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Abstract Several genetically engineered models exist that
mimic aspects of the pathological and cognitive hallmarks
of Alzheimer’s disease (AD). Here we report on a novel
mouse model generated by targeted knock-in of transgenes
containing mutated human amyloid precursor protein (APP)
and microtubule-associated protein tau genes, inserted into
the HPRT locus and controlled by the CaMKIla regulatory
element. These mice were crossed with an asymptomatic
presenilinl 5,45 Overexpressing line to generate PLB 1y
mice. Gene expression analysis and in situ hybridization con-
firmed stable, forebrain-specific, and gene-dose-dependent
transgene expression. Brain tissue harvested from homozy-
gous, heterozygous, and wild-type cohorts aged between 3
and 24 months was analyzed immunohistochemically and
electrophysiologically. Homozygous PLBlry;. offspring
presented with mostly intracellular cortical and hippocam-
pal human APP/amyloid, first detected reliably at 6 months.
Human tau was already uncovered at 3 months (phospho-tau
at 6 months) and labeling intensifying progressively with
age. Gene-dose dependence was confirmed in age-matched
heterozygous females that accumulated less tau and amyloid
protein. General excitability of hippocampal neurones was
not altered in slices from PLB1 . mice up to 12 months,
but 2-year-old homozygous PLBlyy,. mice had smaller
synaptically evoked postsynaptic potentials compared with
wild types. Synaptic plasticity (paired-pulse depression/
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facilitation and long-term potentiation) of synaptic CAl
pyramidal cell responses was deficient from 6 months of
age. Long-term depression was not affected at any age or in
any genotype. Therefore, despite comparatively subtle gene
expression and protein build-up, PLB1y;;. mice develop
age-dependent progressive phenotypes, suggesting that
aggressive protein accumulation is not necessary to recon-
struct endophenotypes of AD.
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Introduction

Alzheimer’s disease (AD) is the most common form of
dementia and is characterized by neurodegeneration in vulner-
able forebrain regions such as the hippocampus, coupled with
progressive memory loss and cognitive decline. Post-mor-
tem, the disorder is identified by two pathological hallmarks
defined as (1) extracellular amyloid plaques comprising an
aggregation of the amyloid beta protein (Ap) produced via the
sequential cleavage of the amyloid precursor protein (APP) by
secretase enzymes, and (2) intracellular neurofibrillary tangles
composed of hyperphosphorylated forms of the microtubule-
associated protein tau [1]. The cognitive symptoms of the
disorder do not correlate particularly well with either plaque
or tangle load; instead they correspond significantly with neu-
ronal dysfunction, synaptic loss, and neurodegeneration [2].
More recently, a strong case has been made for the crucial role
of soluble (especially oligomeric) amyloid species, and even
intracellular levels of APP metabolites other than A may be
key contributors to neuronal malfunction [3-5].

Alterations in synaptic plasticity, the physiological par-
allel of learning, and memory, are key aspects of failing
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neuronal function in dementia; hippocampal long-term
potentiation (LTP) in particular is a recognized experimen-
tal indicator of cellular impairments observed in many mod-
els of the disorder [4, 6]. The sensitive nature of synaptic
function, preceding detectable histopathological changes,
has been repeatedly emphasized [7, 8], and is also often
observed in non-transgenic AD models [9].

While the vast majority of AD cases (~95 %) are believed
to be sporadic, i.e., there is no clearly identifiable underlying
genetic cause, a small proportion of cases are familial in ori-
gin, termed familial AD (FAD), and result from mutations in
the APP gene and presenilin 1 (PS1) gene, which forms the
catalytic core of y-secretase. The identification of such muta-
tions coupled with the discovery of inherited mutations in the
tau gene, responsible for tangle formation in certain fronto-
temporal tauopathies, has allowed the creation of numerous
transgenic mouse models of AD, including Tg2576, PDAPP,
and 3xTg-AD, which recreate various histopathological and
cognitive aspects of the disease (e.g., [10]). However, their
generation via pronuclear injection can result in random
integration, unpredictable copy numbers, and unstable gene
expression; and many models fail to create the entire spec-
trum of AD symptoms and the precise spatial and temporal
pattern of disease progression [11, 12]. These factors con-
tribute to the somewhat unreliable phenotype of such mod-
els and may explain the poor transition of treatments that
showed promise in mouse models to clinical studies [13].
For these reasons, we recently created a new triple transgenic
mouse model of AD, PLB1, through single-copy knock-in
of mutated human versions of APP (Swe & Lon) and tau
(P301L & R406W) into the HPRT locus and subsequent
back-cross with a PS1 (A246E) line [14]. Initial characteri-
zation of these mice uncovered age-related, disease-relevant
pathologies including human APP/AP, as well as tau and
phosphotau proteins in the soma and processes of cortical
and hippocampal neurones, in addition to sparse extracel-
lular AP plaques; cognitive deficits in behavioral paradigms
(see also [15]); sleep/wake changes alongside alterations in
EEG spectral power; alterations in brain glucose metabo-
lism; and deficits in hippocampal plasticity [14, 16].

Here, we set out to perform a more detailed transcrip-
tional and translational tissue analysis and characterize hip-
pocampal synaptic transmission and plasticity in PLB Ly
mice over the complete age spectrum (3-24 months), and
compare mice with differing transgene load.

Materials and methods
Animals

The generation and genotyping of PLBI1 mice has been
described previously [14]. Briefly, these mice were created
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by the knock-in of a human APP-tau cDNA construct (hAPP:
isoform 770 containing Swedish and London mutations;
htau: isoform 4R with P301L and R406W mutations) into the
HPRT locus and under the control of the mouse CaMKIla
promoter. PLB1y, ;. mice were subsequently crossed with
a homozygous presenilin 1 line (PS1 4,465 derived from an
APP/PS1 line purchased from Jackson Laboratories [17],
originally crossed with C57BL6 mice to remove the retinal
rd mutation inherent to the C3H background) to produce
triple transgenic (tg) animals. Due to the positioning of the
HPRT locus on the X-chromosome, male transgenic mice
were hemizygous (4) whereas females were either hetero-
(+/—) or homozygous (+/+) for the transgenes.

PLB Ly, mice appeared of normal health and growth did
not vary overall between transgenic genotypes and wild-type
(PLBly, “WT”) littermates. All animals were maintained
in acclimatized rooms (temperature: 22 °C; 12-h day/night
cycle) with food and water ad libitum and procedures were
carried out with institutional permission and according to
the rules and regulations set out by the Home Office Ani-
mals (Scientific Procedures) Act, 1986.

Histologically, tissue was harvested from homozygous
female PLB 1y, mice (n = 4-6 per genotype and age
group) aged between 3 and 21 months. Twenty-one-month-
old WT and 12 to 13-month-old heterozygous PLB 11/
were also stained.

For in vitro electrophysiology, the following mice aged 6
and 12 months were utilized: wild-type (WT; mixed gender,
n = 23 at 6 months, n = 16 at 12 months), PS1 (A246E)
homozygous (mixed gender, n = 10 at both 6 and 12 months)
and PLB 1y, (APP/tau/PS1) heterozygous (PLB 1y,
female, n = 15 at 6 months; n = 11 at 12 months), homozy-
gous (PLBlyyp e,y female, n = 11 at 6 months, n = 16
at 12 months) and hemizygous (PLB 1y, ; male, n = 13
at 6 months, n = 11 at 12 months). Additionally, slices
from PLBly ey and WT mice were characterized at 3
and 24 months of age (WT: n = 12 at 3 months, n = 11
at 24 months, PLB1 /1 n = 10 at 3 months; n =9 at
24 months).

Molecular biology and histology
RNA extraction and quantitative real-time PCR

Forebrain samples (4 mm?) were dissected from PLB 1y
and age-matched wild-type mice and immediately stored in
RNA Later solution (Qiagen Sussex, UK) at 4 °C over night,
then at —20 °C until extraction. Total RNA was extracted
with RNeasy Lipid Tissue Mini Kit (Qiagen, Sussex, UK)
according to the manufacturer’s instructions, including
homogenization via Qiashredder and on-column DNasel
(Qiagen, Sussex, UK) digests to minimize genomic DNA
contamination. Only integrity-controlled RNA (Bioanlayser,
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performed by the Rowett Institute, Aberdeen) with a RIN
score above 7 was used for expression analyses. cDNA syn-
thesis was performed in 20-pl reactions containing 2 pg
total RNA, 60 .M random hexamer primers, 8 mM MgCl,,
dNTPs 1 mM each, 20 U RNase inhibitor, 5 mM DTT,
and 10 U Transcriptor High Fidelity Reverse transcriptase
(Roche, Burgess Hill, UK) in 50 mM Tris/HCl, 30 mM KC1
for 30 min at 50 °C, 5 min 85 °C. The obtained cDNA was
then diluted 1:5 with RNase free water and frozen at —20 °C
until needed. Gene expression analysis was carried out with
the Bio Rad MiniOpticon Real-Time PCR Detection Sys-
tem using iQ SYBR Green Supermix (Bio-Rad, Hemel
Hempstead, UK) in a final volume of 20 pl. 100 ng cDNA
equivalent were run in triplicates per sample with 3.2 uM
each gene specific oligomer primers: human APP: 5'-ACT
GGC TGA AGA AAG TGA CAA-3’ (forward) and 5'-ATC
ACC ATC CTC ATC GTC CTC G-3’ (reverse); human tau:
5’-CAC GGA CGC TGG CCT GAA AG-3' (forward) and
5'-CTG TGG TTC CTT CTG GGA TC-3/ (reverse). House-
keeping gene mouse GAPDH primers 5-ACT TTG TCA
AGC TCA TTT CC-3’ (forward) and 5-TGC AGC GAA
CTT TAT TGA TC-3’ (reverse) were generously provided
by Dr Alun Hughes, University of Aberdeen. The thermocy-
cler profile consisted of 3 min at 95 °C initial denaturation
followed by 36 cycles of 30 s at 95 °C, 20 s at annealing
temperature (hAPP 65 °C, htau 63 °C, mGAPDH 60 °C)
when the fluorescence was monitored. Negative cDNA
reactions (excluding reverse transcriptase) and no template
controls ensured that no contamination by genomic DNA
altered the results. Quantification was obtained by compar-
ing the fluorescence intensities against standard serial dilu-
tions of plasmids containing 20 to 2 x 10° copies of the
human transgenes, or 2 x 10°-2 x 107 copies of the mouse
housekeeping gene. Melting curve analyses ensured spe-
cific amplification products of the samples. Data analyses
were performed using Opticon Monitor Software (Bio-Rad,
Hemel Hempstead, UK). Absolute gene expression (copy
number) of each sample was normalized to the arithmetic
mean of the endogenous controls. Experimental data are
expressed as arithmetic means +SEM. Statistical analyses
were performed with GraphPad Prism software (version
5.01, GraphPad Software Inc., San Diego, USA) using one-
way ANOVA test to establish significant differences fol-
lowed by individual ¢ tests of selected data pairs. p < 0.05
was considered significant.

Tissues harvesting and histology

Mice were terminally anaesthetized and tissue fixed in
situ by intra-aortic perfusions of 4 % paraformaldehyde in
0.1 M phosphate buffer. Brains were removed, post-fixed for
4 h, and subsequently transferred into 1.4 % Na Cacodylate
storage buffer (w/v) and subsequently wax embedded and

sectioned. This procedure was modified from our previous
publication [14], to enhance intracellular epitope detection,
as we here found that fixation conducted for ~24 h prior
to embedding affected intracellular amyloid detection while
staining of plaques was sustained.

Slide-mounted coronal sections (5 pm) were used for
DAB-based immunochemical staining conducted with
the Leica/bond autostainer (Leica Microsystems, Milton
Keynes, UK). Sections underwent automated dewaxing,
acidic antigen retrieval and appropriate antibody applica-
tion. Immuno-labeling was conducted using 6E10 for human
APP/AB (1:200, Cambridge Bioscience, UK), HT-7 for
human tau (1:200, Autogen-Bioclear, Wiltshire, UK), and
AT-8 (1:25, Autogen-Bioclear) and PS-396 (1:200, Santa
Cruz) for phospho-tau. Primary antibodies were visualized
using Bonds refined DAB staining kit (Leica Microsys-
tems); nuclei were counterstained using hematoxylin.

All images were taken via a digital camera (Axocam)
connected to a Zeiss microscope (Axioskop 2 plus) with a
water immersion lens (10x or 40x), using Axiovision soft-
ware (Zeiss, Hertfordshire, UK).

In situ hybridization

Coronal sections (15 pwm) were prepared from frozen brain
samples fixed for 5 min in ice cold buffered 4 % Paraform-
aldehyde solution, washed in cold PBS, submerged in 70 %
ethanol for 5 min and finally stored in 95 % ethanol at 8 °C
until processing. For in situ hybridization, slides were dried
and incubated with *3S terminal transferase-labeled oligonu-
cleotides (hAPP: 5-CAG ATT CAC TTC AGA GAT CTC
CTC CGT CTT GAT ATT TGT CAA CCC AGA AC-3;
htau: 5’-CTC AGG TCA ACT GGT TTG TAG ACT ATT
TGC ACA CTG CCG CCT CCC GAG AC-3') over night at
42 °C. After washing off unbound probes, the sections were
exposed to autoradiograph film for 6 weeks. The specific-
ity of the labeling was assessed by co-incubation of brain
sections with 100-fold excess of unlabeled towards labeled
oligonucleotide.

In vitro electrophysiology

Slice preparation and recording conditions were conducted
as described previously [14, 18]. Briefly, animals were
injected intraperitoneally with a lethal dose of euthatal
and Kkilled by decapitation when unconscious. The brains
were quickly removed into ice-cold sucrose-based artifi-
cial cerebrospinal fluid (aCSF; composition in mM): 249.2
sucrose, 1.5 KCl, 1.3 MgSO,, 0.96 CaCl,, 1.5 KH,PO,, 2.89
MgCl,-6H,0, 25 NaHCO; and 10 glucose (pH 7.4, continu-
ously gassed with 95 % O,/5 % CO,), and the hippocampus
dissected. Hippocampal slices (400 pm) were prepared
with a Mclllwain tissue chopper and stored in oxygenated
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standard aCSF (composition as above except sucrose
replaced with 129.5 mM NaCl and concentration of CaCl,
increased to 2.5 mM) at 32 °C for at least 1 h before experi-
ments commenced.

Recordings of CA1 field excitatory postsynaptic poten-
tials (fEPSPs) were undertaken in an interface chamber
perfused at a rate of approximately 5 ml min~! with pre-
warmed, gassed aCSF, and recorded via an aCSF-filled
borosilicate glass electrode (3—7 MS2) positioned in the
stratum radiatum after stimulation of the Schaffer collat-
eral/commissural fibres by a monopolar stimulation elec-
trode (WPI, UK, 0.5 M€2). The signal passed through the
recording electrode to a CV203BU headstage pre-amplifier
with a gain of 1 (Axon Instruments, CA, USA) connected to
an Axoclamp 200B amplifier (Axon Instruments). A CED
1401 Plus (Cambridge Electronic Design Ltd., Cambridge,
UK) digitized the analogue signal for passage to a PC,
where data was acquired using the P-WIN software package
(Leibniz Institute for Neurobiology, Magdeburg, Germany).

By increasing the stimulus intensity in a stepwise man-
ner until saturation was reached, input/output (I0) curves of
basic synaptic transmission were generated. For all groups,
a stimulus intensity of 40-50 % of saturation was applied
to run subsequent LTP experiments. Baseline responses
were recorded for at least 10 min (responses recorded every
30 s, response variability <10 %) and LTP evoked by apply-
ing a theta burst tetanus [5 Hz, five bursts of four stimuli
(100 Hz), inter-burst interval of 200 ms for 1 s]. Recording
continued for 60 min post-tetanus. Long-term depression
(LTD) experiments followed a similar time course, with the
theta burst tetanus replaced with 900 pulses at 1 Hz, which
induced a long-lasting depression of synaptic responses.
Further, a paired-pulse protocol investigated changes in
presynaptic release mechanisms and short-term plasticity.
Pairs of identical stimuli (inter-stimulus interval (ISI): 10,
40, 100, and 200 ms) were delivered at a stimulus intensity
60 % of that which caused saturation in 1Os.

Data analysis

Data were averaged and are presented as group means
(+SEM) with all statistical analysis performed using
GraphPad Prism software (V5; GraphPad Software, San
Diego, CA, USA). IO curves of fEPSP slope vs. stimulus
intensity were generated and compared between groups
via a two-way ANOVA (genotype x stimulus). Compari-
son between groups applied non-linear regression analysis,
and determined mean IO curves, maximum fEPSP slopes,
stimulus intensity required to illicit 50 % of the maximum
response and Hill slopes (extra sum of squares F' test). For
IO curves of fEPSP slope vs. fiber volley amplitude, only
signals that allowed reliable measurement of the presynaptic
volley were included. Each IO was subject to curve-fitting
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(sigmoidal dose-response variable slope paradigm) and
from the resulting curves fEPSP slopes for fiber volleys of
0-0.5 mV were calculated. The data for each group was then
collated and analyzed as above.

LTP and LTD time courses of fEPSP slopes were cal-
culated relative to baseline values (=100 %) and evaluated
using repeated-measures (RM) ANOVA to compare post-
tetanus values between groups (genotype x time). Paired
pulse responses were calculated as the ratio of the second
response relative to the first (S2/S1 in %), with overall
group analysis carried out via a two-way ANOVA (genotype
x ISI) and post hoc Student’s ¢ tests to compare individual
ISIs. Significance was assumed for p < 0.05.

Results
PLB I 1 mice have stable gene expression

Due to the targeted knock-in as opposed to random inte-
gration of transgenes, PLB1y;,. mice were expected to
have stable and consistent gene expression. This was con-
firmed by quantitative real-time PCR, determining copy
numbers of transgenes normalized to copy numbers of the
endogenous mouse GAPDH. No hAPP or htau mRNA was
present in WT mice ascertaining the specificity of prim-
ers for human transgenes, while the tenfold lower expres-
sion levels in the cerebellum compared with the forebrain
corroborated the regional specificity of the CaMKIla pro-
moter (Fig. 1a). This regional distribution was additionally
confirmed by in situ hybridization with a signal strong-
est in the hippocampus (Fig. 1c). Differences in mRNA
expression levels between PLB1y./ . PLBly,,.., and
PLBlyipet/4 animals investigated any influence of the
X-chromosomal insertion site. As expected with random
inactivation of one X-chromosome, PLBly;,.., mice
had about half the levels of transgenic mRNA expression
(hAPP or htau, respectively) compared with PLB Iy,
or PLB 1y /4, Which were not different from each other
(Fig. 1a). Due to this similarity in mRNA expression, data
from PLBlqy., and PLBly,.,, animals were subse-
quently pooled (Fig. 1b). In older WT and transgenic ani-
mals, expression of the GAPDH housekeeping gene was
unaltered; the relative expression levels were determined
without further adjustments. Postnatal GAPDH mRNA
expression, however, was lower compared with older ani-
mals but still unaltered between WT and transgenic animals
(data not shown). To compare mRNA expression between
age groups, GAPDH expression levels were adjusted to the
postnatal stage (0 day) prior to normalization of human
transgenes. Intriguingly, htau mRNA expression was simi-
lar at postnatal day O and at 6 and 12 months of age; hAPP
expression was lower at birth (day 0) but stable at 6 and
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Fig. 1 mRNA expression of
human APP and tau transgenes
is stable in adult PLB 1.

a Human APP and tau mRNA
expression was not significantly
different between PLB Iy 0,
(“hemi”; 6 months n = 5;

12 months n = 4) and PLB1,;.
ple4/+ (“homo™; 6 months

n =5; 12 months n = 3) mice,
while mRNA expression in
PLB e/ animals (“het”;

6 months n = 5; 12 months

n = 4) was twofold lower. No
transgenic product was detected
in wild-type (wt) animals

(n = 8) and expression levels

in the cerebellum (CB, n = 7)
were negligible, i.e., >tenfold
lower than in forebrain samples.
b Human tau mRNA expres-
sion was unaltered in neonates
(n = 11) vs. adult animals

(6 months n = 10; 12 months

n = 7). mRNA expression
levels of human APP were not
significantly different in adult
animals but significantly lower
in neonates. General expres-
sion levels of human APP were
about threefold higher than
human tau expression. Shown
are mRNA copy numbers
normalized to mouse GAPDH
expression (endogenous control)
+SEM. An overall ANOVA
followed by individual 7 tests
confirmed significant differ-
ences (indicated above the bars)
compared with 6- and 12-month
data sets. *p < 0.05; **p < 0.01;
***p < 0.001; nd not detected,
m month. ¢ In situ hybridization
confirmed low but region-
specific transgene expression

in 12-month-old PLB Ly
animals for both hAPP and
htau, and lack of expression in
PLBly (WT)

12 months.
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explained by faster 3’ degradation.

Immunohistochemical
PLBlpyipje /4 andPLB 1, specimensaged 3-21 months.

Age-dependent progression in pathology in PLB Ly, mice

analysis was performed in
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A largely pre-plaque stage of 3 months was revealed for
both cortex and hippocampus (Fig. 2); with weak intracel-
lular stain apparent. A notable increase in 6E10 immunore-
activity was consistently observed throughout the forebrain
by 12 months of age. Immunoreactivity was most intense
within the somata of pyramidal neurons in the hippocampus
and cortex, but reactivity extended into the neuropil. Inter-
estingly, processes of cortical neurones already displayed
stained processes at 6 m, while such staining occurred only
at 12 months in hippocampal neurones. Overall, an age-
dependent strengthening of staining was visible, suggesting
a progressive intracellular accumulation of 6E10 reactive

substrates. Some faint APP/AB labeling was detected in
aged (21 months old) WT brains, presumably due to a
degree of cross reactivity of the 6E10 antibody with endog-
enous murine APP and its metabolites. Such staining is una-
voidable as low transgene expression resulting from single
copy knock-in requires the use of relatively high antibody
concentrations. Nevertheless, specific and reproducible
staining in sub-cellular compartments was only apparent in
transgenic mice.

In parallel sections, tau protein was labeled by three anti-
bodies: HT-7 as a specific human tau marker, and AT-8 and
PS-396 to reveal phosphorylated tau. Specificity was again

6E10 (human specific amyloid)
12m

Fig. 2 Amyloid histopathology in PLBly,. mice aged between
3 and 21 months. Coronal sections labeled with antibody 6E10 tar-
geted toward amino acid sequence 1-16 of human Af, see “Meth-
ods” for details. a Only subtle somatic staining, matching that of
aged (21 months) PLB1lyy mice (WT), was observed in PLB Iy,
mice at 3 months of age. Rare and defuse extracellular plaques
were present from 6 months in both cortex (Crtx) and hippocampal
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CALl. Subtle intracellular staining primarily within the processes of
neurones is also visible, but only reliably detected from 12 months
onwards. Images were taken at x10 and x40 magnification; scale
bars 200 wm. b Micrographs of hippocampal montages demonstrat-
ing age-dependent yet rare occurrence of plaques. Images taken at
x 10 magnification, scale bar 200 pm
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confirmed in 21 months WT brains which were devoid of
HT-7 immunoreactivity (Fig. 3). Human tau expression was
already present in forebrain principle cells at 3 months in
PLB 11 brains and intensified over time. At 12 months,
dense labeling in somata and processes in cortex and CA1
was revealed, followed by a decline in somatic tau stain-
ing at 21 months amidst stronger tau immunoreactivity in
CA1 neurites. Phosphorylated tau was detected in somatic
and dendritic compartments from 6 months with both AT-8
and PS-396 antibodies (Fig. 4). Interestingly, both HT7
and hippocampal AT-8 staining was particularly intense at
12 months with extensive dendritic staining, while somatic
PS-396 staining peaked at 21 months.

We also compared immunoreactivity between PLB 1.
ple/— and PLB L0 1/, at 1213 months. In agreement with
their gene expression profile, tau (Fig. 5a, HT-7) and APP/
AP (Fig. 5b, 6E10) staining was weaker in heterozygous

HT-7 (human-specific Tau)

(“Hets”) PLB 1y, tissue in both cortex and CAl. In
particular, APP/AB-positive staining was weakly detectable
in cortex and hippocampus of PLB 1., brains and only
small plaques were evident; intracellular staining was lim-
ited to a diffuse staining of the somata of pyramidal neurons
with little reactivity in processes. Tau immunoreactivity in
PLB 11,/ brains was detected in identical neuronal com-
partments as in PLB 1.,/ it was, however, apparent that
the number of labeled neurons as well as the overall inten-
sity was much reduced in PLB 1y, mice.

Alterations in hippocampal physiology in PLB1,. mice
appear at 6 months

Since PSI ;465 mice were utilized to generate PLB 1y,
mice, it was first necessary to characterize these electro-
physiologically. Our previous study [14] only evaluated the

Fig.3 Human tau expression in PLBlqy;,. mice is present at
3 months. Coronal sections labeled with HT-7 antibody targeted
toward the human specific tau sequence (see “Methods” for details).
Positive staining was seen in somata and neurites of principle cells
in cortex (Crtx) and hippocampal CAl. Human tau accumulated

from 3 months, with strongest HT-7 immunoreactivity present at
12 months. At 21 months, a subtle decrease of somatic intracellular
staining was apparent. No positive staining was visible in WT. Images
were taken at x10 and x40 magnification; bars indicate 200 and
50 pwm, respectively
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Phospho-Tau

Fig. 4 Tau phosphorylation in PLBlyy,. mice. Coronal sections
labeled with phospho-tau antibodies AT-8 and PS-396. Positive stain-
ing was identified from 6 months of age in somata and processes
of cortical neurons (Crtx) and hippocampal neurons (CAl). Simi-
lar to human tau expression (HT-7, see Fig. 3), an accumulation of

lack of PS1-related changes in paired pulse behavior; we
now also confirm that no significant changes in any of the
physiological parameters investigated were found in PS1
mice (all p values > 0.05), indicating intact CA3-CAl syn-
aptic responses and plasticity in these mice (Figs. 6, 7, 8).

Therefore, altered hippocampal physiology and plastic-
ity in PLB1y,. animals can be attributed to the expression
of hAPP and/or htau transgenes in combination with PS1.
When slices from PLB1yy,.,,, mice were compared with
WT at 3 months of age, no significant alterations in 10
relationships (plotted vs. fiber volley or stimulus intensity,
Fig. 6a, b), paired pulse responses (Fig. 7a), LTP (Fig. 8a), or
LTD (Fig. 9a) were evident, confirming this to be a baseline
age with unaltered hippocampal physiology. We reasoned
that the lack of any obvious phenotype in homozygous mice
at this young age negated the need to investigate responses
in PLB 1y - or PLB1p ., mice.

When plotting fEPSP slope against stimulus intensity,
IO curves of 6- and 12-month-old groups investigated were
also not significantly different to PLB1ly (Fig. 6e, g).
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phospho-tau was evident with robust immunoreactivity within cell
bodies and processes of both cortical and CA1 neurons. Interestingly,
while PS-396 staining intensified further at 21 months, AT-8 stain-
ing peaked at 12 months, indicative of a shift in tau processing with
increasing age. Images taken at x40 magnification, scale bar 50 pm

Furthermore, non-linear regression analysis of the curves
indicated no significant differences between groups in terms
of maximum fEPSP slope, stimulus intensity required to
elicit 50 % of maximum response and Hill slopes of the
curves (p values > 0.05). As measuring fEPSP slopes vs.
stimulus intensity only serves as an indicator of maxi-
mal post-synaptic responses and does not calibrate these
responses relative to presynaptic activation, we also analyzed
fEPSPs relative to the amplitude of the presynaptic fiber
volley (Fig. 6 b, d, f, h). Under these conditions, findings at
6 months were confirmed; i.e., basic synaptic transmission
was intact in all PLB 1, mice (Fig. 6d). In contrast, signif-
icant deficits were detected at 12 months in the PLB 1y
[F (1,248) = 4.1, p < 0.05] and PLB lTﬁp]e+,+ groups
[F (1,218) = 9.4, p < 0.01], but not in the PLBI e/
group compared with WT (Fig. 6e). Thus, homozygous and
hemizygous PLB Ly, mice presented with deficits in basic
synaptic transmission at 12 months of age.

We next investigated how these parameters changed in
PLBIpyipje4/4+ mice at 24 months of age (Fig. 6g,h). Here,
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(A) Tau (HT-7)
Hets

Fig. 5 Comparison of human tau and amyloid expression in PLB 1.
ple4/— and PLBlp;..,, mice at ~12 months. a Coronal sections
labeled for tau with HT-7 confirmed stronger immunoreactivity in
homozygous (“Homo”) compared to heterozygous (“Hets”) speci-
men particularly in cortex (Crtx); somata and neuropil were stained
in both genotypes. b Intracellular APP/amyloid staining via 6E10 in

severe deficits in basic synaptic transmission were evi-
dent in transgenic mice both in fEPSP slope vs. stimulus
intensity and fEPSP slope vs. fiber volley IO curves (gen-
otype effect: both p values < 0.0001). In the fEPSP slope
vs. stimulus intensity IO, this deficit manifested itself as a
reduction in the maximum response (extra sum-of-squares
F test p = 0.0004), as the Hill slope and stimulus inten-
sity required to elicit 50 % of maximum response were not
significantly different. The responses were also significantly
different to those at 12 months, indicating a deterioration in
synaptic transmission between these time points (age effect:
both p values <0.0001).

(B) APP/amyloid (6E10)

PLB 1 yipje4/— Was weak in cortex and more diffuse in CA1 compared
to PLB1p1,4 mice, only the latter showed distinct axonal staining.
Rare cortical plaques in PLB 1., appeared small and more dif-
fuse (see Insert). Images taken at x 10 and x40 magnification; scale
bars represent 200 pm

Synaptic plasticity is impaired in PLB 1y, mice
from 6 months of age

Paired pulse stimulation

A paired pulse paradigm was employed to investigate altera-
tions in presynaptic transmitter release and putative changes
in short-term plasticity. In all genotypes, an ISI of 10 ms
induced paired pulse inhibition (PPI), while ISIs of 40, 100,
and 200 ms induced varying degrees of paired pulse facilita-
tion (PPF; Fig. 7). No difference in PPI or PPF was observed
between PLB1yr and PLBlyy,.,,, mice aged 3 months

@ Springer



2594 D.J. Koss et al.
3m 6m 12m 24m
(A) ©) (E) (G)
S 20 2.0 2.0 20
% 1.5 A 15 o= 1.5 15
= 1.0 1.0 1.0 , 10
a #
L o0 . 0.5 3/:‘/‘ 0.5 05
& o o
0.0 + y . T y ) 0.0 4 y T - y ) 0.0 +— v " 0.0
00 01 02 03 04 05 00 01 02 03 04 0S5 0 01 02 03 0.4 05 00 01 02 03 04 05
Fibre volley (mV)
(B) (D) (F) (H)
s 20 2.0 2.0 2.0
T 15 | o 15 1.5 15
: S
= 10 of 1.0 1.0 | 1.0
b of
Lo0s J 0.5 0.5 )5
= 0.0 o 0.0 &0 X0
0 0 20 30 M 0 0 20 30 40 [} 0 20 30 40
Stimulus Intensity (V)
& WT PLE tripLews & WT PLB1tepLEss * PLBlrRpLE: € WT PLB 1pipLEss  WwWr PLET tripLEws
) . . * PLB1vppLes- . " i
L— V— v— — - pes 11— V— v

Fig. 6 Basic synaptic transmission is reduced in PLBly;,. mice
from 12 months onwards. IO curves of basic synaptic transmission
are shown with fEPSP slope (means + SEM) plotted against stimulus
intensity and presynaptic fiber volley amplitude. (A, B) No changes
were apparent in PLBlpye., (n = 24) mice at 3 months com-
pared with WT (n = 26). (C, D) At 6 months, basic synaptic trans-
mission was intact in PLB Iy, .y (7 = 12), PLBlppe, (n = 13),
PLBlTrip,H_,_ (n = 19) and PS1 (n = 18) mice versus WT (n = 16).

(Fig. 7a). As this group presented with the highest level of
pathology, we did not examine hetero or hemizygous mice
in this age range.

Significant deficits in PPF were found in PLBI ./,
PLBIpipe4 and PLB 1y, groups at 6 months (Fig. 7b).
Overall analysis of paired pulse responses revealed signifi-
cant effects with factor genotype in all transgenic groups
tested (F values > 3; p values < 0.05). Effects were some-
what dependent on transgene load (PLBlyy.., : p val-
ues < 0.05; PLBlyypey/y: p values < 0.01; PLBIpyp 0y
p values < 0.0001), post hoc analysis confirmed significant
deficits in PPF for ISIs of 100 ms in the PLB 1y, group,
100 and 200 ms in the PLB 1y, group, and 40, 100, and
200 ms in the PLB 1y, group (see asterisks in Fig. 7b).

There were similar findings at age 12 months (Fig. 7c).
Significant deficits in PPF were found in all 12-month triple
transgenic groups compared with WT. Overall analysis of
the responses indicated a significant main effect of genotype
for all transgenic groups, again progressively increasing
with transgene expression PLB 1., [F (1,100) = 4.8,
p < 0.05], PLBlypey [F (1,100) = 5.2, p < 0.05] and
PLB 144 groups [F (1,100) = 6.0, p < 0.05] versus
WT. As indicated by asterisks in Fig. 7c, further examina-
tion of fEPSP slope data yielded significant PPF deficits in
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(E, F) Synaptic transmission was impaired in PLB1y0, ., (7 = 18,
##p < 0.01) and PLB 1y, (n = 12, *p < 0.05) mice at 12 months
but intact in PLBly;,.., (n = 11) and PS1 (n = 18) mice relative
to WT (n = 26), for data plotted against fiber volley amplitude. (G,
H) At 24 months, there was a further reduction in evoked responses
in the PLB1yypje/4 group (n = 31, **¥p < 0.0001) in relation to WT
(n = 40). Sample traces for selected groups are also illustrated

PLB 1y and PLB1y,. . groups for an ISI of 40 and in
all three triple transgenic mouse lines for an ISI of 100 ms.
Note that no phenotype was revealed for homozygous PS1
animals at either 6 or 12 months.

Although paired pulse responses were not significantly
different in PLBly,, mice at 24 months compared
with WT, there was a strong trend for a significant deficit
[F (1,95) = 3.3, p = 0.07] and post hoc ¢ test analysis con-
firmed reduced PPF in the transgenic group for an ISI of
40 ms (Fig. 7d asterisk). The likely reason for the reduced
severity in the deficits in short-term plasticity at this age is
due to reduced PPF in the WT group at this age compared
with younger time points; indeed, WT comparison between
6 and 24 months yielded reliable interaction between age
and ISI [F (3,63) = 3; p = 0.04] due to much reduced
PPF at 100 ms intervals (t = 1,9; df = 21, p = 0.037, t test
one-tailed).

LTP

At all ages it was possible to induce a stable, long-lasting
potentiation of synaptic transmission in hippocampal slices
from WT mice. Analysis of the triple transgenic groups
revealed significant, age-dependent deficits in LTP compared
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Fig. 7 Paired pulse facilitation is reduced in PLBlyy,. mice from expressed deficits in PPF at 12 months compared with WT (n = 16),

6 months. a Paired pulse responses did not differ between PLB1 ;.
plet/ (n=11) and WT (n = 16) at 3 months. b Although intact in the
PS1 group (n = 10), PPF was significantly reduced in the PLB1 ;.
pleti+ (= 10), PLBlp., (n = 11), and PLBly. , (n = 17)
groups versus WT (n = 10) at 6 months. ¢ Similarly, PLB e,/
(n = 11), PLBlype, (n = 11) and PLBlyype,, (7 = 11) mice

with WT (Fig. 8). As seen for paired pulse responses, LTP
was unaffected in 3 months old PLB 1., mice (Fig. 8a)
and we did not examine any other genotypes.

At 6 months of age (Fig. 8b), there was a visible increase in
fEPSP slopes post-tetanus in PLB1y;,.,, and WT groups,
indicating stable STP, but it was not sustained and declined
significantly to a value of 113 £+ 4.1 % in PLBly,.,, 1 h
post-tetanus compared with 136 &= 7.7 % in WT. This impres-
sion was confirmed statistically, producing an interaction
between factors of genotype and time [F (59,2,124) = 1.4,
p<0.05]. Similar observations were made for PLB 1, and
PLB I pipje4/4 groups, albeit the statistical analyses revealed
more robust effects [PLBly;,. 0 F (59,2,006) = 1.9,
p <0.0001; PLB Iy /4 F(59,1,829) = 2.0, p < 0.0001].
Subsequent time point analysis (Student’s ¢ test) confirmed
that responses from PLB1y;,, were significantly different

with no changes obvious in PS1 mice (n = 10). d PPF was also
reduced in PLB 1y, ., mice (n = 12) at 24 months relative to WT
(n = 14). An overall ANOVA followed by individual # tests confirmed
significant differences depicted for between selected data sets. Mean
data for fEPSP slope 2/slope 1 ratios (S2/S1) + SEM are shown.
*p <0.05; ¥*p < 0.01

to WT at r = 70 (all p’s < 0.0001) but not at t = 11. In the
PLB Iy and PLBlpe. /. groups, values at 7 = 70 min
were not significantly different to baseline values indicating
complete rundown of LTP.

At 12 months, similar findings emerged to those found
at 6 months (Fig. 8c). Significant interactions in fEPSP
slope relative to WT were evident in the PLBIype,/ [F
(59.1,475)=2.0,p <0.0001], PLB 115 [F(59,1,534) =3.7,
p<0.0001] and PLB 1y, 4 [F(59,1,770) =2.8, p <0.0001]
groups. At t = 70 min, all triple transgenic groups differed
reliably from WT (all p values < 0.0001).

LTP was also impaired in the PLBlyj ..., group
at 24 months of age (Fig. 8d) compared with WT [F
(1,1,062) = 3.9, p < 0.05]. While the time course of the
decline of LTP at 6 months was not significantly different
to LTP at 12 months in any of the PLB1y;,. groups, the
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Fig. 8 Long-term potentiation is reduced in PLBlrpy,. mice from
6 months. a No changes in LTP were evident in PLBlygpe,/,
(n = 10) mice at 3 months compared with WT (n = 10). b LTP
was impaired in PLBlyye /y (n = 11), PLBlyg., (n = 13), and
PLBlpyipeq/— (n = 15) groups versus WT (n = 23) at 6 months,
and unaltered in PS1 mice (n = 10). For statistics, see text. ¢ At
12 months, LTP was again intact in PS1 mice (» = 10) and reduced

deficit observed in PLB 1./, at 24 months was signifi-
cantly different to that at 6 and 12 months (F values > 1.3;
p values < 0.05) owing to a more rapid post-tetanus decline.

LTD

In a final series of experiments, we also assessed LTD in
both WT and PLBly;.,,, groups (Fig. 9). There was no
deficit in PLB 1y, mice at any age; robust and persis-
tent depression was established following long-lasting slow-
frequency stimulation and this was maintained during 1 h.
Also, no age-related decay in LTD was obtained in brain
slices from WT or PLB 1/, mice.

Overall, the data presented here show deficits in basic
synaptic transmission in aged PLB1y;,. mice and deficits
in short- and long-term plasticity from 6 months of age.
Interestingly, the deficits in PPF and LTP did by and large
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in PLBlyyeq/y (n = 16), PLBlpye, (n = 12), and PLB Iy,
(n 11) groups compared with WT (n 17). d LTP was also
impaired at 24 months in PLB1y,., /4 (n = 10) mice compared with
WT (n = 11). Data of fEPSP slopes are shown as group means in %
(+ SEM), relative to baseline; superimposed samples traces (baseline
and 60 min post-tetanus) are also provided for selected groups

not differ between PLB 1y, PLBlye,, and PLB1 g
ple+/+ Mice at 6 or 12 months even though the levels of gene
expression and subsequent protein accumulation within cor-
tical and hippocampal neurones in PLB Ly, mice were
approximately half of those in PLB 10,/ and PLB Ly
mice. Moreover, the lack of differences between PLB1 ;.
plet/+ and PLBly,.. mice indicates that gender has no
bearing on the parameters investigated here.

Discussion

Previous studies in our laboratory have provided a first
characterization of a novel knock-in triple transgenic mouse
model of AD, PLB1y,. [14]. These mice presented with
disease-relevant changes including tau and APP/Af pathol-
ogy in the hippocampus, cognitive deficits in behavioral
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Fig. 9 Long-term depression is not altered in PLB 1y, mice. Hip-
pocampal slices from four age groups [3 months (a), 6 months (b),
12 months (c), and 24 months (d)] of WT and PLBlyy,.,,, mice
revealed no genotype differences. LTD was readily induced by low-

paradigms (see also further behavioral data in [15]), altera-
tions in sleep architecture, changes in brain glucose metabo-
lism and deficits in hippocampal transmission and plasticity.
The present study built upon these findings as we aimed to
gain a richer understanding of the age-dependent changes in
hippocampal physiology and plasticity, and its relationships
with histopathological phenotypes. Towards this end, tran-
scriptional tissue analysis, immunohistological identification
of AD-like pathology, and investigation of hippocampal s
ynaptic transmission and plasticity over a wide range of
ages was undertaken in PLBlpe /., PLBly.,, and
PLBIpyipje4/— mice. An overall summary of key results is
provided in Table 1.

Perhaps the most comparable model to the PLB1yyp,
mice is the LaFerla 3xTg mouse, as it carries the same
three risk genes (albeit with different mutations). Histologi-
cal evidence and reported time for the onset of pathology
in this mouse describe intracellular APP/AB accumulation
from 6 months of age in a pre-plaque stage that preceded tau

2597
120+
6m & PLBAyyr
1104 PLB11ripLE
I
= 'mﬂ-aﬂy
2 :
‘(: 204 II @'\I- I I*I%W
R : | i FUREY
< I &kﬁ” et & WYy
2 gy ] .
2 el
% 704
[
w
L L) L L L L L
0 20 3 40 50 60 70
Time {mins)
120
24m
1104
3 .
ﬁ 1(:-0-;;;.%'51? Qﬂ# 0o ,#,1
: b b SR
I W’*’.ﬁﬁwﬂﬁ e e
L-] s - L
ST
§- 80 0]
w
% 70
o
w
0 0 20 3 40 50 60 70

Time {mins)

frequency stimulation of Schaffer collateral inputs to CAl inde-
pendent of age and genotype. All n’s > 8 for WT and n’s > 10 for
PLB e/ Field EPSP slopes, calculated relative to baseline (in
%), are shown (+ SEM)

pathology, with robust tau accumulation and hyperphospho-
rylation (detected by AT-8) at <~15 months of age [6, 19]. In
a later study, APP/AB pathology was already notable in the
cortex and hippocampus as early as 2 months of age [20],
tau accumulation was identified <6 months. The somewhat
variable onset and progression of pathology may be caused
by differences in inter-laboratory techniques or variation
between gene expression in different breeding lines, typi-
cally problematic in pronuclear-derived models. However,
the overall observation that amyloid preceded tau pathology
was proposed as being consistent with the amyloid cascade
hypothesis, but is in conflict with the earlier occurrence (and
correlation with cognition) of tau pathology in humans, as
well as the dissociation between plaque formation and cog-
nitive abilities [21]. Further, the recent observation that tau
pathology occurred in the absence of A in the 3xTg mouse
raises some questions regarding the link between these
pathways [5], even more so since tau mutations alone are
capable of inducing tau pathology [22]. Thus, the earlier
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Table 1 Summary of electrophysiological and semi-quantitative immunohistochemical profiles in PLB Iy, mice

Genotype IO curves Paired pulse responses LTP LTD Immunohistochemistry
PPI PPF
ISI=40ms ISI=100ms ISI= 200 ms
Heterozygous
?
6 months ns ns ¥ * * # ns -
12 months ns ns ¥ *E Rk ### ns Weak A staining in cortex and hippocampus
* Diffuse staining of somata
(pyramidal neurones); small plaques
Less tau/AB immunoreactivity cf. homozygous
Hemizygous
8
6 months ns ns ns * woE ##H#  ns NA
12 months * ns ¥ *E ns ### ns NA
Homozygous
?
3 months ns ns ns ns ns ns ns Subtle somatic AP staining
Tau expression in somata and neurites
of cortex and hippocampus
6 months ns ns ¥ * ns ### ns Rare and diffuse extracellular cortical and
* hippocampal plaques
Increased tau expression in somata and
neurites of cortex and hippocampus;
P-tau identified in cortex and hippocampus
12 months *E ns ¥ *k ns ### ns Few diffuse extracellular cortical and
hippocampal plaques
increased intracellular AP staining (number
and intensity) cf. 6 months age groups
Increased tau expression in somata and neurites
of cortex and hippocampus; increased
P-tau identified in cortex and hippocampus
24 months HoHE ns ¥ ns ns * ns Few diffuse extracellular cortical and

hippocampal plaques; intracellular AP staining
extents into neuronal processes; increasing
staining intensity with age®
Decreased somatic tau expression cf. 12 months
Increase of P-tau in somata, loss of P-tau from
processes

10 input—output, PPI paired pulse inhibition, PPF paired pulse facilitation, LTP long-term potentiation, LTD long-term depression, IS/ inter-

stimulus interval, P-tau phospho-tau, ns not significant, NA not analyzed

*p <0.05, ** p<0.01, *** p < 0.0001 (genotype); ### p < 0.0001 (interaction) cf. wild-type

# Immunohistochemistry conducted in tissue from 21-month-old mice

emergence of amyloid-based pathologies in the 3xTg mouse
may simply reflect differences in expression levels and/or
limitations of the endogenous capability of mice to deal with
amyloid vs. tau challenges. Here, tau expression in PLBy;,
mice preceded APP/amyloid detection and was apparent as
early as 3 months of age, with a robust increase into adult-
hood. Hyperphosphorylated tau was also detected earlier
(at 6 months) compared to 3xTg mice. The more prominent
tau pathology may be due to the inclusion of multiple FTD
mutations compared to the single mutation tau construct of
the 3xTg mouse. A clear translocation of tau phosphoryla-
tion was also observed here with increasing age, moving
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from the processes into the somatic region of pyramidal
neurons, thus mimicking a key early stage in tauopathy [23]
and later-stage pathology of the 3xTg model (~12 months;
[19]). The presence of AT-8 reactive phospho-tau (Ser-199,
Ser-202, Thr-205) indicates abnormal tau phosphorylation,
in keeping with reactivity towards these sites in PHF-tau
extracted from human (diseased) samples [24, 25].

In comparison, the more diffuse APP/Af expression first
observed at ~3 months in cortical tissue of PLB 1y, mice
extended over time into hippocampal areas and into neu-
ronal processes, with reliable intracellular APP/AP immu-
noreactivity detected from ~12 months of age. Maximal
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amyloid pathology reached a stage comparable to that
described in 12-month-old 3xTg as reported by Mastrangelo
and Bowens [20], though few plaques were observed. Our
previous quantification of aggregated amyloid in PLB 1.
ple Mice confirmed significantly enhanced levels at 12 and
20 months in homozygous mice [14], a detailed analysis of
age- and genotype-dependent changes of different amyloid
and tau species will be subject to a follow-up publication.
Physiologically, we here uncovered significant deficits in
basic synaptic transmission (IO relationships) in PLB1y;.
plet/+ and PLBIp,., mice older than 12 months of age;
this parameter was intact at 6 months. Such an age-depend-
ent progression corresponded with the increase in amy-
loid pathology and tau hyperphosphorylation as discussed
above. Moreover, it appears that fiber volley amplitude as an
index of pre-synaptic transmitter release is a more reliable
indicator for synaptic impairments than stimulus-intensity
based input—output relationships. Similar to the histological
evidence, changes in synaptic transmission reported in other
transgenic mouse models of AD vary somewhat, even for
the same animal model. For example, synaptic transmission
was found to be intact in Tg2567 mice in some studies, while
significantly compromised in others (reviewed in [8]); this
parameter seems overall more commonly affected in trans-
genic tau mice (e.g., [26, 27]). A corresponding impairment
was also reported in the 3xTg mice at ~6 months [6], but
this was not corroborated in follow-up reports [8]. From the
present data, it is not possible to disentangle the roles of the
APP and tau transgenes on the IO deficit witnessed; future
studies in directly comparable single and double transgenic
mice will be required for clarification. However, as tau was
identified before changes in synaptic transmission were
detectable, the presence of this protein alone may not be suf-
ficient to significantly impair synaptic transmission. It thus
appears likely that either amyloid alone, or in combination
with tau/phospho-tau, is key for impaired synaptic transmis-
sion. Deficits in neural transmission have previously been
linked to the overproduction of AP and resulting synapse
loss, in addition to influences on calcium dynamics, mito-
chondrial function, and neurotransmitter release [28-30].
Other potentially contributing aspects, such as the specific
role of soluble amyloid aggregates (ADDLs) and inflamma-
tory responses, will be addressed in future investigations.
Both short- (PPF) and long-term plasticity (LTP)
were also impaired in hippocampal slices from PLB1y,.
mice. No changes in PPI were found, indicating that feed-
back inhibition is unaffected in our mice [31, 32]. PPF is
a commonly assessed measure of short-term plasticity in
transgenic models, caused by a residual presynaptic Ca>*
increase after the first stimulus, which results in enhanced
neurotransmitter release [32, 33]. We found that PPF was
impaired from 6 months of age in the PLB 1, groups, con-
firming potential changes in presynaptic transmitter release

in these mice. This is also in line with the observation that
the most consistent changes were observed for shorter ISIs,
nevertheless, an assessment of an additional interneuron
involvement would require further analysis. Disruptions
to PPF have been shown in some transgenic AD models
previously (e.g., [33]), but the majority of studies have not
reported such a phenotype [8]. Interestingly, an impairment
of short-term plasticity [post-tetanic potentiation (PTP) in
area CA3] has recently been proposed as potentially the ear-
liest (at 2 months) anomaly in Tg2576 mice [28].

The molecular mechanisms underlying short-term plas-
ticity are still largely unclear, although all are thought to
be Ca’*-dependent [34]. Fast synaptic plasticity such as
PPF involves the binding of Ca*" to an unknown facilita-
tion sensor, which increases presynaptic Ca>" currents by
modifying Ca®* entry through ion channels [35]. In cul-
tured hippocampal neurones, APP has been demonstrated
to influence Ca*" processing by modifying ion fluxes and
homeostasis. Crucially, the protein is transported within
axons to the presynaptic terminal where it (or a fragment of
it) is released upon processing, could potentially influence
transmitter release [36—38]. Indeed, AP has been shown pre-
viously to impair PPF in the CA1 region of hippocampal
slices, although some studies report conflicting data [39,
40]. It is also possible that tau, via its interaction with the
microtubule network and resulting influence on vesicular
dynamics, adversely affects PPF [41]. Our own data with
viral transfection demonstrated that the expression of mutant
APP, and more potently mutated tau, impairs axonal integ-
rity and Ca®* transients [42]. Here, PTP was unaltered in
PLB 1y, mice at 6 and 12 months while PPF was reduced,
suggesting that either the different stimulation protocols
used to induce PTP and PPF rely on separate methods of
expression. Alternatively, plasticity may result from similar
presynaptic changes, but the stronger stimulation protocol
used to induce PTP can overcome deficits revealed in PPF.
The longer train of stimuli activates additional targets such
as the endoplasmic reticulum and mitochondria, which may
engage multiple effector mechanisms, including the modi-
fication of Ca?t channels and activation of PKC [34, 43].
Deficits in these intracellular effector cascades may indeed
be responsible for dissociations of PPF and PTP/LTP in
CA1 of APP/PS1-21 mice [33], where PPF was normal in
8-month-old subjects while PTP (and LTP) was severely
deficient, strongly suggesting that presynaptic release prop-
erties are less affected by amyloid accumulation.

In comparison to short-term plasticity, deficits in long-
term plasticity and LTP in particular are common in trans-
genic AD mice incorporating mutations in APP, PS1, and/
or tau [8]. Yet, even for this well-established protocol, con-
tradictory data have been reported in the same model, e.g.,
both normal or impaired LTP in Tg2576 and 3xTg mice,
which could either suggest variability of the animal model
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or techniques employed, or indeed unsuitability of the para-
digm as such. What is clear, however, is that heavy amyloid
expression and plaque formation do not necessarily affect
LTP; no such correlation could yet be established.

We here also uncovered deficits in LTP at 6 months and
older. These deficits manifested as an impaired ability to
maintain LTP, as PTP was intact in all groups, and did not
worsen with age. Intriguingly, no deficits were observed in
LTD supporting the notion that not all forms of plasticity
are sensitive to transgenic disruption. Changes in synaptic
plasticity correlated with the onset of AB pathology and phos-
pho-tau detected at 6 months, but were preceded by intracel-
lular tau labeling already apparent at 3 months. Although it
is not possible to assign the changes witnessed to either pro-
tein, comparable deficits occurred in all PLB 11, genotypes
even though gene expression was reduced approximately
twofold and immunoreactivity was very weak in PLB 1.
ple+/— Mice. Our data therefore suggest that there is no direct
correlation between the degree of total amyloid and/or tau
expression and the extend of LTP impairments.

Few experimental studies exist on LTD in transgenic AD
models, these have revealed no deficits in Tg2576 mice at
fronto-striatal synapses [44, 45], and enhanced CA1 LTD
amidst normal LTP at 3 months [45]. Yet, CA1 LTD was
suppressed in old (>15 months) APP/PS1-bearing mice
[46], suggesting a more severe phenotype in aged bigenic
animals. At the same time, however, these data contradict
studies with pharmacologically applied A protein dimers
isolated from AD brains, which facilitated LTD but inhib-
ited LTP [2]. Importantly, a recent LTD study in 2-month-
old 3xTg mice suggests that seemingly unaltered LTD may
still be based on differing and compensatory cellular mecha-
nisms [47], an observation that requires further research in
our model.

There were no gender-related differences observed
in PLBly,;, mice; hemizygous males and homozygous
females were comparable in all electrophysiological param-
eters. This is not entirely surprising due to the knock-in pro-
cedure used in their generation resulting in the expression
of one transgene only, and X-inactivation ensuring that only
one copy of the transgene was transcribed in female mice.
Indeed, comparable levels of mRNA were transcribed from
the APP and tau genes in hemizygous and homozygous
groups. Sexual dimorphism has been reported previously in
AD models, particularly in 3xTg-AD mice [6, 48, 49] but
appears not to be relevant here. In AD patients, a gender
bias is reported for females over the age of 80 years [50],
but gender-related life style factors not applicable to animal
studies may be responsible [51].

In conclusion, PLB 1y, mice developed age-dependent
and progressive physiological deficits in the presence of low
levels of protein build-up. This indicates that aggressive
protein accumulation is not essential when modeling AD in
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transgenic mice, and other biomarkers may provide more
reliable endophenotypes. The data presented here, combined
with those from previous studies [14, 16], further highlight
the potential of PLB 1. mice as a highly relevant trans-
genic model of AD and call for the examination of single
and double transgenic mice to dissect the roles of individual
genes in the physiological phenotypes revealed here.
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