16–
18 weeks (AT8: 12–14 vs 16–18 weeks, SO, Pyr, SR, CA3, ***p, 0.0001; AT180: 12–14 vs 16–18 weeks, SO, Pyr, SR, CA3, ***p, 0.0001), while HT7 immunoreactivity was not altered (not
significant.) From 16-18 to 20-22 weeks, all markers (HT7, AT8, AT180) showed a significant increase, except for AT8 immunoreactivity in the pyramidal cell layer (HT7: 16–18 vs 20–22 weeks,
PO, Pyr, SR, CA3, ***p, 0.0001; AT8: 16–18 vs 20–22 weeks, SO, SR, *p, 0.05, CA3, ***p, 0.0001, Pyr not significant; AT180: 16–18 vs 20–22 weeks, SO, Pyr, SR, CA3, ***p, 0.0001).
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mEPSCs divided by mIPSCs. Interestingly, the ratio of mean
mEPSC/mIPSC frequency and charge transfer was significantly
higher in P301S mice (Fig. 4i,k, Mann–Whitney test for fre-
quency: p=0.0002; Mann–Whitney test for charge transfer:
p= 0.0027), while no change in mEPSC/mIPSC amplitude (Fig.
4j, t test: p= 0.1618) was observed. Overall, mEPSC and mIPSC
recordings revealed rather mild changes of synaptic physiology
in mice with a slight increase in E/I ratio.

Previous studies had indicated impairments in synaptic plas-
ticity in several Tau transgenic models that affected either LTP
or LTD (Yoshiyama et al., 2007; Polydoro et al., 2009; Hoover et
al., 2010; Lasagna-Reeves et al., 2011; Levenga et al., 2013; Fa et
al., 2016) . Here, we first assessed LTD that was induced by low-
frequency stimulation of Schaffer collateral fibers. The slope of
fEPSPs recorded after LTD induction was, however, not signifi-
cantly different in P301S mice compared with WT mice (Fig.
4l,m). Next, we performed extracellular field recordings of the
CA3/CA1 pathway to study basal synaptic transmission within
the hippocampal network. Comparing the fEPSP size at increas-
ing stimulus intensities revealed significantly reduced fEPSP
responses in P301S slices at stimulus intensities from 100 to
250mA (Fig. 4n). This finding could in principle be explained by
a reduced number of CA3 axons firing action potentials at given
stimulus intensities. We therefore recorded the fiber volley (FV),

which represents the number of axons firing action potentials, at
different stimulus intensities. There was no genotype difference
in the dependency of FV on stimulus intensity (Fig. 4o). Thus,
the reduced fEPSP size in slices of P301S mice does not result
from a decreased excitability of axons but rather from
decreased synaptic strength. Consistently, there was a reduction
on fEPSP slope at fiber volleys between 0.5 and 0.8mV in slices
of P301S mice compared with WT (Fig. 4p). In conclusion, the
electrophysiological recordings revealed an increased E/I bal-
ance of miniature postsynaptic currents and altered synaptic
function that is attributable to CA1 neurons, as axonal firing
and presynaptic vesicle release (see PPF paradigm, Fig. 5d) is
not changed in P301Smice.

P301Smice show elevated LTP that is rescued by application
of recAPPsa
P301S mice have been reported to show deficits in spatial learn-
ing and memory at 10weeks of age (H. Xu et al., 2014) that may
be related to altered synaptic plasticity. As LTD was normal in
P301S mice, we now studied LTP. To this end, we used hippo-
campal slices of WT and P301S mice at the age of 16–18weeks
(Fig. 5a,b). After 20min of stable baseline recording, that was
indistinguishable when comparing P301S and WT mice, LTP
was induced at the Schaffer collateral to the CA1 pathway by
application of Theta-Burst Stimulation (TBS) (arrowhead; Fig.
5a). Surprisingly, P301S mice displayed considerably higher LTP
values compared with WT mice. Sixty minutes after TBS induc-
tion (corresponding to 75–80min after baseline recording), sli-
ces of P301S mice showed a potentiation of 153.296 5.25%
that was significantly increased compared with WT slices
that exhibited a potentiation of 128.066 2.48% (Fig. 5b, WT
vs P301S: ***p = 0.0005, n = 16–22 slices from N = 6–8 mice;
t75-t80 after start of baseline recording). In previous studies,

Figure 2. Progressive accumulation of insoluble Tau species in P301S mice. a, Representative Western blots of hippocampal extracts from WT and P301S mice at different ages probed with
AT8 antibody, stripped, and re-probed with HT7 to detect total hTau. Note the absence of a detectable AT8 or HT7 signal in WT extracts (first two lanes). b-d, The amount of AT81 Sarkosyl-
soluble Tau normalized to total hTau in the supernatant and the amount of insoluble AT81 Tau normalized to total hTau in the pellet is statistically indistinguishable between the investigated
time points (not significant). The ratio of insoluble/soluble Tau increased with age (12–14 weeks vs 20–22 weeks, ***p = 0.0008; 16–18 weeks vs 20–22 weeks, **p = 0.0011).
e, Representative Western blots of hippocampal extracts from WT and P301S mice at different ages probed with AT180, stripped, and re-probed with HT7 to detect total hTau. Note the absence
of a detectable AT180 signal in WT extracts. f-h, The amount of AT180-immunoreactive Sarkosyl-soluble Tau normalized to total hTau (HT7) in the supernatant did not change over time (not
significant), while the amount of insoluble AT1801 Tau normalized to total hTau in the pellet increased with age (12–14 weeks vs 20–22 weeks, *p = 0.0401). The ratio of insoluble/soluble
Tau increased significantly with age (12–14 weeks vs 20-22 weeks, **p = 0.0026; 16–18 weeks vs 20–22 weeks, **p = 0.0073). Data are mean6 SEM. n = number of hippocampi as indi-
cated in the bar graphs from N= 3 or 4 animals. Data were analyzed using one-way ANOVA with Tukey post hoc test: *p, 0.05; **p, 0.01; ***p, 0.001.

/

Background staining from WT slices was set to 100% (dashed line). Data are mean6 SEM.
Intensities for each subregion were analyzed using either one-way ANOVA with Bonferroni’s
post hoc test, or using Kruskal–Wallis test with Dunn’s test: *p, 0.05; ***p, 0.0001. All
sections were imaged with constant laser intensity to visualize progressing Tau pathology.
N= 3 animals per genotype and age, maximum intensity projections of representative confo-
cal images, 40mm coronal sections. Scale bars: hippocampal overview, 300mm, zoom-in
CA1, CA3, and DG, 100mm. *Slicing artifact.
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we and others have shown that nanomolar amounts of
recAPPsa can rescue impaired LTP (Hick et al., 2015;
Mockett et al., 2019). Here, we asked whether APPsa may also
normalize aberrantly increased LTP of P301S slices. Acute slices

of P301Smice were preincubated for 60min at RT with native 10
nM recAPPsa. After preincubation and 20min of stable baseline
recording, LTP was induced by TBS and recorded for 60min.
During the whole measurement, the recAPPsa peptide diluted in

Figure 3. P301S mice show reduced spine density but normal neuronal morphology. a, Schematic representation of Sholl spheres around the soma (radius increment 30mm). b,
Representative 3D reconstructions of CA1 pyramidal neurons from WT (left) and P301S mice (right). c-e, Sholl and spine density analysis in apical dendrites. Sholl analysis of Biocytin-filled CA1
pyramidal cells revealed no differences in the number of intersections (c) and total dendritic length (d) of apical dendritic segments between WT and P301S mice. e, The spine density of apical
dendrites was reduced by 7% in 16- to 18-week-old P301S mice compared with WT mice (WT vs P301S, *p = 0.0104). f-h, Sholl and spine density analysis in basal dendrites. Sholl analysis
revealed no differences in the number of dendritic intersections (f), total dendritic length (g), and spine density (h) between WT and P301S mice at the age of 16-18 weeks. Data are mean6
SEM. n = number of neurons; N = number of animals. Data were analyzed by Student’s t test: *p, 0.05.
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ACSF was circulating in a closed-loop system. Strikingly, and
consistent with our hypothesis that APPsa can restore normal
synaptic plasticity, we found that the application of recAPPsa
normalized aberrantly increased LTP in P301S slices resulting in
an LTP curve closely overlapping with that of WT mice (Fig. 5a).
At 60min after TBS induction, slices of P301S mice treated with
recAPPsa showed a potentiation statistically indistinguishable
from that of untreated WT slices (Fig. 5b, WT vs P301S1
recAPPsa: 128.066 2.48% vs 128.946 3.59%, not significant;
P301S vs P301S1recAPPsa: 153.296 5.25% vs 128.946 3.59%,
**p = 0.0085). Next, we asked whether recAPPsa may also miti-
gate impairments in basal synaptic properties, as studied by field
recordings (see also Fig. 4n,o). In a separate set of experiments,
we compared the fEPSP size at increasing stimulus intensities,
which again revealed significantly reduced fEPSP responses at
stimulus intensities between 150 and 250 mA in P301S slices (Fig.
5c, WT vs P301S: *p = 0.0145 for 150mA). When recAPPsa was
applied, the fEPSP slopes were comparable to those of the WT
group (Fig. 5c). Presynaptic function was assessed by PPF, which
was statistically not different in P301S slices compared with slices
fromWTmice at all ISI tested (Fig. 5d). Interestingly, the appli-
cation of recAPPsa led to a significantly increased PPF at 10
and 20ms ISIs (Fig. 5d, 10 ms, WT vs P301S: not significant,
WT vs P301S1recAPPsa: ###p = 0.0008, P301S vs P301S1
recAPPsa: �p = 0.0201; 20ms, WT vs P301S: not significant, WT
vs P301S1recAPPsa: ##p = 0.0018, P301S vs P301S1recAPPsa:
not significant).

Previously, we had shown that APPsa can rescue Ab -related
impairments of LTP in APP/PS1DE9 mice (Fol et al., 2016).
Moreover, APPsa also had beneficial effects in an Ab -independ-
ent pathology with synaptic impairments, namely, NexCre con-
ditional double knockout mice lacking APP and APLP2. In these
mice, APPsa rescued LTP deficits both in vitro (Hick et al.,
2015) and in vivo (Richter et al., 2018), while heat inactivated
APPsa (Hick et al., 2015) or scrambled peptides had no effects
(Richter et al., 2018). Nevertheless, to exclude any potential
adverse effects of APPsa, we now also recorded LTP in hippo-
campal slices of WTmice in the presence of recAPPsa (Fig. 5e,f).
Upon recAPPsa treatment of WT slices, we detected a trend to-
ward slightly increased fEPSP slopes shortly after LTP induction
(WT vs WT1recAPPsa: 165.366 6.52% vs 196.326 12.92%,
p=0.051, Fig. 5e) and values not significantly different from
untreated WT slices 60min after TBS at the maintenance phase
of LTP (WT vs WT1recAPPsa: 132.746 5.01% vs 148.696
8.80%, not significant, p=0.144, Fig. 5f). In line with this, AAV-
mediated expression of APPsa in the hippocampus of WT mice
did not affect spine density of CA1 dendrites (Fig. 5g,h), thus
excluding any adverse effect of APPsa. Together, these experi-
ments revealed an aberrant increase in LTP in P301S mice that
was rescued to normal WT level by recAPPsa application point-
ing toward a homeostatic function of APPsa under conditions of
synaptic impairments including Tau pathology.

P301Smice show a pronounced loss of inhibitory
interneurons
Having established this aberrant increase in LTP at a time point
at which P301S mice exhibit cognitive deficits (H. Xu et al.,
2014), we next aimed to elucidate the underlying mechanism.
Accumulating evidence indicates that hippocampal dysfunction
and deficits in cognition may be caused not only by deficits in
excitatory principal cells, but also in inhibitory interneurons that
can regulate LTP induction and hippocampal network activity
(Chen et al., 2010; Levenga et al., 2013; Huh et al., 2016). As

reduced GABAergic inhibition or reduced interneuron numbers
may facilitate the induction of LTP and the degree of potentia-
tion during LTP expression, this prompted us to assess whether
P301S mice may exhibit differences in the abundance of inter-
neurons. To this end, we determined the number of three dif-
ferent interneuron subtypes in the hippocampus of P301S
mice using antibodies against SST, CR, and PV (Fig. 6a–d).
Strikingly, the number of SST1, PV1, and CR1 profiles of
interneurons was decreased by 15.016 6.307% (Fig. 6b, *p =
0.0301), 21.636 7.609% (Fig. 6c, *p = 0.0118), and 30.176
11.5% (Fig. 6d, *p = 0.0156), respectively, in the hippocampus
of 16- to 18-week-old P301S mice. Further, to investigate the
functional relevance of reduced GABAergic inhibition and to
test whether reduced GABAergic function contributes to aber-
rant LTP, we treated slices with the GABA-R agonist muscimol.
Remarkably, treatment of P301S hippocampal slices 10min
before TBS with muscimol at a concentration of 0.2 mM signifi-
cantly reduced LTP induction (Fig. 6e, min 31-35: P301S vs
P301S1muscimol 187.146 10.11% vs 154.786 8.03%, p=
0.018), while it had no significant effect in WT slices (Fig.
6f). Hence, reduced GABAergic inhibition contributes to
enhanced LTP in P301S mice. Together, our findings indi-
cate that increased LTP in P301S mice is associated with a
degeneration of interneurons that impairs GABAergic inhi-
bition of the hippocampal network.

AAV-APPsa expression rescues spine density deficits in
P301Smice
Encouraged by the effects of APPsa in vitro, we next aimed to
further investigate its therapeutic potential in vivo. To this end,
APPsa was expressed in the dorsal hippocampus by stereotactic
injection of AAV vectors. To enable tracking of transduced cells,
we used an AAV9-based bicistronic viral vector (AAV-APPsa;
Fig. 7a) encoding for Venus and HA-tagged murine APPsa,
which were fused by a T2A site (Richter et al., 2018). Venus-
and HA-APPsa expression was driven by the neuron-specific
Synapsin promotor (Fig. 7aII). As a control, a monocistronic
AAV-Venus vector was used (Fig. 7aI). P301S mice were ei-
ther injected with AAV-APPsa or AAV-Venus at the age of
6 weeks before the onset of Tau pathology. WT mice served
as a control and received only AAV-Venus. For optimized
vector spread, AAV-Venus or AAV-APPsa vectors were
bilaterally injected into the stratum lacunosum-moleculare
and the DG of the dorsal hippocampus. At each injection
spot, 1 ml vector stock was applied (Fig. 7b). Animals were
sacrificed either at the age of 16-18 weeks (10 weeks after
injection, same age as used for LTP measurements) or at 20–
22 weeks (late time point, 14 weeks after injection).

Next, we investigated spine density in the hippocampus as a
correlate of excitatory synapses using Golgi/Cox staining. Spine
density was analyzed in midapical and basal dendrites of CA1
pyramidal neurons using Golgi staining. Consistent with a study
that reported reduced spine density in P301Smice at 10weeks of
age (H. Xu et al., 2014), we detected a significant reduction in
spine density in AAV-Venus-injected P301S mice compared
with AAV-Venus-injected WT mice at 16-18weeks of age in
midapical dendritic segments of CA1 pyramidal cells (Fig. 7c,
WT-Venus 100.006 1.56% vs P301S-Venus: 93.616 1.13%,
**p = 0.0029, D 6%). Interestingly, the expression of AAV-
APPsa increased spine density in midapical dendrites by ;10%
to levels not significantly different from WT neurons (Fig. 7c,
WT-Venus 100.006 1.56% vs P301S-APPsa 103.546 1.37%;
not significant; P301S-Venus 93.616 1.13% vs P301S-APPsa
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Figure 4. Electrophysiological analysis reveals impaired hippocampal network function in P301S mice. a, mEPSC sample traces of recordings from CA1 pyramidal cells, measured at�70mV.
b, Cumulative distribution plot of mEPSC interevent intervals (IEI) and bar graph of mEPSC frequencies. The cumulative distribution of IEIs is shifted to the left in P301S mice, consistent with
the increased mEPSC frequency in CA1 neurons of P301S mice (n= 24, N= 5) compared with those of WT mice (***p, 0.0001, n= 27, N= 6). c, mEPSC amplitude was increased in CA1 py-
ramidal cells of P301S mice (n= 24, N= 5) compared with WT cells (**p = 0.0028, n= 27, N= 6). d, mEPSC charge transfer per second was increased in pyramidal cells of P301S mice
(n= 20, N= 5) compared with WT cells (***p = 0.0001, n= 27, N= 6). e, mIPSC sample traces of recordings from CA1 pyramidal cells, measured at 10mV. f, mIPSC frequency was not differ-
ent in CA1 pyramidal neurons of P301S mice (n= 23, N= 5) vs WT cells (not significant, n= 28, N= 6). g, mIPSC amplitude was increased in CA1 pyramidal cells of P301S mice (n= 34,
N= 5) compared with WT neurons (**p = 0.0023, n= 26, N= 6). h, mIPSC charge transfer per second was unchanged in pyramidal cells of P301S mice (n= 20, N= 5) compared with WT
cells (p= 0.9818, n= 27, N= 6). i, j, E/I ratios of mEPSC/mIPSC frequencies were higher in neurons of P301S mice compared with WT neurons (***p = 0.0002), while the E/I ratio of mEPSC/
mIPSC amplitudes was not altered (not significant). k, E/I ratio of charge transfer was increased in neurons of P301S mice compared with WT neurons (**p = 0.0027). Data are represented as
median6 SD for normally distributed data and median6 IQR for not normally distributed data. n = number of recorded cells; N = number of animals. l, m, After 20 min baseline recording,
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103.546 1.37%, ***p, 0.0001). In basal dendrites, no significant
difference in spine density was detectable between 16- and 18-
week-old transgenic P301Smice and WT mice injected with AAV-
Venus (Fig. 7d, WT-Venus 100.006 1.33% vs P301S-Venus
95.866 1.11%, not significant). Nevertheless, AAV-APPsa signifi-
cantly increased spine density of basal dendritic segments of P301S
transgenic mice by 6% (Fig. 7d, P301S-Venus 95.866 1.11% vs
P301S-APPsa 101.486 1.45%, **p = 0.0078). Strikingly, AAV-
APPsa also rescued spine density deficits at advanced stages of
severe Tau pathology at the age of 20-22weeks. At this age, trans-
genic P301S mice injected with AAV-Venus exhibited more pro-
nounced reductions in spine density compared with the earlier time
point. We detected a significant reduction of spine density by;8%
in midapical dendritic segments of P301Smice injected with AAV-
Venus compared with AAV-Venus-injected WT mice (Fig. 7e,
WT-Venus 100.006 1.46% vs P301S-Venus 91.516 1.48%, ***p,
0.0001). For basal dendrites, the spine density deficit amounted to
14% in AAV-Venus-injected P301S mice compared with the WT-
Venus group (Fig. 7f, WT-Venus 100.006 1.44% vs P301S-Venus
86.436 1.13%, ***p , 0.0001). In contrast, P301S mice that
received AAV-APPsa revealed spine densities not signifi-
cantly different from AAV-Venus-injected WT mice in mid-
apical (Fig. 7e, WT-Venus 100.006 1.46% vs P301S-APPsa
100.036 1.07%, not significant; P301S-Venus 91.516 1.48%
vs P301S-APPsa 100.036 1.07%, ***p , 0.0001) as well as in
basal dendritic segments (Fig. 7f, WT-Venus 100.006 1.44%
vs P301S-APPsa 96.336 1.33%, not significant; P301S-
Venus 86.436 1.13% vs P301S-APPsa 96.336 1.33%, ***p ,
0.0001). Together, these findings indicate that APPsa not only
restored LTP and basal synaptic transmission when applied in
vitro, but also restored normal synaptic density in P301S mice
in vivo.

AAV-APPsa expression rescues spine density in THY-Tau22
mice
Finally, we intended to test the more general potential of APPsa
to rescue Tau-induced spine density deficits. To this end, we
used transgenic THY-Tau22 mice, which express hTau (4R1N)
mutated at sites G272V and P301S under control of the murine
Thy1 promoter (Schindowski et al., 2006). THY-Tau22 mice
show, compared with P301S mice, less rapid Tau accumulation
and pathology that are restricted to cortex and hippocampus.
Pathologic Tau phosphorylation starts at 3-6months of age and
becomes highly abundant in CA1 cells at 12months of age. At
this age, CA1 cells also exhibit prominent neurofibrillary tangle-
like inclusions (Schindowski et al., 2006). Moreover, Tau pathol-
ogy is associated with reduced spine density in CA1 neurons
from 9months onward (Burlot et al., 2015). We injected THY-
Tau22 mice and WT littermates with either AAV-APPsa or
AAV-Venus at 9months of age and sacrificed them for spine
density analysis at 12months of age. We detected a significant

reduction of spine density by ;12% in midapical dendritic seg-
ments of transgenic THY-Tau22mice injected with AAV-Venus
compared with AAV-Venus-injected WT mice (Fig. 7g, WT-
Venus 100.006 1.72% vs THY-Tau22-Venus: 88.416 1.84%,
***p, 0.0001, D 12%). In basal dendrites, the spine density defi-
cit amounted to 11% in AAV-Venus-injected THY-Tau22 mice
compared with the WT-Venus group (Fig. 7h, WT-Venus
100.006 1.61% vs THY-Tau22-Venus: 89.346 1.79%, ***p =
0.0001, D 11%). In sharp contrast, THY-Tau22 mice that
received AAV-APPsa revealed spine densities not significantly
different from AAV-Venus-injected WT mice in both midapical
(Fig. 7g, WT-Venus 100.006 1.72% vs THY-Tau22-APPsa
96.436 2.06%, not significant; THY-Tau22-Venus 88.416
1.84% vs THY-Tau22-APPsa 96.436 2.06%, **p = 0.0077) and
basal dendrites (Fig. 7h, WT-Venus 100.006 1.61% vs THY-
Tau22-APPsa 101.556 1.68%, not significant; THY-Tau22-
Venus 89.346 1.79% vs THY-Tau22-APPsa 101.556 1.68%,
***p, 0.0001). Together, this indicates that APPsa can normal-
ize spine density deficits in two independent Tau transgenic
mouse lines.

AAV-APPsa injected at 6weeks of age does not rescue the
interneuron deficit in adult P301Smice
Previous studies indicated that APPsa has potent neuroprotective
effects in vitro against excitotoxicity, growth factor deprivation, pro-
teasomal stress, or stress following traumatic or ischemic brain
injury in vivo (for review, see Mockett et al., 2017; Müller et al.,
2017). We therefore asked whether APPsa expression might also
rescue the interneuron deficit of P301S mice. To this end, 6-week-
old WT and P301S mice were intracranially injected with AAV-
APPsa or AAV-Venus. Again, animals were sacrificed at the age of
16-18 and 20-22weeks and SST1, PV1, and CR1 interneuron pop-
ulations in the hippocampus were quantified by immunohisto-
chemistry. Representative images show the vector spread in WT
and P301Smice as well as exemplary images of all three interneuron
markers at the age of 16-18weeks (Fig. 8a,b). In line with our
previous findings in noninjected mice, the number of SST1

cells as indicated by cell profiles/mm2 was significantly reduced
in P301S-Venus injected mice (Fig. 8c, WT-Venus vs P301S-
Venus, D 19.726 6.15%, **p = 0.0085). Likewise, we confirmed
a severe loss of both PV1 and CR1 interneurons in P301S mice,
compared with WT mice injected with AAV-Venus (PV, Fig. 8d,
WT-Venus vs P301S-Venus: D 12.486 4.42%, *p = 0.0213; CR,
Fig. 8e, WT-Venus vs P301S-Venus: D 29.156 4.10%, ***p ,
0.0001). When P301S mice received the AAV-APPsa vector, the
number of SST1 and CR1 cell profiles/mm2 was, however, still
reduced compared with the WT-Venus group (SST, Fig. 8c, WT-
Venus vs P301S-APPsa: D 35.706 6.15%, ***p, 0.0001; CR, Fig.
8e, WT-Venus vs P301S-APPsa: D 30.036 4.01%, ***p, 0.0001).
In summary, injection of AAV-APPsa at 6weeks of age failed to
rescue the loss of inhibitory interneurons.

Early postnatal onset and temporal progression of
interneuron loss in the hippocampus of P301Smice
Next, we explored the onset and temporal progression of inter-
neuron loss in the hippocampus of P301S mice. Already at the
age of 4weeks, the number of SST1 interneurons as indicated by
the number of cell profiles/mm2 was reduced by 25.086 9.56%
in P301S mice compared with WT mice (Fig. 9a, WT vs P301S:
*p = 0.0159), while the number of PV1 and CR1 interneurons
was not significantly altered (Fig. 9b,c). We also asked whether
the hTau transgene may not only be expressed in excitatory
principal cells of the hippocampus (Fig. 1, HT7 panels), but

/

LTD was induced by application of a low-frequency stimulus (LFS, 1 Hz) for 15min. LTD was
indistinguishable between P301S and WT mice (not significant, 55-60 min after LFS). n,
fEPSP amplitudes were reduced in P301S mice compared with WT mice reaching significance
at a stimulus intensity of 75mA (*p = 0.028 for 75mA). o, When the stimulus intensity was
compared with the FV amplitude, there was no difference between the WT and the P301S
group. p, The fEPSP slope at FV amplitudes between 0.5 and 0.8 V was reduced in P301S
mice compared with WT mice (*p = 0.042 for 0.5 mV). Data are mean6 SEM. n = number
of recorded slices; N = number of animals. Data were analyzed using either Student’s t test
(k-m) or one-way ANOVA with Bonferroni’s post hoc test and Bartlett’s test for equal varian-
ces: *p, 0.05; **p, 0.01; ***p, 0.001.
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Figure 5. Aberrantly increased LTP in P301S mice is rescued by application of recAPPsa. a, b, After 20min baseline recording, LTP was induced by application of TBS (arrow). P301S mice at
the age of 16-18 weeks displayed a significantly higher LTP than WT mice (min 75-80, ***p = 0.0005). The application of recombinant APPsa (10 nM) normalized the elevated LTP values of
P301S mice to WT level (WT-Venus vs P301S1recAPPsa: not significant; P301S vs P301S1recAPPsa: **p = 0.0085). The LTP induction rate is shown as percentage (%) of mean baseline
slope. c, fEPSP amplitudes were smaller in P301S mice compared with WT mice reaching significance at a stimulus intensity of 150 mA (*p = 0.0145 for 150mA). When APPsa was applied,
the neuronal excitability in P301S slices and WT slices was comparable at all stimulus intensities. d, PPF was not different between the WT and the P301S group. PPF was quantified by the ra-
tio of the slopes of EPSPs evoked by two stimuli with different ISI. APPsa treatment led to the highest PPF curve within that paradigm, reaching significance at the 10 and 20ms ISI (10 ms,
WT vs P301S: not significant, WT vs P301S1recAPPsa: ###p = 0.0008, P301S vs P301S1recAPPsa: �p = 0.0201; 20ms, WT vs P301S: not significant, WT vs P301S1recAPPsa: ##p = 0.0018,
P301S vs P301S1recAPPsa: not significant). e, f, Application of recAPPsa (10 nM) does not significantly affect LTP in WT mice (age 16-18 weeks). LTP was induced by application of TBS
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may also be expressed in interneurons, which had not been
studied so far. Indeed, double staining using HT7 (detecting
total hTau) and antibodies against interneuron marker pro-
teins revealed prominent colocalization of HT7 with SST1,

CR1, and PV1 cells, indicating hTau expression from 4weeks
of age (Fig. 9d–f).

Next, we studied interneuron numbers at 6 and 12-14weeks
of age. At the age of 6weeks, not only SST1 interneurons (Fig.
9g, WT vs P301S, D 25.956 8.47%, **p = 0.0067), but also CR1

interneurons were significantly reduced (Fig. 9i, WT vs P301S: D
18.036 6.57%, *p = 0.0121). The number of PV1 cells was indis-
tinguishable between WT and P301S mice (Fig. 9h). Further, at the
age of 12-14weeks, all three analyzed subclasses of GABAergic inter-
neurons were drastically reduced (Fig. 9j–l). The number of SST1

cells in P301S mice was reduced by 35.506 6.83% (Fig. 9j, WT vs
P301S: ***p, 0.0001). Likewise, the number of PV1 and CR1 cells
was significantly reduced by 16.646 5.99% and 19.646 5.10%,
respectively (PV Fig. 9k, WT vs P301S: *p = 0.0148; CR Fig. 9l, WT

/

(arrow). The LTP induction rate is shown as percentage (%) of mean baseline slope. Data are
mean6 SEM. n = number of recorded slices; N = number of animals. Data were analyzed
by Student’s t test: *p, 0.05; **p, 0.01; ***p, 0.001. g, h, AAV-APPsa expression in
the hippocampus of WT mice (age 16-18 weeks; also see Fig. 7a,b) does not alter spine den-
sity in midapical (g) and basal dendrites (h) of CA1 neurons. Data are mean 6 SEM. n =
number of analyzed dendritic segments; N = number of animals. Data were analyzed by
Student’s t test.

Figure 6. P301S mice exhibit a loss of interneurons at 16-18 weeks. a, Representative coronal brain sections (40mm) depicting the hippocampus of WT and P301S mice at 16-18 weeks of age.
Boxed areas of CA1 are displayed at higher magnification on the right. SST1, PV1, and CR1 inhibitory interneurons were identified using specific antibodies. Arrowheads indicate exemplary cells
for each marker. b–d, Hippocampi from P301S mice show a loss of SST1, PV1, and CR1 cell profiles/mm2 (SST: *p = 0.0301; PV: *p = 0.0118; CR: *p = 0.0156) compared with WT controls. e,
f, Application of muscimol reduced LTP induction in P301S slices, while LTP in WT slices was not significantly different. Age of mice: 16-18 weeks Scale bars (a): overview, 300mm; zoom-in,
100mm; 10� mosaic confocal images, maximum intensity projections, slicing artifact marked with an asterisk. b–d, Data are mean6 SEM. n = number of sections from N= 3 mice/genotype,
as indicated in the bar graphs. e, f, n = number of recorded slices; N = number of animals. Data were analyzed by Student’s t test: *p, 0.05; **p, 0.01; ***p, 0.001.
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vs P301S: **p = 0.0020). Together with the interneuron
deficits observed at 16weeks of age (see Fig. 6a–d), we
saw a progressive interneuron loss with age. Overall,
these novel findings indicate a pronounced and very
early loss of several interneuron subtypes in P301Smice
that may impair hippocampal circuitry and function
from early postnatal stages onward.

P301Smice show early postnatal impairment in
hippocampus-dependent nest building
The interneuron loss in 4-week-old P301S mice sug-
gests that hippocampal function might be impaired
already at this early time point in development. We
therefore studied nest building, an innate species-spe-
cific behavior that is highly sensitive to hippocampal
lesions and dysfunction (Deacon, 2006). Interestingly,
P301S mice showed severe impairments in nesting at
4weeks of age (Fig. 10). The nests were rated after 24
h on a scale ranging from 1 (nesting material unused)
to 5 (perfect nest, .90% of the nesting material used
up). While WT mice reached a mean score of 2.5336
0.1856, P301S mice had an average score of 1.2676
0.1182 (Fig. 10, ***p , 0.0001). These findings
indicate that the onset of interneuron loss and the
associated hippocampal dysfunction develop early
postnatally in P301S mice, well before aggregated Tau
species and pathology are detectable.

Discussion
In this study, we examined the potential of neuro-
trophic, secreted APPsa to ameliorate Tau-induced
synaptic and neuronal deficits in P301S mice. Our
study revealed several novel findings: (1) We dem-
onstrate that P301S mice exhibit an aberrantly
increased LTP at 16-18 weeks of age, whereas
LTD was unaffected. (2) We show that acute appli-
cation of nanomolar amounts of recAPPsa to brain
slices restores normal LTP, and basal synaptic
transmission, indicating a homeostatic function of
recAPPsa on a rapid time scale. (3) Further, in vivo
expression of APPsa in the hippocampus restored

Figure 7. AAV-APPsa expression rescues spine density deficits in P301S and THY-Tau22 mice. a,
Schematic representation of monocistronic and bicistronic AAV constructs enabling neuron-specific expression
of (aI) Venus and (aII) HA-tagged APPsa linked via a T2A side with Venus. ITR, Inverted terminal repeat;
Synapsin, neuron-specific promotor; T2A, Thosea asigna virus 2A site; SP, signal peptide; HA, influenza hemag-
glutinin tag used to visualize APPsa. b, Scheme of the hippocampus with coordinates of the two injection
sites for intracranial AAV injection (black stars). c, d, The spine density deficit of Venus-injected P301S mice is
rescued by APPsa to WT control levels at 16-18 weeks of age. c, Spine density in midapical CA1 dendrites
was reduced by 6% in P301S-Venus mice compared with the WT-Venus group (**p = 0.0029) and rescued
by the injection of AAV-APPsa (WT-Venus vs P301S-APPsa: not significant; P301S-Venus vs P301S-APPsa:
D 10%, ***p , 0.0001). d, The spine density of basal CA1 dendrites was comparable in WT and P301S
mice. APPsa led to a significant increase in basal spine density in P301S-APPsa-injected mice compared with
P301S-Venus injected mice (WT-Venus vs P301S-Venus: not significant; P301S-Venus vs P301S-APPsa: D 6%,
**p = 0.0078; WT-Venus vs P301S-APPsa: not significant). e, f, The spine density deficit of Venus-injected
P301S mice is rescued by APPsa to WT control levels at 20-22 weeks of age. e, The spine density deficit in

/

midapical CA1 dendrites of P301S-Venus mice amounted to ;8% and was
rescued to WT levels by the injection of AAV-APPsa (WT-Venus vs P301S-
Venus: ***p, 0.0001, WT-Venus vs P301S-APPsa: not significant; P301S-
Venus vs P301S-APPsa: D 8%, ***p , 0.0001). f, In basal CA1 dendrites,
the spine density deficit of Venus-injected P301S mice was normalized to
WT level by the expression of APPsa (WT-Venus vs P301S-Venus: D 14%,
***p , 0.0001, WT-Venus vs P301S-APPsa: not significant; P301S-Venus
vs P301S-APPsa: D 11% ***p, 0.0001). g, h, The spine density deficit of
Venus-injected THY-Tau22 mice is rescued by APPsa to WT control levels at
12months of age. g, Spine density in midapical CA1 dendrites was reduced
by 12% in THY-Tau22-Venus mice compared with the WT-Venus group
(***p, 0.0001) and rescued by the injection of AAV-APPsa (WT-Venus vs
THY-Tau22-APPsa: not significant; THY-Tau22-Venus vs THY-Tau22-APPsa:
D 8%, **p = 0.0077). h, In basal CA1 dendrites, the spine density deficit of
Venus-injected THY-Tau22 mice was normalized to WT level by the expres-
sion of APPsa (WT-Venus vs THY-Tau22-Venus: D 11%, ***p = 0.0001,
WT-Venus vs THY-Tau22-APPsa: not significant; THY-Tau22-Venus vs THY-
Tau22-APPsa: D 12% ***p, 0.0001). Data are mean6 SEM. n = num-
ber of analyzed segments; N = number of animals per condition. Data were
analyzed by one-way ANOVA followed by Bonferroni’s post hoc test: *p ,
0.05; **p, 0.01; ***p, 0.001.
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normal spine density of CA1 pyramidal cells even at advanced
stages of Tau pathology, both in P301S mice as well as in
THY-Tau22 mice. Together, these data corroborate therapeu-
tic effects of APPsa for Tau-induced synaptic pathology. (4)

As a further key finding, we identified a pronounced loss of
GABAergic interneurons in the hippocampus of P301S mice
as the earliest pathologic event that clearly precedes the accu-
mulation of pathologic Tau species. (5) Thus, interneuron loss

Figure 8. AAV-APPsa does not rescue the interneuron deficit in adult P301S mice. a, Representative coronal brain sections (40mm) of WT-Venus, P301S-Venus, and P301S-APPsa-injected
mice analyzed at the age of 16-18 weeks. The Venus signal indicates widespread expression of both vectors in all subregions of the hippocampus. b, Representative coronal sections (40mm) of
WT-Venus, P301S-Venus, and P301S-APPsa-injected mice analyzed at the age of 16-18 weeks. Magnifications display the boxed CA1 region. SST1, PV1, and CR1 inhibitory interneuron popu-
lations in the hippocampus were analyzed. Arrowheads indicate exemplary cells for each marker. c-e, At the age of 16-18 weeks, the number of SST1, PV1, and CR1 cell profiles/mm2 was
significantly reduced in P301S-Venus and P301S-APPsa mice compared with WT-Venus controls (SST, WT-Venus vs P301S-Venus: **p = 0.0085; WT-Venus vs P301S-APPsa: ***p, 0.0001;
PV, WT-Venus vs P301S-Venus: *p = 0.0213; WT-Venus vs P301S-APPsa: not significant; CR, WT-Venus vs P301S-Venus: ***p , 0.0001; WT-Venus vs P301S-APPsa: ***p , 0.0001). Data
are mean6 SEM. n = number of sections from N= 4 mice/genotype, indicated in the bar graphs. Data were analyzed by one-way ANOVA followed by Bonferroni’s post hoc test: *p, 0.05;
**p, 0.01; ***p, 0.001. Scale bars: 300mm; zoom-in, 100mm; 10� mosaic confocal images, maximum intensity projections.
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and aberrant LTP may disturb neuronal circuits important for
hippocampal function and cognitive behavior.

Previous work had indicated a crucial role of APPsa for neu-
roprotection against various forms of cellular stress, including

glutamate and Ab -induced toxicity in vitro (for review, see
Mockett et al., 2017; Müller et al., 2017) and an essential in vivo
role of endogenous APPsa for synaptic plasticity and cognition
(Ring et al., 2007; Taylor et al., 2008; Hick et al., 2015; Moreno et

Figure 9. Early onset and temporal progression of interneuron loss in P301S mice. a-c, Already at the age of 4 weeks, the number of SST1 cell profiles/mm2 in the hippocampus was signifi-
cantly reduced in P301S compared with WT mice (*p = 0.0159). When analyzing PV1 and CR1 interneurons, P301S mice were indistinguishable from the WT group. d-f, Double immunostain-
ing of interneuron markers (SST, PV, and CR) with total hTau (HT7, arrowhead) indicates expression of hTau in hippocampus of P301S mice at 4 weeks of age. Arrowhead indicates HT7-positive
somata. g, i, The number of SST1 and CR1 cell profiles/mm2 was significantly reduced in 6-week-old P301S mice compared with WT mice (SST: **p = 0.0067; CR: *p = 0.0121). h, At this
age, the number of PV1 cell profiles/mm2 was not significantly different between groups. j-l, At the age of 12-14 weeks, the number of all three interneuron subtypes (SST1, PV1, and CR1)
was significantly reduced as indicated by a reduction in cell profiles/mm2 (SST: ***p, 0.0001; PV: *p = 0.0148; CR: **p = 0.0020). Scale bars: 300mm; zoom-in, 100mm; 10� mosaic confo-
cal images, maximum intensity projections. Data are mean 6 SEM. n = number of sections from N = 3 or 4 mice/genotype, indicated in the bar graphs. Data were analyzed by Student’s t
test: *p, 0.05; **p, 0.01; ***p, 0.001.
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al., 2015; Richter et al., 2018). Moreover, endogenously produced
APPsa has been shown to protect against acute forms of brain
injury in vivo (Smith-Swintosky et al., 1994; Corrigan et al., 2012;
Hefter et al., 2016; Plummer et al., 2016). Together, these studies
had indicated that APPsa is neuroprotective under injury condi-
tions and suggested that these properties may be leveraged for
therapeutic application in AD. To this end, we and others
recently showed that AAV-mediated expression of APPsa in
aged APP/PS1DE9 mice with established plaque pathology
restored synaptic plasticity and rescued spine density deficits
(Fol et al., 2016; Tan et al., 2018). Here, we set out to explore the
role of APPsa for Tau-induced pathology as the second hallmark
of AD and other primary tauopathies. Although P301S mice
have been widely used as a model of human tauopathy (Allen et
al., 2002), the temporal progression of pathologic Tau species
had not been studied in depth within the hippocampus. The ear-
liest time point of our IHC analysis (12-14weeks of age) parallels
the onset of memory impairments. Somewhat surprisingly, AT8
and AT180 staining was not widespread at this age but was
restricted to the mossy fiber axons while being hardly de-
tectable in somatodendritic regions. In older animals, we
observed a pronounced and progressive increase in patho-
logic phospho-Tau species that now accumulated in the cell
bodies of pyramidal CA1 and CA3 cells, in hilar cells of the
DG, and in dendritic regions of all hippocampal subfields.
Western blot analysis of hippocampal extracts also showed
a progressive increase in Sarkosyl-insoluble phospho-Tau,
that reached significance, however, only at 20 weeks of age.
Thus, accumulation of insoluble and pathologic Tau species
occurs later than memory impairments.

Electrophysiological recordings revealed that P301Smice ex-
hibit a complex phenotype with subtle alterations in synaptic
physiology of CA1 cells, including an increase in mEPSC ampli-
tude and frequency. Extracellular field recordings indicated
altered basal postsynaptic transmission in IO measurements,
while presynaptic function and short-term plasticity were
unchanged. The most striking finding was that LTP was signifi-
cantly increased in P301S mice. At first glance, this increase in
LTP may appear counterintuitive given the previously shown
cognitive impairments of P301S mice (H. Xu et al., 2014).
Importantly, however, increased LTP in conjunction with
memory impairments is not uncommon and has also been
reported for gene-targeted mice of several synaptic proteins,
including PSD95, GluR2, components of the cannabinoid
system, and others (Gerlai et al., 1998; Migaud et al., 1998;
Uetani et al., 2000; Kaksonen et al., 2002; Monory et al.,
2015; Zimmermann et al., 2019). Thus, not only reduced but
also abnormally increased LTP can be regarded as indicative
of an impaired hippocampal network (Korte and Schmitz,
2016). Further, using the GABA-R agonist muscimol, we
demonstrate that impaired GABAergic inhibition of the
CA3-CA1 network in P301S mice contributes to the increase
in LTP.

Regarding the interneuron deficit, it was, however, surprising
to see that CA1 cells revealed no decrease in mIPSCs, but rather
an increase in mEPSC frequency, amplitude, and charge transfer
leading to an overall disturbed E/I balance. We hypothesize that
this might, at least in part, be related to compensatory mecha-
nisms. Among these, the increase in mEPSC frequency might be
because of the unsilencing of silent synapses as a consequence of
altered interneuron input or increased LTP. Similarly, it is con-
ceivable that there are changes in function (e.g., increased
release probability) or anatomy (increased axonal arbor) of
interneurons in P301S mice to compensate for the decrease
in interneuron number. Such compensatory changes might
explain normal mIPSC frequency despite reduced interneuron
number. Irrespective of the primary cause of these alterations,
P301S mice exhibit complex synaptic and network alterations,
such as abnormal LTP, that may disturb hippocampal function.

Our previous studies in APP/PS1DE9mice had indicated that
APPsa can rescue impaired LTP. Here, we now demonstrate
that APPsa can also normalize aberrantly increased LTP. This
action occurred on a rapid time scale as incubating P301S slices
with nanomolar amounts of recombinant APPsa was sufficient
to restore normal LTP. Although the mechanism of how pre-
cisely APPsa counteracts this abnormal increase in LTP deserves
further investigation, the known inhibitory action of APPsa on
L-type calcium channels may play an important role. Recently,
Hefter et al. (2016) demonstrated that APPsa can normalize
hypoxia-induced increased intracellular Ca21 levels and neuro-
nal network function by inhibiting L-type calcium channels.
Consistent with this, APP can biochemically interact with Cav1.2
L-type calcium channels to suppress voltage-dependent calcium
influx into neurons (Yang et al., 2009).

In addition, it is conceivable that APPsa might limit exces-
sive presynaptic glutamate release via binding to GABABR1a
receptors (Rice et al., 2019). However, this interaction required
much higher concentrations (in the low micromolar range) of
recAPPsa (Rice et al., 2019), which is in contrast to the nano-
molar concentration used in our study. Taken together, a dual
function of APPsa for LTP is emerging: (1) under conditions of
LTP impairments APPsa can increase postsynaptic responses
and facilitate LTP by several mechanisms such as the

Figure 10. P301S mice show early postnatal impairment in hippocampus-dependent nest
building. P301S mice showed significantly lower scores of nest building at 4 weeks of age
(***p , 0.0001). Data are mean 6 SEM. n = number of animals, indicated in the
bar graphs. Mann–Whitney test for not normally distributed data: *p, 0.05; **p , 0.01;
***p, 0.001.
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modulation of a7-nicotinic acetylcholine receptors (a7nAChR)
or glutamate receptors, by increasing local protein synthesis
(Claasen et al., 2009; Richter et al., 2018; Mockett et al., 2019)
and by regulating the intracellular calcium content of endo-
plasmic reticulum stores (Ludewig et al., 2021); (2) under con-
ditions of abnormally increased LTP, however, as observed in
P301S mice, APPsa can also reduce LTP to restore WT-like
levels.

Importantly, APPsa also rescued Tau-induced spine density
deficits of CA1 neurons in vivo, not only in P301S mice but also
in independent Tau-transgenic THY-Tau22 mice. APPsa may
thus have a more general potential for synaptic repair, regardless
of whether Tau pathology is associated with interneuron deficits
or not. Remarkably, synaptotrophic effects of APPsa were not
restricted to early time points but were also found for advanced
stages of pathology with pronounced Tau aggregation in
both Tau transgenic models (at 20-22 weeks in P301S mice
and at 12months in THY-Tau22 mice). Together, our results
indicate that APPsa has therapeutic potential for synaptic
deficits induced by human mutant Tau.

Degeneration of excitatory pyramidal cells has previously
been observed in multiple transgenic Tau lines (see, e.g.,
Santacruz et al., 2005; Yoshiyama et al., 2007; Maeda et al., 2016),
including P301S mice investigated here, which show neuronal
loss in cortical layers I-II at 3months of age (Hampton et al.,
2010). Upon aging, P301S mice exhibit massive Tau aggregation
in the brainstem and spinal cord which ultimately leads to the
loss of motor neurons (Allen et al., 2002). In contrast, the inter-
neuron deficit in the hippocampus that emerges at 4weeks of age
clearly precedes the development of Tau aggregates and consti-
tutes the by far earliest Tau-induced pathology of P301S mice
described to date. From the onset and time course of interneuron
loss, we conclude that Tau-induced interneuron degeneration in
the P301S hippocampus may either be related to toxic soluble or
oligomeric Tau species (Lasagna-Reeves et al., 2011; Fa et al.,
2016) secreted by excitatory principal cells or to cell autonomous
effects of hTau expression in interneurons themselves (Fig. 9d,e).
Interneurons may be particularly sensitive to mutant hTau over-
expression, due to their high metabolic demand (Kann, 2016).
Our data are also consistent with and extend findings in a differ-
ent transgenic hTau line (JNPL3) that showed increased late-
phase L-LTP and impaired memory associated with a reduction
in interneurons in aged mice (Levenga et al., 2013). In contrast
to our findings, however, interneuron degeneration observed in
JNPL3 mice occurred at advanced stages of Tau pathology, sug-
gesting Tau aggregation-dependent neurotoxicity, whereas
young JNPL3mice were normal (Levenga et al., 2013).

Strikingly, nest building behavior, a species-typic innate behavior
that is highly sensitive to hippocampal lesions (Deacon et al., 2002),
was significantly impaired concomitant with the loss of SST1 and
CR1 interneurons, suggesting already early impairments of hippo-
campal functions in P301S mice. SST1 interneurons have recently
been shown to shape postnatally the development and maturation
of PV-dependent circuits (C. Z. Wang et al., 2019). Interestingly,
the reported onset of learning and memory impairments of P301S
mice (H. Xu et al., 2014) coincides with the time point at which we
identified reduced numbers of PV1 cells in the hippocampus. PV1

interneurons comprise ;25% of GABAergic interneurons in the
CA1 region (Pelkey et al., 2017) and provide the majority of inhibi-
tory input onto hippocampal pyramidal cells to control the oscilla-
tory activity and rhythmic output of the hippocampus that is crucial
for learning and memory (Murray et al., 2011). Most importantly,
our data indicate that mutant hTau on its own can drive early

interneuron degeneration, which may contribute to Tau-induced
hippocampal network dysfunction and cognitive impairments in
AD and in other tauopathies. Together, our data corroborate that
APPsa is one of the few molecules with therapeutic potential to res-
cue both Ab - and Tau-induced synaptic pathology and support the
concept of targeting Tau-dependent network abnormalities as a
therapeutic strategy in neurodegenerative diseases.
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