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Abstract

Neurofibrillary tangles (NFTSs), a hallmark of Alzheimer’s disease (AD), are intracellular silver
and thioflavin S-staining aggregates that emerge from earlier accumulation of phospho-tau in the
soma. Whether soluble misfolded but nonfibrillar tau disrupts neuronal function is unclear. Here
we investigate if soluble pathological tau, specifically directed to the entorhinal cortex (EC), can
cause behavioral or synaptic deficits. We studied rTgTauEC transgenic mice, in which P301L
mutant human tau overexpressed primarily in the EC leads to the development of tau pathology,
but only rare NFT at 16 months of age. We show that the early tau lesions are associated with
nearly normal performance in contextual fear conditioning (CFC), a hippocampal related behavior
task, but more robust changes in neuronal system activation as marked by Arc induction and clear
electrophysiological defects in perforant pathway synaptic plasticity. Electrophysiological changes
were likely due to a presynaptic deficit and changes in probability of neurotransmitter release. The
data presented here support the hypothesis that misfolded and hyperphosphorylated tau can impair
neuronal function within the entorhinal-hippocampal network, even prior to frank NFT formation
and overt neurodegeneration.
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Introduction

Neurofibrillary tangles (NFTSs), intracellular aggregates of misfolded and
hyperphosphorylated tau protein, are a neuropathological feature of Alzheimer’s disease
(AD) and other tauopathies. In AD, NFTs correlate well with amounts of phospho-tau
immunoreactivity, synapse loss, and neuronal loss. Each of these markers correlate well with
dementia severity [21] so that the contribution of NFTs or phospho-tau, as opposed to, for
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example, neuronal or synaptic loss, cannot be discerned. Distinguishing the roles of soluble
and fibrillar tau is equally difficult. Indeed, recent studies suggest that more soluble forms of
tau, rather than fibrillar tangles, may be involved in neuronal dysfunction
[28,63,44,50,45,29]. We now take advantage of a recently developed mouse model with
focal tau expression largely limited to the entorhinal cortex (EC) to examine the
consequences of the accumulation of soluble tau and evaluate its effects on neural system
integrity at a time point prior to anatomical neurodegenerative changes.

The layer Il entorhinal cortex (EC-11) neurons that project to the hippocampus, via the
perforant pathway (PP), are critical for memory function. They also are the first cortical
neurons to be affected by NFTs in AD [4,20]. In the present study we examine the recently
characterized rTgTauEC transgenic mouse in which P301L human mutant tau is
overexpressed primarily in the EC, leading to pathological tau inclusions in the EC-I11 as
animals age [9]. These animals thus mimic, from an anatomical perspective, the types of
lesions that occur in very early AD and provide a platform to test the hypothesis that
development of pathological tau in the EC, at a pre-tangle stage, results in memory deficits
or synaptic dysfunction. We found that restricted accumulation of pathological tau in the EC
and perforant pathway, prior to tangles, synaptic loss, or neuronal loss, allows nearly normal
performance on hippocampal related behavior tasks, but more marked changes in
hippocampal neural system activation as indicated by Arc induction and defects in
hippocampal electrophysiological properties. These observations implicate disturbance of
synaptic transmission and plasticity in the perforant pathway at an age prior to the
development of fibrillar tau aggregates (i.e. NFTs), synaptic or neuronal loss, providing
evidence that favors the idea that soluble, misfolded tau can impact neural system function.

Materials and Methods

Animals

rTgTauEC mice: We generated transgenic animals (called rTgTauEC — for reversible tau
restricted to entorhinal cortex) by crossing FVB-Tg(tetO-TauP301L) 4510 mice [47] with a
transgenic mouse line on a C57BL/6 genetic background expressing tetracycline
transactivator under the control of the KIk8 neuropsin promoter (EC-tTa) that was
developed at the Scripps Research Institute [62]. F1 offspring were used as experimental
animals ensuring a uniform 50:50 mix of FVVB and C57BL/6 genetic background.
Inheritance of both the responder and activator transgenes (designated rTgTauEC) results in
P301L mutant tau expression constrained to layer Il of the EC and pre and para subiculum.
Notably, the restricted expression of the transgene has been characterized by three
independent groups [9,35,18]. The limited anatomical expression of the transgene was
unqguestionably confirmed by using definitive laser capture microdissection and RT-PCR
that the tau mRNA is not detectable in the DG of rTgTauEC mice [9].

Age matched littermates expressing only the activator transgene were used as human
taunegative controls. rTgTauEC and control mice were identified by PCR screening using
the primer pairs 5’-ACCTGGACATGCTGTGATAA-3’ and 5’-
TGCTCCCATTCATCAGTTCC-3’ for activator transgenes [62], and 5’-
TGAACCAGGATGGCTGAG CC-3’ and 5’-TTGTCATCGCTTCCAGTCCCCG-3’ for
responder transgenes [47,9]. All animal experiments were performed in accordance with
national guidelines (National Institutes of Health) and approved by Massachusetts General
Hospital and McLaughlin Institute Institutional Animal Care and Use Committees.
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Immunohistochemistry

Standard immunofluorescence techniques were used. Briefly, animals were sacrificed by
COy, inhalation and brains were flash-frozen in M-1 mounting medium (Shandon, Thermo
Scientific) horizontal cryostat sections were cut at 10 m, sections were fixed in 4%
paraformaldehyde for 10 min, permeabilized by 20 min incubation in 0.1% Triton solution.
After blocking in 5% normal goat serum (NGS) for 1 hour, the appropriate primary antibody
was applied in 5% NGS, and sections were incubated overnight at 4°C. The antibody Taul3
which recognizes the amino acid residues 20-35 on the longest isoform of human tau [2,25]
(Covance; 1:1,000) was used to detect human tau; the conformation-specific Alz50 and
MC1 antibodies (courtesy Peter Davies, Albert Einstein College of Medicine; 1:50) [30,5,3]
used to detect misfolded tau, and PHF1 (pSer396/404) [17,39] (courtesy Peter Davies,
Albert Einstein College of Medicine; 1:500) and MC1 [23,57] (courtesy Peter Davies,
Albert Einstein College of Medicine; 1:200) or Gallyas silver staining was used to detect
neurofibrillary tangles. Sections were washed and incubated with Fluorescent Alexa Fluor
488 (Jackson ImmunoResearch; 1:250) secondary antibody in 5% NGS for 1 hr at room
temperature and stained with DAPI. (1:1,000).

Gallyas Silver Staining

Gallyas silver staining was performed as described previously [15]. Images for figures were
collected on an upright Olympus BX51 microscope (Olympus America, Center Valley, PA)
with a 40x objective.

Densities of human tau, Alz50 and Gallyas stained cells

The layer Il of the EC and the DG were outlined on five sections per mouse (n=3 per group)
using Image J. Taul3, Alz50 and Gallyas positive neurons were counted and the density of
EC or DG neurons positive for each marker was calculated by dividing the number of total
counted neurons by the size of the area outlined (EC or DG) in each section. The five
sections from each animal were averaged for the mean value per animal. Finally, the mean
value of all animals was calculated and values are presented as mean + SEM.

Western Blot Analysis

Western blot analysis was performed as described previously [9] Brains were homogenized
in RIPA buffer (Invitrogen) supplemented with a cocktail of protease and phosphatase
inhibitors (Roche). Samples were homogenized using a Polytron and the protein content was
determined by BCA protein assay (Thermo Scientific). The materials for SDS-PAGE were
obtained from Invitrogen (NuUPAGE system). Protein lysates were boiled in sample buffer
consisting of lithium dodecyl sulfate sample buffer and reducing agent and resolved on 4%-—
12% Bis-Tris polyacrylamide precast gels in MES SDS running buffer. 30 g of protein were
loaded per lane, proteins were transferred onto nitrocellulose membranes Protran (Whatman)
in transfer buffer containing 20% methanol. Blots were blocked in Odyssey blocking buffer
(Li-Cor biosciences), followed by incubation with primary antibodies (-actin [mouse
monoclonal antibody, Sigma; 1:10,000]; K9JA phosphorylation-independent pan-tau
antibody [rabbit polyclonal antibody, Dako; 1:20,000] [56], and detected with anti-mouse or
anti-rabbit 1gG conjugated to IRDye 680 or 800 (Li-Cor Biosciences; 1:10,000). Western
blots were developed using the Odyssey ® Imaging System (LI-COR Biosciences), which
allows detection of multiple primary antibodies probed on the same blot. Densitometric and
MW analyses were performed using ImageJ software (National Institutes of Health). Band
density values were normalized to - actin levels. Mean band densities for samples from
rTgTauEC mice were normalized to corresponding samples from 24 month-old mice that
did not receive doxycycline treatment.
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Sarkosyl Insolubility Assay

Extraction of sarkosyl-insoluble tau was performed as previously described [19]. Briefly,
whole frozen brains of 24 and 16-month-old rTgTauEC mice were homogenized by polytron
in 10 volumes of buffer H (10 mM Tris-HCI [pH 7.5] containing 0.8M NaCl, 1 mM EGTA,
and 1 mM dithiothreitol) and spun at 100,000 x g for 30 min at 4°C. Another 2 ml of buffer
H was added to the pellet and the samples were homogenized again by polytron, incubated
in 1% Triton X-100 at 37°C for 30 min. Following the incubation, the samples were spun at
100,000 x g for 30 min at 4°C, the pellet was homogenized by polytron in 1 ml of buffer H
and was then incubated in 1% sarkosyl at 37°C for 30 min and spun at 100,000 x g for 30
min at 4°C. The supernatant was then collected (sarkosyl-soluble fraction). Detergent-
insoluble pellets were extracted in 100 pl of urea buffer (8 M urea, 50 mM Tris-HCI [pH
7.5]), sonicated, and spun at 100,000 x g for 30 min at 4°C. The supernatant was then
collected (sarkosyl-insoluble fraction).

Behavior Experiments

Behavioral tests were performed at the NeuroBehavior Laboratory Core at Harvard
NeuroDiscovery Center. The experimenter was blind to genotype for all behavioral tests.
For detailed methods see Supplemental Methods.

Electrophysiology

Experiments were performed as previously reported with modifications [41,6,31]. Animals
were deeply anesthetized using isoflurane and killed by decapitation. The brain was quickly
removed and the brain was dissected in an ice-cold cutting solution. Acute horizontal slices
(400 pm) were prepared from non-transgenic controls and rTgTauEC mice at 16 months of
age. Slices were cut on a DTK-2000 microslicer (Dosaka) in ice-cold extracellular cutting
solution containing the following (in mM): 215 sucrose, 2.5 KCI, 20 glucose, 26 NaHCO3,
1.6 NaH2PO4, 1 CaCl2, 4 MgClI2, and 4 MgSO4. Slices were then placed, at room
temperature, in a holding chamber containing 50% cutting solution and 50% artificial
cerebral spinal fluid (CSF) (ACSF) recording solution containing the following (in mm):
124 NaCl, 26 NaHCO3, 10 glucose, 2.5 KCI, 1 NaH2P0O4, 2.5 CaCl2, and 1.3 MgSO4.
After 30 min, the 1:1 solution was switched to ACSF. The slices were kept at room
temperature for at least 1 hr before being transferred to the recording chamber. Cutting and
recording solutions were both saturated with 95% O2 and 5% CO2, pH 7.4. Experiments
were performed at room temperature. A patch-type pipette filled with 1 M NaCl was used to
record field excitatory postsynaptic potentials (fFEPSPs) and were evoked every 20 sec with a
bipolar tungsten electrode in the presence of 100 uM picrotoxin (Sigma-Aldrich) to block
inhibitory transmission.

Data was acquired with Digidata-1322A and digitized at 10 kHz using the pClamp 10
software. Recordings were performed with a MultiClamp 700A amplifier (Axon
Instruments), and output signals were filtered at 3 kHz. The data was analyzed using
MiniAnalisys (Synaptosoft). The stimulating and recording pipettes were positioned at the
same depth in the slice and the distance between them was kept constant (~200 pm). Input/
output (1/0) curves were generated using stimulus intensities from 10 to 100 YA in
increments of 10 pA and plotted as a function of fiber volley amplitude. Paired-pulse
facilitation and depression were assessed by using 50 and 100 ms inter-stimulus intervals.
Before LTP induction, stable baseline responses were acquired for at least 20 min. LTP was
induced at baseline stimulus intensity using high-frequency stimulation (HFS) which
consisted of four trains of 50 pulses at 100 Hz with 10 sec inter-train intervals. The
magnitude of LTP was estimated by comparing averaged responses 15-45 min after
induction with baseline-averaged responses before induction. For statistical analysis,
responses were collected and every 3 responses (1 min periods) for the LTP experiments or
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every five responses for the 1/0 and PPD/PPF experiments were averaged. fEPSP slope or
amplitude were calculated. As previously described, fEPSP were evoked and recorded at
CA3-CA1 and PP-DG [18]. For more detailed electrode placing information see
Supplemental material.

Real Time Quantitative RT-PCR analysis of Arc mRNA

Arc mRNA levels were measured 30 min after rTgTauEC and non-transgenic control mice
were re-exposed to CFC (or not exposed) (n=5 or 6 per group). RT-PCR procedure was
performed as previously reported with modifications [52]. Animals were sacrificed, the
brains were removed and the hippocampus was dissected. Total RNA was extracted from
hippocampus by homogenizing tissue in 500 | of Trizol reagent (Invitrogen) followed by
addition of 100 | chloroform at room temperature and incubated for 10 min. Samples were
centrifuged for 15 min at 12,0009 at 4°C and the aqueous phase was transferred to new,
RNase-free Eppendorf tubes. The RNA was precipitated by addition of 250 I of isopropanol
and frozen for 1hr at —80°C. These samples were then centrifuged for 15 minutes at 12,0009
at 4°C, the RNA pellets were washed in 70% EtOH, air-dried for several minutes, and then
suspended in 14 | of UltraPure™ DNase/RNase-Free Distilled Water. RNA samples were
assayed for quality with an Agilent 6000 Bioanalyzer and a Nanodrop spectrophotometer.
Reverse transcription was carried out on all RNA samples (Superscript 11, Invitrogen) and
random hexamers. The relative amount of Arc was normalized to the level of internal control
housekeeping gene message for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
MRNA levels. Real-time PCR was performed according to the comparative threshold cycle
(CT) method (SmartCycler manufacturer's instructions). Differences in threshold crossing
cycle between Arc and GAPDH (equal to DeltaCT) were calculated for each condition; then
the levels of Arc expression were computed as Delta-Delta-CT, and Arc mRNA levels in
CFC exposed and unexposed transgenic and non-transgenic animals were calculated and
normalized to non-transgenic unexposed mice. gPCR analysis (on Bio-Rad iCycler) of the
cDNA product was carried out using primers against Arc forward, 5'-
GAAGGAGTTTCTGCAATACAGTGAG-3'; and reverse, 5'-
ACATACTGAATGATCTCCTCCTCCT-3' and GAPDH forward, 5'-
ATGACATCAAGAAGGTGGTG-3' and reverse, 5'-CATACCAGGAAATGAGCTTG-3".
Duplicates or triplicates of cDNA samples were added to a 25 | reaction containing 12.5 |
SYBR green Mastermix (Applied Biotechnology).

Statistical analyses

Results

Normality of data was assessed with a Shapiro—Wilks test. Data were analyzed with
appropriate statistics including Student's t test, Mann-Whitney test, one-way ANOVA
followed by Tukey post hoc test (when necessary) and Kolmogorov-Smirnov test (KS-test).
P values <0.05 were considered to be statistically significant. Data were reported as mean +
SEM.

To assess tau pathology in rTgTauEC mice we immunostained horizontal brain slices from 9
and 16 month-old animals with different tau antibodies. At 9 months of age, human tau
protein (htau) assessed by the human tau specific antibody Taul3 (that shows no reactivity
in control mouse brain, Fig S1a), has a restricted distribution of htau in the medial entorhinal
cortex (MEC) and in the axon terminals in the middle molecular layer (mml) of the dentate
gyrus (DG), which receives axons originating in the MEC (Fig 1a—e; Table 1). At this age
only a very small number of Alz50-positive (misfolded tau and a pre-tangle marker) cell
bodies (Fig 1d; Table 1) and Alz50 and PHF1-positive (hyperphosphorylated tau) neurites
(Fig 1d and 1e) were observed in the EC. The Alz50 staining pattern was confirmed using a
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different misfolded tau antibody MC1 (FigS1b—c). By contrast, 16 month-old rTgTauEC
mice show numerous aggregates positive for human tau, Alz50 and PHF1 in the EC cell
bodies (Fig 1f—j). The phenotype of “spreading” of tau to the DG granule cells occurs
largely in older mice (21-24 months), although even at 16 months rare granule cells were
positive for human tau, Alz50 and PHF1 (Fig 1o-r). Axons and dendrites, but no soma, were
human tau immunopositive in the hippocampus at 9 months of age (Fig 1k—n). Thus 16
month-old animals show a different pattern of tau distribution (Fig 1a—b vs f—g), and the
levels of tau are considerably increased (Fig S1d), consistent with previous reports [9].

The lesions present in the EC at 16 months of age were primarily still pre-tangle in their
staining properties. There were only rare Gallyas silver positive neurons in the EC with the
density of 9.1 neurons/mm? (on the order of 0-5 neurons per slice) (Fig 2a; Table 1) and no
thioflavin S-staining suggesting that the vast majority of the prominent tau positive neurons
are in a pre-tangle state. As the animals age, the disease progresses and at 24 months of age
the density of Gallyas positive tangles in the EC increases dramatically to 1,775+ 534
Gallyas-positive neurons/hemisphere or 26 + 8.76 number neurons /mm2. Gallyas positive
neurons in the dentate gyrus at 24 months of age were infrequent, usually <5 per slide.
Consistent with pre-tangle pathology, immunoblotting of sarkosyl fractions from 16 month-
old mice rTgTauEC mice revealed very low levels of sarkosyl insoluble tau species at 55
kDa with most tau detected in the soluble fraction as a 55 kDa species. A 64 kDa insoluble
hyperphosphorylated tau species that could be detected at 24 months [9] was absent in 16
month-old animals brains (Fig 2b).

The EC-hippocampus system plays a critical role in memory formation and memory
consolidation. We tested the hypothesis that accumulation of tau in the perforant pathway
might be associated with cognitive decline. We used the open field test to measure the
general locomotor and exploratory activity of rTgTauEC mice. While 9 month-old
transgenic mice showed similar total distance traveled compared to age-matched non-
transgenic controls (Fig 3a), at 16 months transgenic mice showed a significant decrease
(~20%) in total distance traveled (p=0.014) (Fig 3b). There were no changes in the percent
distance traveled in the center (Fig S2a) or in the number of vertical counts (Fig S2b)
suggesting no changes in anxiety levels or exploratory behavior. The 16 month-old animals
showed similar latency to fall on the rotarod test compared to controls, consistent with
normal motor function (Fig S2c¢). Moreover, 16 month-old animals performed similarly to
controls on the radial arm maze, a test dependent on the hippocampal formation, showing
intact spatial memory (Fig S2d).

Contextual fear conditioning (CFC) also depends on the limbic system and represents a form
of associative learning in which the animal learns to predict aversive events. We assessed
the fear response of rTgTauEC mice using a CFC paradigm consisting of three days of
testing with training (shock delivery) performed on the first day, followed by two additional
days of testing (24 hrs and 48 hrs after training) (Fig S2e). We found that there were no
changes in fear response measured by freezing in 9 month rTgTauEC mice compared to
controls (Fig 3c). While 16 month-old rTgTauEC had a mild decreased freezing time during
the last minute on the second day of testing (48 hrs) (Fig 3d), this represents a mildly effect
with a small sample size (control, n = 4; rTgTauEC, n = 6), suggesting nearly normal CFC
behavior. There were no differences in the freezing time at baseline (prior to shock delivery)
between controls and transgenic mice in either age group (Fig S2f and S2g).

Next we assessed whether tau accumulation leads to changes in the activation of the
plasticity-related activity regulated, cytoskeletal-associated gene Arc, which is induced in
hippocampus-dependent fear conditioning [8,40]. Both controls and transgenic mice that had
been re-exposed to CFC were compared to unexposed mice. We quantified Arc mRNA by
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quantitative real-time polymerase chain reaction (QRT-PCR) in the hippocampus 30 minutes
after CFC behavioral experience. Half the animals that were tested on the CFC task at 24 hrs
after training were re-tested at 48 hrs and sacrificed 30 minutes thereafter. mRNA levels
were determined in CFC re-exposed and CFC unexposed mice. As expected, in 9 month-old
mice there was a significant increase in Arc mRNA levels in the hippocampus of both
controls (p=0.019) and rTgTauEC transgenic (p=0.0087) mice that had been re-exposed to
CFC compared to unexposed mice (Fig 3e) showing the expected Arc induction in response
to CFC. No difference in the pattern of Arc mRNA levels of rTgTauEC mice compared to
controls was observed in animals at 9 months of age, consistent with the observed
behavioral results (Fig 3e). By contrast, 16 month-old transgenic mice showed significantly
less Arc activation following CFC re-exposure compared to controls (Fig 3f) (p=0.0254). At
16 months, both controls and rTgTauEC transgenic mice that had been re-exposed to CFC
showed a significant increase in Arc mMRNA levels in the hippocampus compared to
unexposed mice (p=0.0286 and p=0.0223, respectively), but the size of the increase of Arc
transcription was significantly smaller in the transgenic animals by ~57%.

These results suggest subtle that changes in one of the two hippocampal dependent memory
tests assessed in this study as well as changes in the responsiveness of the neural system
activity marker Arc occur in the rTgTauEC model as they age. To further explore whether
human mutant tau overexpression in the EC and perforant pathway impairs synaptic
function in the hippocampus, we measured baseline synaptic transmission, short-term
plasticity and longterm potentiation (LTP) at the EC medial perforant pathway to dentate
gyrus granule cell synapses (PP-DG) in 16 month-old mice as illustrated by the schematic
diagram of the medial perforant pathway with the positioning of the stimulating (S) and
recording (R) electrodes (Fig 4a). Recordings were also performed at the Schaffer collateral
synapse to CA1 synapse (CA3-CA1) which we anticipated would be unaffected by EC
specific human mutant tau overexpression. We recorded extracellular field excitatory
postsynaptic potentials (FEPSP) from horizontal EC-hippocampal slices. To assess baseline
synaptic transmission strength we examined the input-output relationship of PP-DG and
CA3-CAL1 synapses in response to single electrical stimuli and found no significant
difference between transgenic and control animals at either synapse when the fEPSP was
plotted against the fiber volley amplitude (Fig 4b and Fig S3b). There was increased
presynaptic volley amplitude in the PP-DG synapse of rTgTauEC mice compared to controls
when the fiber volley amplitude was plotted as a function of the stimulus intensity (Fig 4c),
suggesting enhanced axonal excitability and indicative of a presynaptic alteration.

To access if there are post-synaptic changes in the PP-DG synapse associated with enhanced
pre-synaptic axonal excitability, we measured the slope of the initial population EPSP and
the amplitude of the population spike as described [59]. This measurement can be used as an
indicator of post-synaptic changes since more excitable cells fire action potentials with
lower amplitude synaptic input. There was no consistent shift of the EPSP slope vs.
population spike amplitude curve (E-S coupling) suggesting that these animals do not show
a post-synaptic change that can be detected by this measurement (Fig 4d).

Next we measured paired pulse ratio (PPR) in the PP-DG and CA3-CAL synapses, a form of
short-term plasticity traditionally used as an indirect way to estimate the probability of
transmitter release (Pr). PPR is inversely correlated with Pr; synapses with low Pr usually
show paired pulse facilitation (PPF), whereas synapses with high Pr show paired-pulse
depression (PPD) [36,53]. We measured PPR in the PP-DG synapse that normally shows
PPD, such that a single stimulus leading to synaptic activation will depress a subsequent
synaptic response (Fig 5a). We used two inter-stimulus intervals (I1SI) (50 and 100ms) with
equal intensity for both stimuli. We used stimulus intensity that elicits similar initial fEPSP
amplitude in slices from controls and transgenic ranging from 0.9 to 1.5mV. In slices from

Acta Neuropathol. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Polydoro et al.

Page 8

transgenic mice, PPD was significantly increased compared to controls, as measured by the
PPR (ratio between the amplitude of the second pulse and the first pulse) (p=0.0062 for
50ms; p= 0.0007 for 100ms). This suggests an increase in the probability of transmitter
release in the transgenic mice, consistent with a presynaptic alteration (Fig 5a).

In contrast to the PP-DG synapse that shows PPD, CA3-CA1 synapses exhibit PPF, such
that a single synaptic activation facilitates a subsequent synaptic response. We used 50 and
100ms ISI and initial amplitude responses ranging from 1.6 to 2 mV. We measured the PPR
at the CA3-CA1 synapse and found no changes in PPF in transgenic mice compared to age-
matched controls (Fig S3c), as expected because the transgene is not expressed in this
circuit.

In addition, we assessed whether long-term potentiation (LTP) is altered in the medial
perforant pathway rTgTauEC mice (Fig 5b—d). LTP is a long-lasting strengthening of the
response of postsynaptic neurons to high-frequency stimulation and is widely accepted as a
critical molecular mechanisms that underlies learning and long-term memory. Post-tetanic
potentiation (PTP) is a form of short-term plasticity generally thought to be presynaptic with
a mechanism similar to PPF and PPD, in that after high frequency stimulations, often used
for LTP induction, there is a high level of residual calcium in the presynaptic cell,
temporarily increasing the probability of release. LTP was induced after the acquisition of a
stable baseline. Baseline fEPSP slope and fiber volley amplitude were kept similar for slices
from controls and transgenic mice with fEPSP slope ranging from 0.9 to 1.1 mV/ms and
fiber volley 0.75 to 0.95 mV. Slices from transgenic animals demonstrated a significant
reduction in PTP after high-frequency stimulation in the PP-DG synapse (p<0.0001) (Fig
5d). Responses reached a steady state by 15 minutes after tetanus (Fig 5e). Cumulative
probability plots of response amplitudes 15 to 45 minutes following high frequency
stimulation of the medial perforant pathway revealed that LTP was markedly decreased in
transgenic mice compared to control mice (p<0.0001) (Fig 5f). In contrast, tetanic
stimulation at the CA3-CA1 synapse elicited unchanged PTP and intact LTP in rTgTauEC
slices compared to age-matched controls (Fig S3d-f).

Discussion

In this study, we addressed the question of whether soluble pathological forms of tau alter
neural system integrity independently of overt neurodegeneration or fibrillar NFTs, by
studying a middle-aged group of rTauEC mice. This line has the advantage of expressing tau
at high levels in a discrete population of neurons in the MEC, and this particular population
of neurons gives rise to a focused projection, the perforant pathway, that targets the
hippocampus primarily in a very well defined terminal zone in the middle third of the
molecular layer of the dentate gyrus. The perforant pathway accounts for a substantial
percentage of cortical- hippocampal input [54]. Thus alterations in neuronal function of this
population of neurons might be expected to produce detectable behavioral and physiological
alterations, both because the lesions are targeted to an anatomically critical subpopulation of
neurons, and because highly sensitive techniques have been developed to monitor
hippocampal formation function in rodent models. We examined mice at 9 and 16 months of
age. The younger mice had detectable expression of the transgene in perforant pathway
axons, as expected since tau is normally localized to the axonal compartment, but little
accumulation of tau in the soma. The 16 month-old mice had soluble “pathological” forms
of tau — marked by immunostaining with the antibodies Alz50, MC1, and PHF1 — in the
somatodendritic compartment but rare silver positive and no thioflavine S positive NFTSs.

We have previously shown that rTgTauEC mice show no evidence of synapse or neuronal
loss at 16 months of age, and that these phenotypes were only observed at 24 months of age
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[9]. Alz50, MC1, CP13, AT8, PHFL1, and later pathology markers such as Gallyas and ThioS
accumulate in the soma as the mice age, beginning approximately at 16 months and
progressing to full NFT markers by 24 months [9,18,35]. For example, Gallyas silver
positive tau aggregates are not consistently observed in all mice until 18-21 months of age
and Thioflavin S (ThioS) positive mature neurofibrillary tangles are not present until 21-24
months of age. Progression of tau pathology in the rTgTauEC mouse model is similar to that
observed in two independently generated equivalent lines [18,35].

At 16 months, rTgTauEC mice show nearly normal performance on behavioral tasks,
suggesting some degree of continued functional competence of the entorhinal-hippocampal
circuit. Nonetheless there was a deficit in recruitment of Arc, an immediate early gene
implicated in learning and memory, in the hippocampus following CFC, and
electrophysiological studies showed defects in presynaptic function. Taken together, these
orthogonal lines of evidence support the conclusion that soluble pathological species of tau,
independently of fibrillar aggregates, can directly disrupt neural system function.

In the present study we report, a small deficit in locomotor activity in the open field test in
older rTgTauEC mice. 16 month old animals also showed a very subtle difference in one of
two hippocampal dependent tests (contextual fear conditioning). A previous study using an
independently generated mouse line equivalent to the rTgTauEC line, with similar extensive
tau accumulation in the EC [18], failed to detect behavioral changes at all in animals at 16
months of age. The open field task was not used by Harris and colleagues and in our study
we found subtle deficits in fear conditioning only when the animals were tested 48 hrs after
training, a later time point that was not examined in the previous study [18]. Thus behavioral
changes in the rTgTauEC mice are difficult to detect, surprising given the observed changes
in the molecular and electrophysiological assays, and perhaps speaks to functional
redundancy or resiliency of neural circuits to focal, slowly evolving lesions.

The immediate early gene Arc is known to be induced by hippocampal dependent learning
and is widely used as a marker of neural system activation [40,12,8]. Previous studies of tau
overexpressing mice suggested that tau overexpression, by itself, is sufficient to reduce Arc
induction in behavioral paradigms [14]. We examined Arc induction after a strong
hippocampal activating behavior — CFC- and measured hippocampal induction of Arc using
a qPCR approach. Of importance, since the hippocampus itself does not express human tau
in this model, any deficits in Arc expression in response to hippocampal activation likely
reflect the detrimental neural system consequences of human tau expression in the EC. A
reduction in Arc induction is clearly observed in the hippocampus in 16 month old
transgenic animals. These results provide a molecular marker of hippocampal dysfunction in
the 16 month old transgenic animals.

We then studied electrophysiological properties of the hippocampal formation in the 16
monthold animals. The strongest clue regarding physiological impairment may be the
decreased PPD and PTP in the PP-DG, suggestive of an increased probability of
neurotransmitter release presynaptically [38]. The mechanism underlying changes in PPD
and PTP uncertain, with four plausible mechanisms: 1) accumulation of Ca2* in the axon
terminal [33,34,24,60,53,43,32]. Tau aggregates in presynaptic terminals could contribute to
altered calcium levels, in agreement with previous in vitro reports suggesting changes in
calcium homeostasis due to tau [63]. Interestingly, pathological forms of tau have been
implicated in causing changes in calcium homeostasis loss of dendritic spines, altered axonal
transport, and impaired trafficking of organelles, particularly mitochondria
[73,59,56,16,14,1,13,55,40,28,41]. Changes in presynaptic function in EC cells burdened
with misfolded and PHF tau are consistent with previous observations of presynaptic
impairment in mice overexpressing wild type human tau (htau mice) showing pre-tangle tau
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pathology with numerous PHF1 positive neurons in the hippocampal [41]. 2) Alternatively,
changes in PPD and transmitter release from the presynaptic terminal in rTgTauEC mice can
also be attributed to altered size of the readily releasable vesicle pool [13,37,48,10,49,46]. In
fact, variations in residual presynaptic Ca* can modify the fraction of vesicles available for
immediate release [11,49,55,46]. 3) GABA release and modulation of presynaptic GABAb
receptors [58,22,27] could also be responsible for variations in PPD and transmitter release
in rTgTauEC mice. Finally, changes in PPD could be a consequence of alterations in
presynaptic mGIuR receptors in rTgTauEC mice [26,1,7,16,51].

The small changes observed in the basal synaptic transmission with enhanced axonal
excitability and normal E-S coupling in rTgTauEC mice is consistent with the anatomical
data showing no morphological degeneration of the perforant pathway terminals at 16
months. It should also be noted that previous studies from all three independently generated
EC tau expressing lines showed that, as the animals reach older age and begin to undergo
degeneration of the perforant pathway axons and develop frank NFT, human tau protein can
also be found prominently in the dentate gyrus granule cells, consistent with a trans-synaptic
“propagation” at the perforant pathway synapse [9] in animals generally older than 18 to 21
months. We do not think that this process of tau propagation accounts for the current
observations in the 16 month old mice, since detection of human tau protein in the DG
granule cells occurs rarely in 16 months old mice, and electrophysiological data recorded at
the PP-DG synapse implicate presynaptic rather than postsynaptic alterations. Taken
together, these data favor the hypothesis that hippocampal system defects are likely due to
presynaptic rather than postsynaptic dysfunction. The presence of even rare Alz50 and PHF1
positive DG neurons at 16 months, however, suggests that some tau becomes extra cellular
by this age where in principle it may affect synaptic function. Indeed, microdialysis
experiments readily detect extracellular tau in the interstitial fluid of transgenic mice
overexpressing P301S human tau [61]. Interestingly, it is possible that changes in
presynaptic activity in 16 month-old rTgTauEC mice may in fact be responsible for
modulating tau release from EC terminals as it has been recently suggested that tau release is
stimulated by neuronal activity [42].

In summary, our data suggest that molecular and electrophysiological impairments of the
perforant pathway occur in the pre-neurodegeneration, pre-synapse loss and pre-tangle stage
of disease in rTgTauEC. Together these changes argue that the hyperphosphorylated (PHF1
immunoreactive) and misfolded (Alz50 and MC1 immunoreactive) but nonfibrillar tau in the
soma, dendrites and axons of the perforant pathway and EC of rTgTauEC mice have clear
consequences to neuronal function within the entorhinal-hippocampal network.
Understanding the early neuropathological stages of AD is particularly important as new
diagnostic approaches will allow targeting AD therapies to a stage of the illness prior to
frank neurodegeneration and development of clinical symptoms.
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Entorhinal Cortex Dentate Gyrus
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Fig. 1.

Distribution of tau in the entorhinal cortex (EC) and dentate gyrus (DG) of rTgTauEC mice
at 9 and 16 months of age. EC: aand f Low magnification view of medial horizontal
sections from 9 and 16 month-old rTgTauEC mouse brains showing the distribution of
human tau using the human tau specific phosphorylation-independent Taul3 antibody. At 9
months, human tau (htau) has a restricted distribution in the MEC and in the axonal
terminals in the middle molecular layer (mml) of the DG a (b and ¢ higher magnifications of
the EC). 16 month-old rTgTauEC mice show numerous human tau positive cell bodies in the
EC f (g and h higher magnifications of the EC). Alz50 staining shows rare Alz50-positive
EC cell bodies at 9 months d and a number of Alz50-positive neurons in the EC at 16
months i. Immunohistochemistry using PHF1 shows PHF1-positive neurites in the EC at 9
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months e and PHF1-positive aggregates in the EC neurons of 16 month-old rTgTauEC mice
j. DG: At 9 months, human tau k-, Alz50 m and PHF1 n staining are limited to mml of the
DG. At 16 months, a few granule cells are positive for human tau o, Alz50 g and PHF1 r.
Tau is shown in green and DAPI nuclei are shown in blue. Scale bars 200 m (a—b, f-g, k-)

and 50 m (c—e, h—j). White arrows indicate axonal tau staining.
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Fig. 2.

Rare Gallyas silver positive tangles in the EC a. rTgTauEC animals rarely show sporadic
silver positive neurofibrillary tangles in the EC at 16 months of age. Scale bar 50 um. b.
Immunoblotting of sarkosyl fractions from rTgTauEC mice using a K9JA total tau antibody
revealed very low levels of sarkosyl insoluble tau species at 55 kDa in 16 month-old mouse
with most of tau detected in the soluble fraction as a 55 kDa species of tau. A 64 kDa
insoluble hyperphosphorylated tau species detected at 24 months but absent in 16 month-old
animals brains.
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Fig. 3.

a. Open field locomotor and exploratory activity test in rTgTauEC mice revealed no changes
in the activity of 9 month-old transgenic mice (control, n = 12; rTgTauEC, n = 12) and a
significant decrease (~20%) in the total distance travel (p=0.014) of transgenic mice at 16
months of age (control, n = 6; rTgTauEC, n = 14) compared to age-matched non-transgenic
controls b. Contextual fear conditioning (CFC) shows no changes in fear response measured
by freezing in 9 month old mice (24 hrs: control, n = 6; rTgTauEC, n = 14; 48 hrs: control, n
= 3; rTgTauEC, n = 6) c but 16 month-old rTgTauEC mice (24 hrs: control, n = 12;
rTgTauEC, n = 12; 48 hrs: control, n = 4; rTgTauEC, n = 6) had a small decreased freezing
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time (48 hrs) compared to age-matched controls (p=0.0414) d. Activation of Arc MRNA
expression induced by hippocampus-dependent fear response to contextual fear conditioning
(CFC) was assessed using gRT-PCR. Mice that were re-exposed to CFC 48 hrs after training
and sacrificed 30 minutes after re-exposure were compared to unexposed mice. e 9 month-
old controls and transgenic mice re-exposed to CFC show a significant increase in Arc
MRNA levels in the hippocampus compared to unexposed mice. There was no difference in
Arc mRNA levels of rTgTauEC mice compared to controls (9 months: control, unexposed n
=4, re-exposed n=5; rTgTauEC, unexposed n = 6, re-exposed n = 6). f 16 month-old
transgenic mice have significantly less Arc activation following CFC re-exposure compared
to controls. (16 months: control, unexposed n = 3, re-exposed n=4; rTgTauEC, unexposed n
= 3, re-exposed n = 6). Results are expressed as means + SEM. Comparisons between
groups were made by t test or Mann-Whitney test (for CFC). * indicates statistical
significance, p < 0.05. For CFC: * indicates statistically significant difference between
unexposed and re-exposed mice, p < 0.05. # indicates statistically significant difference
between control and transgenic mice, p < 0.05. n.s. indicates no statistical significance.
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Medial Perforant Pathway (MMP)
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Fig. 4.

Synaptic transmission at the EC medial perforant pathway to dentate gyrus granule cell
synapses (PP-DG). Extracellular field excitatory postsynaptic potentials (FEPSP) were
recorded from horizontal EC-hippocampal slices of 16 month-old rTgTauEC and age-
matched nontransgenic controls. a Schematic diagram of medial perforant pathway (MPP)
synapto-architecture showing middle molecular layer (mml) and granule cells (gl) of the
dentate gyrus with the positioning of stimulation (S) and recording (R) electrodes. b Typical
shape of a fEPSP illustrating the method of assessment of presynaptic fiber volley amplitude
and fEPSP slope. b Basal synaptic transmission was examined by building input-output (1/
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O) relationship at the PP-DG synapse in response to single electrical stimuli ranging from 10
to 800 A and plotted as the relationship between fEPSP slope and fiber volley amplitude,
showing no significant difference between transgenic mice compared to control animals. ¢
Fiber volley amplitude was plotted as a function of stimulus intensity and it shows a
significant increase in fiber volley amplitude for a given stimulus intensity in the rTgTauEC
mice compared to controls. (n= [control, n = 10 (3); rTgTauEC, n = 8 (4)]). d Typical shape
of a population spike illustrating the method of assessment of amplitude of the population
spike and the slope of the EPSP. E-S coupling was assessed by measuring the slope of the
initial population EPSP and the amplitude of the population spike. Curves were generated
for EPSP slope vs. population spike amplitude. There was no change in E-S coupling in
rTgTauEC mice compared to controls the field suggesting that these animals do not have a
post-synaptic change. (n= [control, n = 4 (3); rTgTauEC, n = 4 (3)]).
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Medial Perforant Pathway (MMP)

Short-term and long-term plasticity
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Fig. 5.

Synaptic plasticity at the medial perforant pathway. a Short-term plasticity was evaluated by
measuring paired pulse depression (PPD) of the PP-DG synapse. Paired-pulse ratios (PPRS)
calculated as the ratio between the amplitude of the second response (fEPSP,) and the first
response (FEPSP1) to two pulses delivered either 50ms or 100ms apart. Representative
fEPSP for responses with 50ms interval is shown. There was a significant increase in PPD
shown by decreased PPR (n= [control, n = 6 (3); rTgTauEC, n =6 (4)]). b—d LTP was
evaluated by comparing fEPSP slopes as a percentage of the pre-tetanus baseline fEPSP
slopes (n=[control, n = 6 (3); rTgTauEC, n = 8 (4)]). Representative traces before (bold
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line) and 30—45 min after (thin line) the induction. There was a significant reduction in the
post-tetanic potentiation (PTP) after high-frequency stimulation (HFS) (d). fEPSP responses
between 15 to 45 min after HFS are shown in E. Results are expressed as means + SEM. *
indicates statistical significance, p < 0.05 (b—e). Comparisons between groups were made by
t test (b—e). f Cumulative probability distribution plots for recordings from 15 to 45 min
after LTP induction show a significant decrease in LTP elicited in rTgTauEC mice
compared to controls. Comparison between groups was made by Kolmogorov-Smirnov test
(KS-test). * indicates statistical significance, p < 0.05. (n = [number of slices (number of
animals)]).
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Densities of human tau, Alz50 and Gallyas stained cells in entorhinal cortex and dentate gyrus of 16 month-
old rTgTauEC mice (n = 3 mice). Results are expressed as the mean + SEM.

Entorhinal Cortex

number neurons /mm?
human tau 85.22+7.70
Alz50 78.68 £8.91
Gallyas 9.1+2.20

Dentate Gyrus

number neurons /mm?
human tau 58.96 + 22.08
Alz50 46.93 + 2.49
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