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Abstract

Background: Intensive basic and preclinical research into Alzheimer’s disease (AD) has yielded important new
findings, but they could not yet been translated into effective therapies. One of the reasons is the lack of animal
models that sufficiently reproduce the complexity of human AD and the response of human brain circuits to novel
treatment approaches. As a step in overcoming these limitations, new App knock-in models have been developed
that avoid transgenic APP overexpression and its associated side effects. These mice are proposed to serve as
valuable models to examine Aß-related pathology in “preclinical AD.”

Methods: Since AD as the most common form of dementia progresses into synaptic failure as a major cause of
cognitive deficits, the detailed characterization of synaptic dysfunction in these new models is essential. Here, we
addressed this by extracellular and whole-cell patch-clamp recordings in AppNL-G-F mice compared to AppNL animals
which served as controls.

Results: We found a beginning synaptic impairment (LTP deficit) at 3–4 months in the prefrontal cortex of AppNL-G-F

mice that is further aggravated and extended to the hippocampus at 6–8 months. Measurements of miniature
EPSCs and IPSCs point to a marked increase in excitatory and inhibitory presynaptic activity, the latter accompanied
by a moderate increase in postsynaptic inhibitory function.

Conclusions: Our data reveal a marked impairment of primarily postsynaptic processes at the level of synaptic
plasticity but the dominance of a presumably compensatory presynaptic upregulation at the level of elementary
miniature synaptic function.

Keywords: App knock-in mice, Long-term potentiation, Long-term depression, Miniature synaptic currents,
Presynaptic glutamatergic and GABAergic upregulation, Electrophysiological phenotyping
Introduction
There is a general consensus on two major histopatho-
logical characteristics of AD, extracellular amyloid pla-
ques, consisting of fibrils and non-fibrillar forms of the
polypeptide amyloid ß (Aß) and neurofibrillary tangles
(NFTs), and intracellular aggregates that are composed
of hyperphosphorylated forms of the tau protein [1]. Aß
© The Author(s). 2020 Open Access This artic
which permits use, sharing, adaptation, distrib
appropriate credit to the original author(s) and
changes were made. The images or other thir
licence, unless indicated otherwise in a credit
licence and your intended use is not permitte
permission directly from the copyright holder
The Creative Commons Public Domain Dedica
data made available in this article, unless othe

* Correspondence: detlef.balschun@kuleuven.be
1Brain and Cognition, KU Leuven, Tiensestraat 102, Box 3714, 3000 Leuven,
Belgium
3Leuven Brain Institute, KU Leuven, Leuven, Belgium
Full list of author information is available at the end of the article
originates from the sequential endoproteolytic cleavage
of amyloid precursor protein (APP) resulting in several
forms of Aß of which the 42-residue Aß42 has the stron-
gest propensity to form aggregates and the highest cellu-
lar toxicity [2–4].
The discovery of genetically inherited, early-onset, fa-

milial forms of AD (FAD) in the 1990s of the last cen-
tury made Aß the primary focus of AD research for
more than two decades. FAD patients carry missense
mutations in the genes encoding amyloid precursor pro-
tein (APP), presenilin 1 (PSEN1) and presenilin 2
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(PSEN2), respectively (see [5] for references). These mu-
tations result invariably in the generation of longer or
more aggregating forms of Aβ. As this seems sufficient
for the full development of similar clinical features as
the much more common spontaneous, late-onset AD
(LOAD) [6–8], it is important to investigate the effect of
Aß on the cellular manifestation of the disease [9].
Despite the fact that FAD contributes to less than

0.1% of AD cases, its discovery has boosted the gener-
ation of a variety of transgenic mouse models that carry
a combination of these human mutations and replicate
key aspects of human AD, like amyloid deposition and
progressing cognitive decline [10, 11]. These “first-gen-
eration” transgenic AD mouse models have been invalu-
able for delineating multifarious molecular mechanisms
of disease onset and progression, but they share the limi-
tation that the proteolytic processing of overexpressed
APP results not only in the overproduction of Aß, but
also of some other APP fragments. Thus, in these mice,
pathological changes per se cannot be clearly attributed
to an increased Aβ production since they could also be
due to the (patho) physiological effects of one or several
of the other APP fragments [12]. To overcome these
drawbacks of APP overexpression, a new generation of
mouse models of sporadic AD has been developed by
the Saido laboratory [13] using a knock-in strategy to
introduce the Swedish mutation, which increases all Aß
species, into the APP gene, together with either the
Beyreuther/Iberian mutation or the Beyreuther/Iberian
plus the Arctic mutation [13, 14]. These new models,
denominated as AppNL-F and AppNL-G-F, express normal
APP levels but develop robust Aß pathology resulting in
synaptic degeneration and memory impairments [14].
More specifically, AppNL-F mice develop high levels of
Aß42 and a high Aß42/40 ratio without changes in the
expression of APP and other fragments (except a shifted
ratio of CTF-α/CTF-ß). Addition of the Arctic mutation
to AppNL-F resulted in mice (AppNL-G-F) that progress
threefold faster to a more severe AD pathology and cog-
nitive deficits compared to AppNL-F mice [12, 13]. Com-
parative studies of these mice with first-generation
transgenic APP models confirmed the hypothesis that
some findings with the latter are likely to be due to “side
effects” of overexpressing APP and non-Aß fragments
rather than the increased levels of Aß or Aß42/40 [12,
13, 15]. With regard to the ongoing characterization of
cognitive performance of AppNL-F and AppNL-G-F mice,
memory deficits were reported at 6 months in AppNL-G-F

and 18months in AppNL-F mice [13, 16–18]. However,
some of the memory deficits observed at 6 months of
age in AppNL-G-F mice have been subtle [17] or could
not be reproduced by others [19]. Together, these data
led to the conclusion that “App knock-in mice should be
considered models of preclinical AD” [12].
Research on preclinical models of AD and their
characterization requires sensitive tools to detect subtle
indications of incipient pathology. Given that AD as the
most common form of dementia [1, 20] is the integrative
result of a complex interplay of multiple multicellular
pathophysiological processes [9] with synaptic failure as a
major downstream pathological deterioration [21, 22],
early signs of pathological changes are likely to be discern-
ible at the level of synapses. Electrophysiological measures
of synaptic transmission and plasticity are sensitive to
even minor changes in pre- and postsynaptic functions
[23–27] and therefore meet these requirements optimally.
However, an evaluation of AppNL-G-F mice at the syn-

aptic level, i.e., the primary locus of the pathological de-
terioration of cognition, is still lacking. To address this,
we used in the current study long-term extracellular re-
cordings in acute slices of the prefrontal cortex (PFC)
and the hippocampus (HC) to evaluate activity-
dependent synaptic changes at two different stages of
AD pathology, 3–4 and 6–8 months. Whole-cell patch-
clamp recordings of mEPSCs and mIPSCs at the age of
6–8 months, i.e., when an almost saturated amyloidosis
is present in these mice [13], complemented these exper-
iments. Measurements of soluble and insoluble Aß40 and
Aß42 tissue levels served as an indicator of the progres-
sion of Aß pathology.
We found first signs of synaptic impairment already at

3–4months of age in AppNL-G-F mice, becoming overt as
faster decay of LTP in PFC. With further progression of
pathology at 6–8months, PFC LTP was severely impaired,
paralleled by a marked reduction in basal synaptic trans-
mission. In contrast, in the hippocampal CA1 region, basal
synaptic transmission, short-term plasticity, LTP, and LTD
were inconspicuous at 3–4months, but at 6–8months,
LTP was clearly impaired and short-term plasticity (paired-
pulse ratio at 10ms interpulse interval) reduced. No
changes were found in basal synaptic transmission and
LTD. Whole-cell patch-clamp recordings at 6–8months,
the age of pronounced synaptic pathology, revealed in-
creased mEPSC and mIPSC frequency pointing to an en-
hanced presynaptic activity. The increase in mIPSC
amplitude suggested that the increase in GABAergic trans-
mission included also postsynaptic mechanisms.
To our knowledge, this is the first electrophysiological

characterization of hippocampal and prefrontal synaptic
functioning of these second-generation AD models,
which are expected to become a standard for identifying
mechanisms and pathways upstream and downstream of
Aβ amyloidosis [13].

Materials and methods
Animals
The housing conditions and procedures to prepare acute
brain slices were approved by the KU Leuven Ethical



Latif-Hernandez et al. Alzheimer's Research & Therapy          (2020) 12:100 Page 3 of 15
Committee and in accordance with European Directive
2010/63/EU. Homozygous female AppNL and AppNL-G-F

mice were derived from the breeding colony established
in the laboratory of Bart De Strooper. The AppNL-G-F

mice co-express the Swedish (KM670/671NL), the Beyr-
euther/Iberian (I716F), and the Arctic (E693G) muta-
tions. AppNL mice that only express the Swedish
mutation and do not develop any significant pathology
[13, 14] served as controls. Saito et al. and Mehla et al.
reported an age-dependent Aβ amyloidosis in homozy-
gous AppNL-G-F mice [13, 18]. Notably, in the study of
Saito et al., the cortical deposition began by 2 months
and was almost saturated by 7 months, while Mehla
et al. detected significant deposition in the cortex and
hippocampus at 6 months, which peaked at 9–12 months
of age. Sacher et al. came to similar results as Mehla
et al. using a longitudinal PET imaging of amyloid load
with 18F-florbetaben as tracer [28].

Electrophysiological recordings
Extracellular long-term recordings in the hippocampal CA1
region
Electrophysiological recordings were performed in hip-
pocampal slices as previously described [29]. Briefly, 3–4
and 6–8 months old female AppNL-G-F and AppNL were
tested. Animals were killed by cervical dislocation, and
the hippocampus was rapidly dissected out into ice-cold
(4 °C) artificial cerebrospinal fluid (ACSF), saturated with
carbogen (95% O2/5% CO2). ACSF consisted of (in mM)
the following: 124 NaCl, 4.9 KCl, 24.6 NaHCO3, 1.20,
KH2PO4, 2.0 CaCl2, 2.0 MgSO4, 10.0 glucose, pH 7.4.
Transverse slices (400 μm thick) were prepared from the
dorsal area of the right hippocampus with a tissue chop-
per and placed into a submerged-type chamber, where
they were maintained at 32 °C and continuously perfused
with carbogen-saturated ACSF at a flow rate of 2.5 ml/
min. After 90 min of incubation, one slice was arbitrarily
selected and a tungsten electrode was placed in CA1
stratum radiatum. For recording of field excitatory post-
synaptic potentials (fEPSPs), a glass electrode (filled with
ACSF, 3–7MΩ) was placed in the stratum radiatum, op-
posite the stimulating electrode. The time course of the
field EPSP was measured as the descending slope func-
tion for all sets of experiments. After input/output (I/O)
curves had been established, the stimulation strength
was adjusted to elicit a fEPSP slope of 35% of the max-
imum and kept constant throughout the experiment. For
paired-pulse ratios, responses to two impulses given at
an interval of 10, 20, 50,100, 200, or 500 ms were re-
corded as described in [30, 31]. During baseline record-
ing, 3 single stimuli (0.1 ms pulse width; 10 s interval)
were measured every 5 min and averaged for the 60-min
fEPSP values. To induce L-LTP, three theta burst stimuli
(TBS, separated by 10min, 0.2 ms pulse width) were
applied. L-LTD was generated by three trains of low-
frequency stimulation (LFS) at 2 Hz for 10 min (0.2 ms
pulse width) [29, 30, 32].

Extracellular long-term recordings in medial PFC
Electrophysiological recordings were performed in cor-
onal PFC slices, cut at 1.5–2.5 mm rostral from bregma
as described in [33]. Animals were killed by cervical dis-
location, and the whole brain was rapidly dissected into
ice-cold preoxygenated artificial cerebrospinal fluid
(ACSF) consisting of (in mM) 124 NaCl, 4.9 KCl, 2.5
CaCl2, 1.3 MgSO4, 1.2 NaH2PO4, 25.6 NaHCO3, and
16.6 glucose, gassed with 95% O2/5% CO2, at pH 7.4.
Usually, two slices (400 μm thick) were prepared per
mouse using a custom-made tissue chopper, and incu-
bated for 1 h at room temperature before being placed
in a submerged-type four-chamber recording system
(Campden Instruments LTD, Loughborough, Leics.,
UK), and maintained there at 32 °C and a flow rate of
1.8 to 2 ml/min/chamber. In all experiments, custom-
made monopolar tungsten electrodes were used for
stimulation and ACSF-filled glass electrodes (5–7 MΩ
resistance) for recording of field excitatory postsynaptic
potentials (fEPSPs). The initial slope of the fEPSPs
served as a measure of this potential. To assess basic
properties of synaptic responses, I/O curves were estab-
lished by stimulation with 30 to 90 μA constant currents.
The stimulation strength was adjusted to evoke a fEPSP
slope of 40% of the maximum and kept constant
throughout the experiment. During baseline recording,
three single stimuli (0.1 ms pulse width; 10 s interval)
were measured every 5 min. Once a stable baseline was
established, LTP was induced by 4 episodes of high-
frequency stimulation (HFS) at 100 Hz for 1 s, with 5
min interval between consecutive episodes. The sample
sizes mentioned for recordings always reflect the num-
ber of animals and not slices used.

Whole-cell patch-clamp recordings of CA1 pyramidal
neurons
Postsynaptic currents from single CA1 pyramidal cells
were recorded in transverse hippocampal slices (400 μm
thick) as described elsewhere [34]. Slices were prepared
using a vibratome (Microm HM 650 V, Thermo Scien-
tific, Waltham, MA, USA) and were placed after the cut-
ting for about 90 min in an incubation chamber
containing ACSF (in mM: 124 NaCl, 4.9 KCl, 1.2
NaH2PO4, 25.6 NaHCO3, 2.0 CaCl2, 2.0 MgSO4, 10.0
glucose, pH 7.3–7.4) continuously perfused with 95%O2/
5%CO2 at 32 °C.
Whole-cell voltage clamp recordings were performed

at room temperature using a MultiClamp 700B patch-
clamp amplifier, and data were collected using pClamp
software (Axon Instruments, Union City, CA, USA).
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Recording electrodes pulled from borosilicate glass
(World Precision Instruments) were filled with a solu-
tion containing the following (in mM): 135.0 CsMeSO4,
4.0 NaCl, 4.0Mg-ATP, 0.5 EGTA-Na, 0.3 Na-GTP, 10.0
K-HEPES, 5.0 QX-314; pH 7.3 (pipette resistance 3–5
MΩ). Access resistance was 10–20MΩ and was then
compensated to 75%. Only neurons with the input re-
sistance changing < 25% during the recordings were in-
cluded in the study.
Based on reversal potential, miniature excitatory and

inhibitory postsynaptic currents (mEPSCs and mIPSCs)
were mostly measured consecutively from the same neu-
rons (e.g., [35–37]). That is, mEPSCs were first recorded
at the reversal potential for GABAA receptor-mediated
events (− 60mV), and mIPSCs were recorded at the re-
versal potential for glutamatergic currents (+ 10 mV)
with tetrodotoxin (1 μM) present in the bath medium.
To verify that mEPSCs were indeed glutamatergic, they
were blocked by 20 μM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and 10 μM D-aminophosphonovalerate
(D-APV) at the end of the experiments. Similarly,
mIPSCs could be blocked by 100 μM picrotoxin, a
GABAA receptor antagonist.
Data were low-pass filtered at 2 kHz and acquired at

10 kHz using Digidata 1440 and pClamp 10 software.
Off-line analysis of mEPSCs and mIPSCs was performed
using MiniAnalysis software (v.6.0.7, Synaptosoft, Deca-
tur, GA, USA).

Aβ40 and Aβ42 level quantification
Different brain regions (hippocampus, neocortex, and
cerebellum) of AppNL and AppNL-G-F mice were dissected
after transcardial perfusion with ice-cold phosphate-
buffered saline (PBS). Tissue was homogenized in tissue
protein extraction reagent (Pierce) supplemented with
complete protease inhibitors (Roche). The homogenates
were centrifuged at 4 °C for 1 h at 100,000×g (Beckman
TLA 100.4 rotor), and the supernatants were used for
ELISA. To assess the GuHCl-soluble Aβ fraction of the
tissue, we used a guanidine-HCl extraction protocol.
Aβ40 and Aβ42 levels were quantified on Meso Scale Dis-
covery (MSD) 96-well plates by ELISA using end-
specific antibodies provided by Dr. Marc Mercken (Jans-
sen Pharmaceutica, Belgium). Monoclonal antibodies
JRFcAβ40/28 and JRFcAβ42/26, which recognize the C
terminus of Aβ species terminating at amino acid 40 or
42, respectively, were used as capture antibodies. JRF/
AβN/25 labeled with sulfo-TAG was used as the detec-
tion antibody, and the plate was read in MSD Sector
Imager 6000.

Statistics
All data are shown as mean ± SEM. Differences between
mean values were determined using 1-way or 2-way
analysis of variance (ANOVA), or unpaired t test with
Welch correction (Welch test). Time series were com-
pared with 2-way repeated measures ANOVA (RM-
ANOVA) procedures with the Holm-Sidak test for post
hoc comparison. For data obtained from whole-cell
patch-clamp recordings, statistical significance was de-
termined using the Welch test or Kolmogorov-Smirnov
test.

Results
Determination of Aβ40 and Aß42 in brains of AppNL-G-F

and AppNL mice
To get an indication of the age-dependent increase in
the levels of soluble and insoluble Aß1-40 and Aß1-42
and to confirm previous data on the same genotypes
[13], we performed ELISA measurements in a small
sample of mice (n = 2 per genotype and age). In AppNL

mice, no age-related changes in soluble Aβ40 and Aß42
were found in the hippocampus and cortex between 1
and 6months (Fig. 1a, b). The levels of Aβ40 and Aß42,
respectively, in both brain regions were similar. In
AppNL-G-F animals, Aß40 is generated at low levels (less
than a tenth compared to AppNL mice) without any no-
ticeable age-dependent changes. The levels of Aß42 are
higher than in AppNL mice and show similar values be-
tween 1 and 3months but a clear upregulation in the
hippocampus of 6-month-old mice. The upregulation is
absent in the cortex. Insoluble Aß40 and Aß42, respect-
ively, remain at similar levels in the hippocampus and
cortex of AppNL mice across the whole age range, but
show peptide-specific changes in the same regions in
AppNL-G-F mice (Fig. 1c, d). Here, Aß40 is at plateau
levels between 1 and 3months and increases at 6
months, but levels of Aß42 accumulate almost linearly
during aging and are more than two hundred-fold higher
at 6 months than at 1 month of age. Between the ages of
2 and 3months, the rise of Aß42 levels seems to be faster
in the cortex than in the hippocampus. These results are
consistent with previous reports [13].

Intact synaptic function and synaptic plasticity in the
hippocampus of AppNL-G-F mice at 3–4months of age
The hippocampus belongs to the regions that are early
affected by Aß pathology in humans, subsequently to the
initial infiltration of the neocortex [38]. In particular, the
CA1 region of the hippocampus is very vulnerable to
any synaptotoxic effects. In addition, this region is the
best investigated brain area for the processes of synaptic
plasticity [long-term potentiation (LTP), long-term de-
pression (LTD)], which react very sensitively to alter-
ations in synaptic function during AD progression [10,
11, 39] and are established models for memory forma-
tion and storage at the cellular level [40, 41]. Here, we
used long-term recordings of field excitatory



Fig. 1 Quantification of Aβ40 and Aβ42 levels by sandwich ELISAs in the hippocampus and prefrontal cortex of AppNL-G-F and AppNL mice. a, b
AppNL mice do not display changes of soluble Aß40 (a) and Aß42 (b) between 1 and 6months of age. AppNL-G-F mice present low levels of Aß40
with no age-dependent changes, both in the hippocampus and cortex (a). While the Aβ42 levels in these mice are similar between 1 and 3
months, they increase in the hippocampus but not in the cortex of 6-month-old mice (b). c, d Insoluble Aß40 (c) and Aß42 (d) remain at similar
levels in the hippocampus and cortex of AppNL mice across the whole age range. Interestingly, in AppNL-G-F mice, Aß40 is at plateau levels
between 1 and 3months and increases at 6 months, but levels of Aß42 accumulate almost linearly during aging. Of note, the increase in insoluble
Aβ42 appears to start earlier in the cortex than in the hippocampus (d). Data represent mean ± SEM (n = 2 mice per indicated time point)
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postsynaptic potentials (fEPSPs) in the CA1 stratum
radiatum to examine whether basal synaptic transmis-
sion, short-term plasticity, LTP, and LTD, evoked in
acute slices of 3–4-month-old AppNL-G-F mice, show any
discernible differences to AppNL control mice. As
depicted in Fig. 2a, we did neither detect any genotype
differences in basal synaptic transmission (input/output
curves) nor in paired-pulse responses, a measure of pre-
synaptically mediated short-term plasticity [42] (Fig. 2b).
Next, we examined activity-dependent long-term syn-

aptic changes. The stimulation protocol we employed to
induce LTP [theta burst stimulation (TBS)] is based on
the “hippocampal theta rhythm,” a large-amplitude oscil-
lation seen in electroencephalographic recordings in the
range of 4–8 Hz [30, 43, 44], and as such may be consid-
ered as better approximating the physiological condi-
tions in vivo than high-frequency stimulation (HFS)
consisting of long bursts at 100 Hz. Since we found in
the past that weak tetanization protocols (single TBS)
are more sensitive to detect synaptic deficits than strong
protocols (e.g., 3× TBS [45];), we used a single TBS
stimulation to induce LTP and obtained similar potenti-
ation in both groups (Fig. 2c; AppNL—10 min after TBS
application 137 ± 15%, 240 min 117 ± 12%, n = 6; App
NL-G-F—10min 150 ± 14, 240 min 127 ± 15, n = 6). Fur-
thermore, triple LFS stimulation resulted in similar LTD
in both groups that lasted 4 h (Fig. 2d; AppNL—10 min
post-LFS application 67 ± 6%, 240 min 49 ± 8%, n = 6;



Fig. 2 Unchanged basal synaptic transmission, short-term plasticity, and long-term plasticity in the hippocampal CA1 region of AppNL and
AppNL-G-F mice at 3–4 months of age. a I/O curves of AppNL and AppNL-G-F mice were almost identical. b Paired-pulse ratio was intact at every
interval tested in both groups. c AppNL and AppNL-G-F animals developed a robust LTP for 4 h. d Triple repetition of LFS stimulation induced robust
LTD that did not differ between AppNL and AppNL-G-F mice. Data are shown as mean ± SEM
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App NL-G-F—10min 78 ± 7%, 240 min 50 ± 8%, n = 5).
These data clearly indicated that Aß-mediated synapto-
toxic effects failed to cause any significant functional
deficits in the hippocampal CA1 region of AppNL-G-F

mice at 3–4 months of age.

AppNL-G-F mice show deficits in hippocampal long-term
potentiation at 6–8months
The absence of any synaptic deficit in the CA1 region at
3–4 months of age raised the question as to whether
synaptic functions are affected by increased Aβ levels at
the age of 6–8 months, in particular by the marked in-
crease in the aggregation-prone Aß42 detected by ELISA,
which should promote the formation of synaptotoxic
oligomers and aggregation. We performed, therefore, the
same electrophysiological tests at 6–8 months. Although
we did not find any genotype differences in basal synap-
tic function (Fig. 3a), there were clear deficits in
AppNL-G-F compared to AppNL in other measures. First,
the paired-pulse ratio was significantly reduced at 10 ms
(t = 2.102, p = 0.0484 Welch test; AppNL-G-F n = 12,
AppNL n = 18; Fig. 3b), suggesting short-term plasticity
has been affected. More obviously, when long-term po-
tentiation was examined, we found it significantly im-
paired in slices from AppNL-G-F (n = 7) animals compared
to AppNL (n = 7) across 4 h of recording (Fig. 3c; main
effect of genotype for 4 h recording post-induction: F1,
12 = 12.17, p = 0.0045, RM-ANOVA). The difference was
already present immediately after the LTP induction
during the first 10 min (F1, 12 = 6.362, p = 0.0268, RM-
ANOVA). Thereafter, LTP of AppNL mice returned to
baseline, but the potentiation of AppNL-G-F decayed even
to values below.
When the LTP curves of 3–4 and 6–8months old ani-

mals are compared by eye inspection, then it is already ap-
parent that the magnitude of potentiation is lower in the
older mice. Statistical analysis with RM-ANOVA confirmed
a significant main effect of age in AppNL (F1, 11 = 4.990, p =
0.0472) and AppNL-G-F (F1, 11 = 10.82, p = 0.0072) animals.
In contrast to the deficits found in LTP at 6–8 months,

LTD experiments did not reveal any significant differ-
ence between the two genotypes (AppNL—51 min (= 1
min after third LFS train) 70.11 ± 3.97%, 240 min
78.22 ± 7.48%, n = 6; AppNL-G-F—51min 72.32 ± 11.30%,
240 min 67.31 ± 5.75%, n = 6; Fig. 3d).

Impairment of synaptic plasticity starts at 3–4months
and of basal synaptic transmission at 6–8months in PFC
In the second set of experiments, medial PFC field po-
tentials were evoked in cortical brain slices from 3–4-



Fig. 3 Deficits in hippocampal synaptic plasticity in AppNL-G-F mice at 6–8 months of age. a Basal synaptic transmission as measured by input/
output curves did not differ significantly between genotypes. b Paired-pulse ratio was decreased at the 10-ms interpulse interval in AppNL-G-F mice
compared to AppNL controls (t = 2.102, p = 0.0484 Welch test). c Slices from AppNL-G-F developed a smaller initial amplitude than APP NL controls
and displayed impaired maintenance of potentiation resulting in a significant difference to AppNL littermates (F1, 12 = 12.17, p = 0.0045, RM-
ANOVA). d LFS-induced LTD was not affected by Aß-mediated pathology in AppNL-G-F mice. Data are shown as mean ± SEM. Asterisks indicate
difference in fEPSPs between AppNL and AppNL-G-F: *p < 0.05, **p < 0.01. Insets depict representative analogue traces, taken during baseline
recording (solid line), after TBS (broken line), and at the end of recording (240 min, dotted line)
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(Fig. 4a, b) and 6–8-month-old (Fig. 4c, d) AppNL and
AppNL-G-F mice. The prefrontal cortex (PFC) is one of
the areas that are very susceptible to amyloid pathology
and first affected by it [38, 46]. Reduced synaptic density
in PFC is considered as one of the strongest pathological
correlates of cognitive decline and the severity of de-
mentia [46–48]. A recent study reported significant
microstructural changes in the PFC of 9–10-month-old
AppNL-G-F mice, which were examined by diffusion ten-
sor magnetic resonance imaging [49].
At the age of 3–4 months, we did not find significant

differences in the input-output curves (Fig. 4a). How-
ever, the LTP recordings of AppNL-G-F mice (n = 4)
decayed faster after induction as compared with AppNL

(n = 5) animals resulting in a temporary significant dif-
ference from 30min post-induction until 120 min (F (1,
7) = 9.052, p = 0.0197, RM-ANOVA; Fig. 4b). Thereafter,
the LTP values of both groups converged to similar
values.
At 6–8months, AppNL-G-F (n = 8) mice were even

more severely impaired, because they showed a pro-
nounced reduction in basic synaptic transmission com-
pared to AppNL (RM-ANOVA F(1, 15) = 16.82, p = 0.0009;
Fig. 4c) and LTP decayed to baseline (Fig. 4d). Since
LTP of AppNL (n = 10) was robustly maintained, this led
to a significant genotype difference from 120min after
LTP induction until the end of recording (RM-ANOVA
F (1, 16) = 12.16, p = 0.0041).
In addition to the “in-between” genotype differences in

basal synaptic transmission and LTP at the two ages in-
vestigated, we tested also whether there was also an age-
dependent “within” genotype change in basal synaptic
transmission. Statistical comparison with RM-ANOVA
confirmed a significant age difference for AppNL-G-F mice
(F1, 12 = 14.26, p = 0.0026) while not reaching statistical
significance in AppNL littermates (F1, 13 = 4.196, p =
0.0613).

Increased frequency of excitatory and inhibitory
miniature postsynaptic currents in AppNL-G-F mice
The deficits in synaptic plasticity in AppNL-G-F mice indi-
cated alterations in the complex machinery of the trans-
synaptic signaling regulating crucial mechanisms like
neurotransmitter release and recycling, postsynaptic re-
ceptor binding, and the balance between glutamatergic
and GABAergic activity. In order to investigate such
changes in more detail, i.e., at the level of elementary
synaptic function, we performed patch-clamp whole-cell



Fig. 4 Extracellular recordings in the medial PFC of cortical slices from AppNL and AppNL-G-F mice at 3–4 (a, b) and 6–8 months of age (c, d). a
Basal synaptic transmission is unaffected at 3–4 months as shown by the input-output curves. b Long-term potentiation induced by 4× HFS in
the prelimbic and infralimbic region of the PFC from AppNL-G-F mice is of similar magnitude as from the AppNL littermates, but the potentiation of
AppNL-G-F decays faster resulting in a temporary difference to AppNL from 30min post-induction until 120 min (F(1, 7) = 9.052, p = 0.0197, RM-
ANOVA). c Input-output curves indicate a severe reduction in basal synaptic transmission in AppNL-G-F mice at 6–8 months of age (two-way RM-
ANOVA F(1, 15) = 16.82, p = 0.0009). d Although LTP of a similar initial magnitude could be induced in AppNL-G-F mice (n = 8), the potentiation was
not maintained and declined to baseline. In contrast, AppNL mice (n = 8) expressed a robust LTP that remained at about the same level until the
end of recordings resulting in a highly significant genotype difference (RM-ANOVA F(1, 16) = 12.04, p = 0.0032). Data are shown as mean ± SEM.
Asterisks indicate difference in fEPSPs between AppNL and AppNL-G-F: *p < 0.05, **p < 0.01, ***p < 0.001 (RM-ANOVA). Insets depict representative
analogue traces, taken during baseline recording (solid line), after HFS (long-broken line), 90 min after LTP induction (broken line), and at the end
of recording (225 min, dotted line). Note that the analogue traces of AppNL-G-F mice at 90min and 225min in b are exactly on top of each other
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recordings of miniature excitatory postsynaptic currents
(mEPSCs) and miniature inhibitory postsynaptic cur-
rents (mIPSCs), consecutively from the same CA1 pyr-
amidal neurons [35–37] of 6–8-month-old mice.
Our measurements revealed a marked increase in

the mean frequency of mEPSCs in AppNL-G-F mice
as compared to AppNL control animals (inset in
Fig. 5b, AppNL-G-F—0.519 ± 0.044 Hz, n = 8; AppNL—
0.344 ± 0.025 Hz, n = 6, p = 0.0012 Welch test). In
contrast, we did not find any significant change in
the mean amplitude or half-width of mEPSCs (insets
in Fig. 5a, c).
Thereafter, we examined the same parameters for

mIPSCs and found here not only a pronounced increase
in the mean frequency of mIPSCs in AppNL-G-F (inset in
Fig. 5e, AppNL-G-F—3.321 ± 0.371 Hz, n = 8; AppNL—
2.225 ± 0.311 Hz, n = 6, p = 0.0430 Welch test) but also
significantly higher values of the mean IPSC amplitude
in AppNL-G-F (inset in Fig. 5d, AppNL-G-F—17.65 ± 0.9069
pA, n = 8; AppNL—15.31 ± 0.3647 pA, n = 6, p = 0.0403
Welch test). As with the mEPSCs, there was no differ-
ence between genotypes in mIPSC half-width.
In-depth analyses of the probability distributions of

the data (Fig. 5a–f) with the Kolmogorov-Smirnov test
confirmed genotype differences for those parameters
that had significantly different mean values as mentioned
above. However, it detected also significant genotype dif-
ferences in the cumulative probability distribution of
several other parameters (mEPSC amplitude, mEPSC
inter-event interval, mIPSC amplitude, mIPSC inter-
event interval, mIPSC half-width: all p < 0.0001; mEPSC
half-width p = 0.0033.

Discussion
The study of genetically modified animals, mainly trans-
genic and knock-out mouse models, has been invaluable
in the past to gain significant insights into the patho-
logical mechanisms of AD. Although none of these
models fully reproduces the complete spectrum of AD,
they recapitulate major aspects of the disease [10] and



Fig. 5 (See legend on next page.)

Latif-Hernandez et al. Alzheimer's Research & Therapy          (2020) 12:100 Page 9 of 15
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Fig. 5 Analysis of action potential-independent mEPSCs (a–c) and mIPSCs (d–f) in 6–8 months old AppNL and AppNL-G-F mice. a, b The mean
frequency but not the amplitude of mEPSCs is markedly increased in AppNL-G-F mice as compared to AppNL control animals (see insets in a and b,
p = 0.0012 Welch test). c Representative traces from mEPSC recordings illustrate the higher mEPSC frequency of CA1 pyramidal neurons from
AppNL-G-F mice compared to AppNL controls. d mEPSC half-width, a measure that characterizes the kinetics of inactivation, is unchanged in
AppNL-G-F mice. Analyses of the probability distributions of the data (a, b, d) revealed significant genotype differences for all three parameters. e, f
Both mean amplitude and mean frequency of mIPSCs show a pronounced increase in AppNL-G-F mice [amplitude AppNL-G-F (inset in e, p = 0.0003
Welch test), frequency (inset in f, p = 0.0013 Welch test)]. g Representative traces from mIPSC recordings illustrate the marked increase in the
mIPSC frequency of CA1 pyramidal neurons from AppNL-G-F mice compared to AppNL controls. h The kinetics of inactivation as measured by the
half-width of mIPSCs was the same in both genotypes. Kolmogorov-Smirnov tests yielded significant genotype differences for the amplitude, the
frequency, and the half-width of mIPSCs. Asterisks indicate difference between AppNL and AppNL-G-F: **p < 0.01, ***p < 0.001
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their detailed characterization at the molecular, cellular,
network, and behavioral levels is important to under-
stand the utility and limitations of each model [50]. The
AppNL-G-F mouse model, investigated in our study, be-
longs to the “second-generation” mouse models pro-
duced with the hope that they would display greater
concordance between preclinical animal studies and hu-
man clinical trials. Aß-mediated pathology (as becoming
overt by plaque deposition) starts already at the age of 2
months, and the cortex is almost saturated at 7 months.
Likewise, neuroinflammation and changes in synaptic
proteins, which are two of the main AD hallmarks, are
also observed in these mice at early stages [13]. AppNL

mice were used as control in our experiments, because
they are generated by the same knock-in strategy as
AppNL-G-F mice and show the same increase in the level
of the C-terminal fragment β (CTF-β) as the latter, due
to the Swedish mutation.
Here, we used an electrophysiological approach to gain

insights into putative functional deficits at different
levels of synaptic function, and examined basal synaptic
transmission, synaptic plasticity, and miniature synaptic
currents. Although there is an increasing awareness of
AD as a multidimensional and multicellular process [9,
12], many of the pathological processes involved in AD
that operate in parallel and/or interactively in neurons
and other cells in the brain inevitably converge on the
cellular mechanism underlying memory and comprom-
ise them in a complex manner [1, 20]. Thus, synapses
and synaptic plasticity are major downstream sites and
mechanisms of pathophysiological convergence [21, 22].
We recorded from the hippocampus and prefrontal cor-
tex since these two brain regions are closely linked ana-
tomically and their bidirectional functional interaction is
essential for higher-order cognitive functions, including
the encoding and retrieval of working, emotional, and
episodic types of memory [51–53]. The synchronization
of hippocampal and prefrontal neural activity allows the
coordinated hippocampal-prefrontal replay which is con-
sidered a key mechanism for memory consolidation [54].
Importantly, the hippocampus (in particular, its CA1 re-
gion) and the PFC are highly susceptible to amyloid
pathology, in particular to the synaptotoxic effects of
soluble low-n Aß oligomers ([55–57]; see [3] for critical
discussion).
In the present study, synaptic functioning was

inspected at 3–4 and 6–8 months of age. Evidence for a
beginning impairment was detected for PFC LTP in 3–4
months old AppNL-G-F mice, which was further aggra-
vated at 6–8 months of age. The only other study of PFC
LTP in an AD mouse model by Battaglia et al. reported
an LTP deficit in the PFC of transgenic APP/PS1 mice,
but did not specify the age [58]. In the hippocampal
CA1 region, a deficit in LTP was only recognizable in 6–
8 months old AppNL-G-F animals. The deficits in HC and
PFC LTP were most apparent in the maintenance of po-
tentiation and less in the initial magnitude, because LTP
in both regions decayed to baseline values or even
below, as observed in HC. Given the length of our LTP
recordings of more than 3 h, we found late-LTP being
impaired (≥ 3 h after induction), whose mechanisms have
been implicated in long-term memory [59, 60]. Late-
LTP was demonstrated to be highly susceptible to dis-
ruption by AD pathology but was rarely recorded in AD
animal models in vitro in the past [61–64]. The earlier
impairment of LTP in PFC compared to HC in
AppNL-G-F mice is likely caused by a higher Aß42 burden
and/or its earlier onset in this region at an early age, as
indicated by the results of the ELISA measurements and
further supported by significantly higher immunoreac-
tive plaque areas in the PFC vs. HC of AppNL-G-F mice at
the two ages investigated here [13]. According to Beni-
lova et al. and Yang et al., amyloid plaques likely seques-
ter soluble Aß oligomers and release them under certain
conditions [3, 57]. Thus, a dynamic equilibrium between
toxic oligomers and inert fibrils might exist around the
plaques, resulting in the local release of neurotoxic olig-
omers into the surrounding tissue. According to this
scenario, the higher plaque load in the cortex compared
to the hippocampus of AppNL-G-F mice is likely to result
in a higher tissue concentration of toxic oligomers in the
cortex which would explain the earlier onset of synaptic
deficits, as detected by a faster decay of LTP at the age
of 3–4 months. Interestingly, in HC but not PFC, we
found a significant reduction in the magnitude of po-
tentiation with age. This difference was bigger in
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AppNL-G-F mice suggesting a major contribution of Aß-
driven pathology to the age-dependent decline in
potentiation.
In contrast to the pronounced impairment of LTP,

NMDAR-dependent LTD induced by LFS at 2 Hz [32,
65] was not affected in AppNL-G-F mice. While LTP has
been extensively studied in transgenic and knock-out
animal models of AD [10, 11, 27], LTD as the physio-
logical counterpart of LTP was largely neglected. Most
of these AD-related LTD studies focused on the effects
of amyloid ß-protein and its fragments. While some
studies reported the resistance of LTD to the application
of Aß peptides or to the pathology-driven increase of
their endogenous levels [66], most studies found an in-
crease in LTD or a facilitation of its induction [26, 56,
67–71]. The reasons for the missing deficits in LTD are
not clear. It is unlikely that 2 Hz LTD is completely in-
sensitive to Aß-mediated pathology because we obtained
a clear impairment in 12-month-old APP/PS1 mice (un-
published laboratory data). Impaired LTD was also de-
scribed for the cerebellum of APP/PS1 mice [72]. Thus,
LTD is sensitive to Aß-mediated pathology, but com-
pared to LTP, LTD may require higher levels of soluble
Aß oligomers to get impaired [66, 73].
It is well accepted that (several forms of) LTP and LTD

require the activation of NMDA receptors and the in-
crease of intracellular calcium, but LTP and LTD are pre-
dominantly expressed and sustained by different signaling
pathways. The lack of effects of Aß-mediated pathology
on LTD in AppNL-G-F mice therefore indicates that Aß
oligomers exert differential effects on signaling cascades
that sustain LTP and LTD, respectively. This supposition
is supported by published evidence. For example, Aβ olig-
omers block the accumulation of CaMKIIα, a central kin-
ase in bidirectional synaptic plasticity, at excitatory
synapses during LTP induction but not at inhibitory
synapses during LTD [74]. Furthermore, Kootar et al. re-
vealed by ex vivo experiments in hippocampal slices that
the LTP impairment by Aß oligomers requires the func-
tional crosstalk with glucocorticoid receptors, but the Aß
oligomer-mediated LTD induction does not [75].
In addition to the marked deficit in LTP in HC and

PFC at 6–8 months of age, basal synaptic transmission
in PFC was significantly impaired in AppNL-G-F mice, as
indicated by the lower input/output curve. While Batta-
glia et al. did not find a difference in basal synaptic
transmission in the PFC of the transgenic APP/PS1
model [58], Roder et al. reported reduced basal synaptic
transmission in the PFC of 6-month-old APP23 mice
[76]. Such a severe disturbance of synaptic functioning
was reported also for some transgenic AD mouse models
like APP23, APPLd2, APPind H6, hAPPJ9, hAPPJ20,
PS1M146V KI, and 3xTg ([76], see [27] for detailed ref-
erences) in the hippocampal CA1 region, but in
AppNL-G-F mice, we did not detect any significant reduc-
tion of basal synaptic transmission in this region.
The absence of any overt deficits in basal synaptic

transmission and synaptic plasticity in AppNL-G-F at 3–4
months might be due to a composition and/or levels of
Aß42 and Aß40 oligomers at this age that were not yet
sufficient to exert discernible synaptotoxic effects. One
of the reasons could be that the plaques that already
exist at this age [13] sequester soluble high-n oligomers,
a putative source for toxic low-n oligomers [57], to a
higher degree at early than later stages of pathology.
Further of note, when we checked short-term plasti-

city by paired-pulse stimulation [77], we found a sig-
nificantly lower value for AppNL-G-F mice at an
interpulse interval of 10 ms. In previous studies of
transgenic AD mouse models, significant changes in
the paired-pulse ratio (PPR) were very rarely detected
[27]. Since the interval of 10 ms is an integral part of
the 100-Hz bursts in the TBS protocol that was used
in our study to induce LTP, the decay of responses to
repeated stimuli resulted presumably in a lower effi-
cacy of the TBS protocol, leading to the observed
LTP deficit in AppNL-G-F animals. A similar relation-
ship between decreased paired-pulse response at 10
ms and defective LTP was previously described in
neurogranin knock-out mice, provided a weak stimu-
lation protocol was employed [78, 79]. The found re-
duction of the paired-pulse ratio at 10 ms is most
likely due to increased GABAAergic inhibition, be-
cause it could be rescued in previous experiments by
application of GABAA receptor antagonists such as
picrotoxin [33].
In order to better understand at an elementary level to

which extent pre- vs. postsynaptic changes and a shift in
the balance between glutamatergic excitatory and
GABAergic inhibitory activity contribute to the distur-
bances in synaptic function, we measured action
potential-independent miniature EPSCs (mEPSCs) and
miniature IPSCs (mIPSCs). The obtained significant
changes in the mean frequency of mEPSCs in AppNL-G-F

mice, together with an unchanged mean amplitude and
half-width, suggest an increased presynaptic activity of
glutamatergic synapses in response to the progressing
Aß-mediated pathology. In contrast to our finding,
Chang et al. observed in 2xKI mice that carry the Swed-
ish mutation and the P264L presenilin 1 mutation but
do not overexpress APP an age-dependent reduction in
mEPSC amplitude [80]. Likewise, D’Amelio et al. found
in 3-month-old Tg2576 transgenic mice a downregula-
tion of mEPSC frequency [26].
The overall effect of synaptic pathology on mIPSCs in

AppNL-G-F mice seems to be even stronger because we
did not only find an increased mean frequency of
mIPSCs in AppNL-G-F but also a significantly higher
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mean IPSC amplitude, i.e., synergistically acting pre- and
postsynaptic mechanisms. The apparent increase in
elementary inhibitory activity could be involved in the
deficits in LTP induction at this age and is reminiscent
of reported compensatory inhibitory mechanisms that
developed in 4–7 months old hAPP-J20 mice in response
to neuronal overexcitation [25]. These mice, carrying the
Swedish and Indiana FAD mutations, show an enhanced
frequency of mIPSCs similar to our findings in
AppNL-G-F mice. In addition, the amplitude of large-
amplitude mIPSCs was found to be increased in this
study.

Conclusions
Taken together, the characterization of elementary syn-
aptic functions and long-term synaptic plasticity in
AppNL-G-F mice seems to point to an apparent synaptic
enigma in these mice. The marked impairment of pri-
marily postsynaptic processes at the level of synaptic
plasticity contrasts with the found upregulation of pre-
synaptic processes in elementary (miniature) synaptic
function. Major changes in presynaptic function and
markers are not unique to APP-KI mice; they were also
found in AD patients [81–83]. Thus, the found upregu-
lation is most likely the result of a compensatory
“homeostatic” response. Such a mechanism could serve
to counteract impairments of synaptic plasticity caused
by postsynaptic deficits in order to confine the overall
magnitude of AD-driven imbalances in synaptic func-
tion. The described changes in miniature pre- and post-
synaptic mechanisms in concert with defects in synaptic
plasticity are expected to stimulate further research, pav-
ing the way for new therapeutic strategies that target the
vulnerable synaptic machinery that is central to AD-
mediated cognitive decline.

Limitations
The current study was designed to perform a first
characterization of synaptic plasticity and other synaptic
functional readouts of two new second-generation AD
mouse models (AppNL-G-F and AppNL mice), which were
produced by a knock-in strategy with the hope that they
would display greater concordance between preclinical
animal studies and human clinical trials. Indeed, recent
studies support the supposition that they can serve as
valuable models to examine Aß-related pathology in
“preclinical AD.” The AppNL-G-F mice harbor a human-
ized APP construct that contains three mutations associ-
ated with familial Alzheimer’s disease: the Swedish, the
Beyreuther/Iberian, and the Arctic mutation in the APP
gene. These three mutations increase total Aß produc-
tion, enhance the Aβ42/Aβ40 ratio, and promote Aß ag-
gregation, respectively. AppNL mice carrying only the
Swedish mutation serve as control. Of note, in AppNL-G-F
mice, Aβ deposition starts already at 2 months and is
nearly saturated by 7 months.
Against this background, we decided to investigate the

two genotypes at two different stages of pathology, at an
age of 3–4 months with mild to moderate Aß expression
and an expected absence of major functional pheno-
types, and at an age of 6–8 months with aggravated
pathology, for which we anticipated discernible func-
tional deficits in synaptic plasticity and other functional
synaptic readouts. At the latter age, AppNL-G-F are still
devoid of marked behavioral phenotypes according to
published studies. Because our synaptic measurements
are done in vitro, we have to use different batches of
mice for this work. Given the attractiveness of these new
mouse AD models, there was a high demand by several
groups at KU Leuven to use them for a variety of meth-
odological studies. This sometimes led to a bottleneck in
breeding in the animal facility, making it difficult to re-
ceive batches of mice with the same sample size for all
experiments.
For the statistical design of the study, we focused on

pathophysiologically meaningful deficits, i.e., a rather
large effect size and used homozygous females. Because
we are conducting electrophysiological recordings of
long-term potentiation (LTP) and long-term depression
(LTD) with a sampling interval of 5 min, we are dealing
with time series and use, therefore, repeated measures
ANOVA (RM-ANOVA) as the standard of our analysis,
with group/treatment as between-subject factor and time
as within-subject factor. Due to the sensitivity of synap-
tic plasticity measures (e.g., LTP) towards pathological
deteriorations, we observe usually rather big effect sizes.
Therefore, the study has been powered to detect
between-group differences, assuming an effect size F =
0.95, using an alpha err probe = 0.05, power (1-ß err
probe) = 0.80, and a correlation between repeated mea-
sures of 0.85. Our common recording time of LTP or
LTD is 3 to 4 h with a sampling interval of 5 min, result-
ing in a high number of repetitions in RM-ANOVA. In
the event that we look at particular phases (periods) of
LTP or LTD (e.g., early LTP, late-LTP), we work at least
with periods of 90 min, which is equal to 19 repetitions
in RM-ANOVA. Using these values in G-Power, we
came to a minimal required total sample size of the two
groups of 10 (5 per group), which was fulfilled through-
out our measurements, except the 3-month-old
AppNL-G-F group in the PFC recordings, where we lost
the data of one animal due to technical problems during
recording.
In terms of the reproducibility of the data, repeating

the experiments was not an option as the staff who per-
formed most of the measurements (a doctoral student, a
postdoc) had to leave the laboratory because their con-
tracts were running out and could not be renewed and
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new staff could not be hired because of the difficult local
grant situation. However, according to our experience, it
seems to be more important that new findings are repli-
cated independently by other laboratories under (usu-
ally) slightly different methodical conditions to get a
more robust picture of the particular phenotype. Thus,
we noticed often in the past that results could be pre-
cisely replicated under the same conditions in one la-
boratory while other laboratories failed consistently to
confirm them. Prominent examples for the latter are the
controversies about the “molecular switch” in the field of
mGluR receptors, the role of NR2A and NR2B NMDA
receptor subunits in synaptic plasticity and learning, and
the function of PKMzeta within the same functional cir-
cuits. Here, the laboratories that first described the func-
tion could consistently reproduce the initial finding,
while other laboratories continued to fail. In relation to
the present study, it would therefore be best if the same
or similar experiments were carried out in other labora-
tories in order to check/validate the reproducibility of
the presented results under different laboratory
conditions.
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