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disturbances were further corroborated by decreased den-
dritic spine density and spine head volumes that indicated 
impaired synapse maturation. Slice biotinylation followed 
by Western blot analysis of PFC-L5 tissue revealed that 
5XFAD mice showed reduced synaptic AMPA receptor sub-
unit GluA1 and decreased synaptic NMDA receptor subu-
nit GluN2A. Consistent with this, patch-clamp recording of 
the evoked L23>L5 synaptic responses revealed a reduced 
AMPA/NMDA receptor current ratio, and an increased level 
of AMPAR-lacking silent synapses. These results suggest 
that transgenic mutant forms of APP/PS1 overexpression in 
5XFAD mice leads to early developmental defects of corti-
cal circuits, which could contribute to the age-dependent 
synaptic pathology and neurodegeneration later in life.

Keywords Alzheimer’s disease · Mouse model · Synaptic 
plasticity · Long-term potentiation · Cortical circuit · 
Electrophysiology · Learning and memory

Introduction

Alzheimer’s disease (AD) is the most frequent form of demen-
tia. A hallmark pathology of the AD brain is the degenerat-
ing cortical neurons overloaded with neurofibrillary tangles 
and amyloid plaques [1]. At the cellular and functional levels, 
early AD brain pathology is characterized by impaired synap-
tic function and synapse loss, manifested as disrupted synaptic 
plasticity, learning, memory, and cognition [2–4]. Transgenic 
mice that overexpress mutated human amyloid precursor pro-
tein (APP), presenilin, and tau genes reproduce many aspects 
of AD pathology such as amyloid β (Aβ) plaques, neurofibril-
lary tangles, reactive gliosis, and synaptic and neuronal loss, 
which are consistent with behavioral changes such as progres-
sive age-dependent memory impairments [5, 6]. As such, these 

Abstract Mutations in genes encoding amyloid precursor 
protein (APP) and presenilins (PSs) cause familial forms 
of Alzheimer’s disease (AD), a neurodegenerative disor-
der strongly associated with aging. It is currently unknown 
whether and how AD risks affect early brain development, 
and to what extent subtle synaptic pathology may occur 
prior to overt hallmark AD pathology. Transgenic mutant 
APP/PS1 over-expression mouse lines are key tools for 
studying the molecular mechanisms of AD pathogenesis. 
Among these lines, the 5XFAD mice rapidly develop key 
features of AD pathology and have proven utility in study-
ing amyloid plaque formation and amyloid β (Aβ)-induced 
neurodegeneration. We reasoned that transgenic mutant 
APP/PS1 over-expression in 5XFAD mice may lead to 
neurodevelopmental defects in early cortical neurons, and 
performed detailed synaptic physiological characterization 
of layer 5 (L5) neurons from the prefrontal cortex (PFC) of 
5XFAD and wild-type littermate controls. L5 PFC neurons 
from 5XFAD mice show early APP/Aβ immunolabeling. 
Whole-cell patch-clamp recording at an early post-weaning 
age (P22–30) revealed functional impairments; although 
5XFAD PFC-L5 neurons exhibited similar membrane prop-
erties, they were intrinsically less excitable. In addition, 
these neurons received smaller amplitude and frequency 
of miniature excitatory synaptic inputs. These functional 
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mouse lines are useful to inform the molecular and cellular 
changes associated with AD.

The 5XFAD mouse line, which co-overexpresses human 
APP and presenilin 1 (PS1) harboring five familial AD muta-
tions manifest very early-onset and aggressive amyloid depo-
sition [7, 8]. These mice start to develop amyloid plaques as 
early as ~2 months of age, when they show dramatically accel-
erated intraneuronal Aβ42 production. Pathologically, Aβ dep-
osition emerges in the hippocampal subiculum and in layer 5 
(L5) principal neurons of the neocortex, and rapidly increases 
in affected brain regions [7, 9]. Synaptic failure reportedly 
takes place prior to overt plaque formation; for example, hip-
pocampal basal synaptic transmission and theta burst stimu-
lus-induced LTP are impaired at 6 months, but not prior to 4 
months [10]. In addition, synaptic failure manifests at multiple 
levels, ranging from functional alterations to structural distur-
bances [11]. Synaptic failure of L5 neurons in 5xFAD mice 
reportedly long precedes the physical loss of synapses, which 
occurs by 12 months of age [11].

Although AD is considered to be an aging-related neurode-
generative disorder, mutant forms of APP/PS1 are expressed 
throughout the life span. How transgenic over-expression 
of these mutant forms affects the developing neural circuits 
remain an outstanding question. The 5XFAD mouse line, in 
which the thy1 promoter is used to drive very early transgenic 
APP/PS1 expression in the brain, offers a unique opportu-
nity to study neurodevelopmental effects of mutant APP/PS1 
over-loading in the affected neuron populations [7]. Despite 
a large literature exploring the mechanisms of neurodegen-
eration in 5XFAD mice [12–15], no study has explored the 
potential developmental sequelae of mutant APP/PS1 early 
on in vulnerable cortical circuits. As the thy1-promotor-driven 
expression of mutated forms of APP/PS1 is expected to pre-
dominantly affect L5 neurons [11, 16, 17], we reasoned that 
these mutated forms may have a detrimental effect at an early 
developmental time point, thus impairing the normal trajectory 
of synapse function and connectivity. In this study, we provide 
electrophysiology evidence of altered intrinsic excitability and 
impaired synaptic activity, as well as disrupted synaptic gluta-
mate receptor content and functional glutamatergic synapses 
in L5 PFC neurons at an early post-weaning age (P22–28). 
To the best of our knowledge, this study reveals some of the 
earliest synaptic functional alterations, and suggests negative 
neurodevelopmental sequelae as an underappreciated neuro-
pathology in this prominent AD mouse model.

Materials and Methods

Animals and Disease Model

The 5XFAD mice used in this study were purchased from 
the Jackson Laboratory (catalog #34848-JAX). This line 

overexpresses both the human amyloid precursor pro-
tein (APP) gene with K670N/M671L, V717I, and I716V 
mutations and the human PS1 M146L and L286V muta-
tions under the Thy1 promoter [7]. Mice were genotyped 
according to the JAX protocol using three primers (mutant, 
AAG CTA GCT GCA GTA ACG CCA TTT; wild type, 
ACC TGC ATG TGA ACC CAG TAT TCT ATC; and com-
mon, CTA CAG CCC CTC TCC AAG GTT TAT AG). Mice 
were weaned at P21 and used for experiments on postnatal 
days 22–28. All experimental procedures conformed to NIH 
guidelines and were approved by the Institutional Animal 
Care and Use Committee of the University of Arizona and 
the Animal Care and Use Committee of the Model Animal 
Research Center, Nanjing University.

Immunohistochemistry/Immunofluorescence

Mice were anesthetized with 4% isoflurane and transcar-
dially perfused with 0.01mol/L PBS, followed by cold 4% 
paraformaldehyde (PFA) formulated in 0.1 mol/L phos-
phate buffer (pH 7.4). Brains were post-fixed in cold 4% 
PFA overnight at 4°C, and cryoprotected in 30% sucrose 
for 2 days. The brains were then embedded in OCT, and cut 
into 40-μm frozen sections on a sliding microtome (Leica 
SR-2000). The sections were washed three times in 0.01 
mol/L PBS, and permeabilized in PBS-0.2% Triton. For 
APP/Aβ staining, free-floating sections were blocked in pri-
mary antibody dilution solution (0.2% Triton, 5% normal 
goat serum, and 1% bovine serum albumin in 0.01 mol/L 
PBS) for 2 h, and incubated with anti-APP/Aβ primary 
antibody (clone 6E10, Biolegend, Cat# SIG-39320. Anti-
body Registry ID: AB_662798. 1:500 dilution) for 24 h, 
followed by Alexa 555-conjugated goat anti-mouse antibody. 
For APP/Aβ, Iba1, and Thio-S triple staining, sections were 
similarly blocked in primary antibody dilution solution, and 
incubated with anti-APP/Aβ (6E10) and anti-Iba1 (#019-
19741, Wako, 1:500 dilution) primary antibodies for 24 h. 
After incubation with A555-conjugated goat anti-mouse 
and A488-conjugated goat anti-rabbit antibodies for 24 h, 
sections were extensively washed in 0.01 mol/L PBS, and 
further stained with 0.025% Thio-S (prepared in 50% etha-
nol–50% PBS) for 10 min. These sections were mounted 
on SuperFrost Plus slides (VWR Scientific, West Chester, 
PA) using DAPI-containing Vectashield mounting medium 
(H-1200, Vector Laboratories). Images were captured on 
an LSM 710 confocal microscope (Zeiss GmbH, Germany) 
with appropriate laser lines and filters.

Whole‑Cell Patch‑Clamp Recording in Brain Slices

Whole-cell recordings were made in L5 pyramidal neurons 
in parasagittal PFC slices. Mice of desired genotypes were 
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anesthetized using 3%–5% isoflurane. To improve slice via-
bility, intra-cardiac perfusion of ice-cold choline solution (in 
mmol/L: 110 choline chloride, 25  NaHCO3, 2.5 KCl, 1.25 
 NaH2PO4, 0.5  CaCl2, 7  MgSO4, 25 D-glucose, 11.6 sodium 
ascorbate, and 3.1 sodium pyruvate, saturated with 95%  O2 
/ 5%  CO2) was perfused before mice were decapitated and 
brains quickly dissected out. To prepare PFC slices (350 
μm thick), we used parasagittal sections, which allows bet-
ter preservation of intracortical synaptic connectivity [18]. 
Slices were cut in ice-cold choline solution on a vibratome 
(VT-1200S, Leica). PFC slices were kept in artificial cer-
ebrospinal fluid (ACSF, containing in mmol/L: 126 NaCl, 
2.5 KCl, 26  NaHCO3, 2  CaCl2, 2  MgCl2, 1.25  NaH2PO4, and 
10 D-glucose; saturated with 95%  O2 / 5%  CO2) for 30 min 
at 35°C, and then maintained at 24°C (room temperature) 
until recording.

The brain slices were transferred to a customized sub-
merged chamber and perfused with ACSF saturated with 
95%  O2 / 5%  CO2. Slices were visualized under a 4× objec-
tive (Olympus UPlanApo, NA = 0.16) to locate the cyto-
architectural landmarks of layer 5. To minimize neurite 
cutoffs, only L5 pyramidal neurons with a soma at least 
50 μm below the slice surface were selected for whole-cell 
recordings. Neuronal somas were identified and targeted 
using a 60× objective (NA = 0.9) under IR illumination 
(Olympus BX-51 WI microscope). Neuronal signals were 
amplified using a MultiClamp 700B amplifier (Molecular 
Devices, Forster City, CA), low-pass filtered at 1 kHz (volt-
age clamp) or 10 kHz (current clamp), and digitized at 20 
kHz using a Digidata 1440A interface controlled by pClamp 
10.6 (Molecular Devices). Neuronal membrane properties 
(input resistance and capacitance) were measured as cur-
rent responses to +/– 5mV voltage steps. Intrinsic excit-
ability was quantified as the number of action potentials 
elicited by current injection (–100 to 500 pA in 50-pA 
steps). To record mEPSCs, D-AP5 (50 μmol/L, Tocris) 
and tetrodotoxin (TTX, 1 μmol/L, Tocris) were added to 
the circulating ACSF. The electrode internal solution con-
tained (in mmol/L): 130 K-gluconate, 10 HEPES, 4 KCl, 
4 ATP-Mg, 0.3 GTP-Na, 2 NaCl, 1 EGTA, and 14 phos-
phocreatine (pH 7.2, 295–300 mOsm). To record minia-
ture inhibitory postsynaptic currents (mIPSCs), the ACSF 
contained 1 μmol/L TTX and 10 μmol/L CNQX, and the 
electrode internal solution consisted (in mmol/L): 125 KCl, 
2.8 NaCl, 2  MgCl2, 0.3  Na3GTP, 2  Mg2+-ATP, 1 EGTA, 10 
HEPES, and 10 phosphocreatine (pH 7.25, ~300 mOsm). In 
some mEPSC/mIPSC recording experiments, 0.15% biocy-
tin (W/V) was included in the recording electrode to reveal 
neuronal morphology. During the recordings, series resist-
ance (Rs, <25 MΩ) was constantly monitored and neurons 
with >20% variations in Rs were excluded from analyses.

To measure the AMPA/NMDA receptor current ratio 
(A:N) in L5 PFC neurons, a bipolar stimulating electrode 

(FHC, Bowdoin, ME) was placed in L2/3 of the PFC. A 
Cs+-based internal solution (containing in mmol/L, 125 
Cs-gluconate, 5 TEA-Cl, 10 HEPES, 2.5 CsCl, 8 NaCl, 5 
QX314-HCl, 4  Mg2+-ATP, 0.3  Na3GTP, 1 EGTA and 10 
phosphocreatine, pH 7.25) was used. Evoked monosynaptic 
responses were obtained when neurons were sequentially 
voltage-clamped at –70 mV (for AMPAR-mediated synaptic 
currents) and +40 mV (AMPAR+NMDAR currents). The 
A:N ratio was quantified using the peak of EPSC ampli-
tude at –70 mV (AMPAR current), and +40 mV (NMDAR 
current, which was measured at 75 ms after stimulus onset 
[19]).

To estimate the proportion of silent synapses in the L2/3 
to L5 mPFC circuit, we used a minimum stimulation pro-
tocol to activate a small number of axons (release sites) by 
placing a theta glass electrode in L2/3. L5 neurons were 
first voltage-clamped at –70 mV using the Cs-based internal 
solution described above. A minimum stimulus intensity that 
produced interleaved success and failure of AMPAR EPSCs 
at −70 mV was applied and kept constant. After collecting 
200 trials (inter-trial interval, 2 s), neurons were voltage-
clamped at +40 mV to collect 200 more trials. The percent-
age of NMDAR-only silent synapses was calculated from 
the difference in failure rates of AMPAR-EPSCs (–70 mV) 
and compound-EPSCs (+40 mV) [20–22].

Surface Protein Biotinylation and Western Blot 
Analysis

To assess total glutamate receptor protein levels and their 
membrane-bound fractions at synaptic sites, P25–28 acute 
PFC slices were treated with 0.25 mg/mL sulfo-NHS-S-S-
biotin for 30 min at 4°C, using a  PieceTM cell surface protein 
isolation kit (ThermoFisher Scientific, cat# 89881), similar 
to that described previously for biotinylation in slices [21, 
23]. Micro-dissected PFC-L5 tissue (pooled from 2–3 mice) 
was homogenized on ice in buffer (containing 320 mmol/L 
sucrose, 4 mmol/L HEPES, and 1:50 protease inhibitor 
mixture; P8340, Sigma-Aldrich). The homogenates were 
centrifuged at 1500× g for 10 min, after which the super-
natant was collected and centrifuged at 16,000× g for 20 
min to pellet the crude synaptosome fraction, which was 
further equally divided into two aliquots. One aliquot was 
used to assess total synaptosomal proteins, while the other 
was lysed and re-suspended in ice-cold water supplemented 
with the protease inhibitor mixture (P8340, Sigma-Aldrich). 
NeutraAvidin beads (ThermoFisher) were then added to cap-
ture biotinylated synaptic proteins by rotation of the sample 
for 2 h at 4°C. The beads were washed three times in RIPA 
buffer, and the biotinylated synaptic membrane proteins 
were eluted with 2× Laemmli buffer (supplemented with 
50 μmol/L DTT). The biotinylated proteins were separated 
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by SDS-PAGE, and subjected to Western blot analysis using 
specific antibodies against glutamate receptor subunits.

A standard Western blot protocol was applied to quan-
tify proteins. Total synaptic protein or synaptic surface 
protein samples were mixed with an equal amount of 2× 
Laemmli loading buffer and boiled for 5 min, then sepa-
rated on 4%–15% SDS-polyacrylamide gels. Proteins were 
then transferred to PVDF membranes (Immobilon-P, Sigma-
Aldrich), incubated overnight at 4°C with antibodies against 
several glutamate receptor subunits that were diluted in 5% 
nonfat dry milk. The PVDF membranes were then washed 
three times in 0.01 mol/L PBS-Tween 20, followed by a 
2-h incubation with HRP-conjugated secondary antibodies 
(Jackson ImmunoResearch). Protein signals were developed 
using an enhanced chemiluminescence method (SignalFire, 
Cell Signaling Technology), and captured on ECL Hyper-
film (Amersham). The antibodies used in this study were, 
rabbit anti-GluA1 (AB5849) from Millipore/Chemicon and 
rabbit anti-GluN2A (#4205), rabbit anti-GluN2B (#14544), 
rabbit anti-GAPDH (#5174), and rabbit anti-GluN1 (#5704) 
from Cell Signaling Technology. The final dilution of anti-
bodies was between 1:1000 and 1:2000. The optical density 
of protein signal bands on Hyperfilm was quantified by den-
sitometry using ImageJ/FIJI.

Neuronal Morphology

Recorded PFC-L5 neuronal morphology, including dendritic 
arborization and spine morphometric measures, were ana-
lyzed as described previously [21, 24]. After completion of 
whole-cell recording, neurons were injected with 500 pA 
current to facilitate biocytin diffusion into the neurite pro-
cesses. The slices were then fixed in 4% PFA overnight, 
blocked with 1% BSA/0.01 mol/L PBS, and permeabilized 
with 0.2% Triton X-100. Slices were further incubated with 
avidin-Alexa 488 for 24 h and mounted on glass slides with 
a pair of ~350-μm spacers to prevent tissue crushing. Neu-
ronal dendritic arbors were reconstructed after collecting 
Z-stack images on a confocal microscope (Zeiss LSM 710). 
The maximal projection images were then imported into 
FIJI/ImageJ, and neurite arborization and Sholl analysis 
[25] were done using the Simple Neurite Tracer plugin [26]. 
This allows quantification of morphometric features such 
as dendritic arbor, length, and number of intersections as a 
function of distances from soma. To analyze spines, Z stacks 
of spines from the apical dendrites (200–450 μm from the 
soma, secondary branches) were collected with a 63× objec-
tive (Plan-Apochromat, NA 1.4). Each Z stack was collected 
at 512 × 512 pixels, with 4× digital zoom and 0.2-μm Z step 
size. Imaris software (V8.02, Bitplane, South Windsor, CT) 
was used to measure spine length, density, and head volume, 
as we described previously [21, 24].

Statistical Analyses

All results are reported as the mean ± SEM. (standard error 
of the mean). The experimenters were blinded to geno-
types/grouping during data collection and analyses. Sample 
sizes and numbers of independent experiments were esti-
mated by power analyses using an R script (‘pwr’ package 
in CRAN) that takes pre-specified effect size, and type I 
and II errors as input arguments. Sex-segregated data were 
first analyzed for potential sex-specific effects, and pooled 
together for grouped analyses. The Shapiro–Wilk test and F 
test were first applied to test normality and equal variance. 
For normally-distributed/equal-variance data, Student’s t 
test or one/two-way analysis of variation was used; for non-
normally distributed/ordinal data types, the nonparametric 
Mann-Whitney U test or Kolmogorov–Smirnov (K-S) test 
was used. The K-S test was used to compare the cumulative 
distributions of mEPSC amplitudes. Statistical analyses and 
graphing were applied using GraphPad Prism 8.0, Microsoft 
Excel and MATLAB. Figures were prepared using Adobe 
Creative Cloud. P <0.05 was considered statistically signifi-
cant for all tests.

Results

APP/Aβ Overload in PFC L5 Neurons During Early 
Postnatal Development

It has been shown that 5XFAD mice exhibit robust Aβ 
pathology with onset of extracellular plaque pathology at 
~2 months of age, and manifest abundant intraneuronal and 
plaque-associated changes as early as 3 months of age [7]. 
Because thy1 promoter-driven transgenic APP/PS1 expres-
sion is enriched in cortical L5 neurons and occurs across 
life span [16, 17], we asked whether the intraneuronal APP/
Aβ load can be detected in cortical L5 neurons at very early 
developmental stages. We applied IHC staining to detect 
APP/Aβ (6E10 antibody) [27], and found that at postnatal 
day P21, in most cortical regions including the PFC and 
retrosplenial cortex, L5 neurons showed APP/Aβ immunore-
activity, which was stronger than in CA1 neurons (Fig. 1A). 
In addition, we observed strong APP/Aβ immunoreactivity 
in the subiculum region in the temporal levels of the hip-
pocampus, consistent with reports that the subiculum is one 
of earliest structure to show APP/Aβ deposition [7]. APP/
Aβ overloading in L5 neuron at this early age was associated 
with a small number of Iba1-positive activated microglia 
(Fig. 1B). Importantly, at this early age, no extracellular 
amyloid plaques or Thio-S+ insoluble fibrillar dense core 
Aβ deposits were observed. In contrast, PFC L5 neurons in 
5-month-old (P150) 5XFAD mice showed extensive APP/
Aβ immunoreactivity, substantial Aβ plaque deposition that 
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was surrounded by clustered Iba-1+ reactive microglia, and 
profound Thio-S-labeled dense-core fibrillar amyloid depos-
its (Fig. 1B). Notably, the APP/Aβ intracellular overloading 
in PFC-L5 neurons was also seen at earlier ages (P11 and 
P14, data not shown), indicating that transgenic expression 
of mutant APP/PS1 is a continuous process that spans early 
cortical development.

Decreased Intrinsic Excitability in PFC‑L5 Neurons

The early APP/Aβ overloading in PFC-L5 neurons justified 
investigation on the functional alterations in these affected 
neurons. We conducted whole-cell patch-clamp recording 
in PFC-L5 pyramidal neurons to probe potential functional 
alterations. Parasagittal brain slices containing the PFC were 
prepared from P22–28 5XFAD mice and their WT littermate 
controls. We first measured the membrane properties of L5 
neurons (Fig. 2A), and found that 5XFAD neurons had simi-
lar input resistance (WT, 280.5 ± 20.4 MΩ; 5XFAD, 310.3 
± 19.6 MΩ. t16 = 1.03, P = 0.32) and membrane capacitance 

(WT, 66.6 ± 3.2 pF; 5XFAD, 66.9 ± 3.6 pF, t16 = 0.05, P 
= 0.96). 5XFAD PFC-L5 neurons did not show a change in 
action potential (AP) spike frequency adaptation (Fig. 2B. 
WT, 0.82 ± 0.03; 5XFAD, 0.81±0.02, t13 = 0.23, P = 0.83). 
In addition, neurons from both groups exhibited a similar 
AP half-width (Fig. 2C. WT, 1.34 ± 0.04 ms; 5XFAD, 1.38 
± 0.04 ms. t14 = 0.69, P = 0.50), and the slope of AP depo-
larization/repolarization, as evidenced by the overlapping 
95% confidence intervals of the phase plot (dV/dt vs Vm).

PFC-L5 neurons from 5XFAD and WT brain slices were 
next injected with current steps from –100 to 500 pA in 
50-pA increment to test their intrinsic excitability. Fig. 2D 
shows two representative AP firing responses from WT 
and 5XFAD neurons in response to each current step injec-
tion. Comparing the responses from all neurons (WT, n 
= 4; 5XFAD, n = 4) revealed that 5XFAD neurons were 
intrinsically less excitable, with a smaller number of AP 
responses to current steps (Fig. 2E. Repeated measures two-
way ANOVA, genotype effects: F(1,6) = 10.9, P = 0.016). 
For both 5XFAD and WT control neurons, a representative 

Fig. 1  Age-dependent trans-
genic APP/Aβ overloading and 
pathology in the PFC. A IHC 
using 6E10 antibody reveals 
extensive L5 intraneuronal 
labeling of APP/Aβ in prefron-
tal cortex (left) and to a lesser 
extent, in the retrosplenium 
cortex (RS-ctx). CA1 neurons 
also show relatively weaker 
APP/Aβ immunoreactivity. In 
comparison, hippocampal sub-
iculum and CA1 neurons at the 
temporal levels along the septo-
temporal axis show stronger 
APP/Aβ immunoreactivity. B 
Triple IHC staining of APP/
Aβ, Iba1, and Thio-S to label 
amyloid deposition, reactive 
microglia, and dense-core fibril-
lar amyloid plaques. L5 neurons 
of P21 PFC show strong intra-
cellular APP/Aβ labeling, with 
minimum reactive microglia 
and no Thio-S+ plaque deposi-
tion. In contrast, L5 neurons 
from P150 mPFC show strong 
extracellular amyloid deposition 
with dense Thio-S+ fibrillar Aβ 
cores that are surrounded by 
large numbers of Iba1+ reactive 
microglia.
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AP firing response to threshold current step injection is pre-
sented in Fig. 2F. These data indicate that PFC-L5 neurons 
in 5XFAD slices are intrinsically less excitable as a result 
of developmental transgenic overexpression of mutant APP/
PS1.

Reduced Excitatory Synaptic Transmission in PFC‑L5 
Neurons at 3–4 Weeks Age

We next asked whether developmental intracellular APP/
Aβ overloading changes the synaptic activity of PFC-L5 
neurons at an early post-weaning age. Whole-cell patch-
clamp recording was used to first measure miniature excit-
atory postsynaptic currents (mEPSC) in slices prepared 
from P22–28 5XFAD and WT littermate mice. Repre-
sentative mEPSC traces from both groups are shown in 
Fig. 3A, which also revealed a decreased averaged mEPSC 
amplitude in 5XFAD neurons. Pooled responses showed 
that 5XFAD neurons exhibited an overall lower ampli-
tude of mEPSC (Fig. 3B), evidenced by both percentage 
distribution of the varying mEPSC amplitude bins, and 
the normalized cumulative distribution curve (number of 

mEPSC events: WT, n = 1244/12 cells/6 mice; 5XFAD, n 
= 1165/10 cells/5 mice. K-S test, D = 0.14, P <0.0001). 
In addition, 5XFAD neurons showed a significantly lower 
mEPSC frequency (Fig. 3C. Events/sec: WT, 3.72 ± 0.38; 
5XFAD, 2.48 ± 0.28, P = 0.018). We next recorded min-
iature inhibitory postsynaptic currents (mIPSCs) in a dif-
ferent set of PFC slices, and found that mIPSC amplitude 
was largely unaltered in 5XFAD (Fig. 3D), as shown by 
the percentage and cumulative distribution across vary-
ing mIPSC amplitude bins (Fig. 3E. Number of mIPSCs 
analyzed: WT, n = 1244/7 cells/4 mice; 5XFAD, n = 
1657/9 cells/5 mice. K-S test on cumulative distribution: 
D = 0.05, P = 0.79). Interestingly, we found a significant 
reduction of mIPSC frequency (Fig. 3F. Events/s: WT, 
3.44 ± 0.32; 5XFAD, 2.23 ± 0.36. t18 = 2.54, P = 0.02). 
These data indicate alteration of both excitatory and inhib-
itory inputs onto PFC-L5 neurons in 5XFAD mice at an 
early post-weaning age.

Fig. 2  PFC- L5 neurons in 5XFAD mice exhibit reduced intrinsic 
excitability. A Compared with control littermate neurons, PFC-L5 
neurons from 5XFAD brain slices show similar membrane input 
resistance (t16 = 1.03, P = 0.32) and membrane capacitance (t16 = 
0.05, P = 0.96). Representative current responses to voltage steps are 
shown above, based on which membrane properties were calculated. 
B 5XFAD PFC-L5 neurons exhibit similar spike frequency adapta-
tion (t13 = 0.23, P = 0.83). C 5XFAD neurons show similar action 
potential half-width (t14 = 0.69, P = 0.50), and the slope of AP depo-

larization/repolarization, as evidenced by the overlapping 95% con-
fidence intervals of the phase plot (dV/dt vs Vm). D Representative 
intrinsic excitability responses and AP density plot from control and 
5XFAD neurons in response to current-step injections (−100 to 500 
pA ay 50-pA increments).  E Pooled data demonstrate that 5XFAD 
neurons show significantly lower firing rates (genotype effects: F(1,6) 
= 10.9, P = 0.016. Repeated measures two-way ANOVA).  F Rep-
resentative AP firing responses to threshold current step injection in 
control and 5XFAD neurons.
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Decreased Dendritic Spine Size and Density 
in mPFC‑L5 Neurons

We next asked whether the changes in synaptic responses 
have a morphological correlate. We analyzed anatomical 
changes of the dendritic structure and spines in PFC-L5 
neurons from both WT and 5XFAD mice at P22–28. L5 neu-
ron morphology was revealed by biocytin injection during 
whole-cell recording (Fig. 4A), followed by imaging of the 
dendritic structure and confocal Z-stack images of spines. 
Sholl analysis of dendritic arborization revealed that 5XFAD 
did not affect the number of dendritic intersections as a 
function of distance from the soma (Fig. 4B. Main group 
effect: F(1, 15) = 2.93, P = 0.11, two-way ANOVA), nor did it 
affect the dendritic length distribution (Fig. 4C. Main group 
effect: F(1, 15) = 0.033, P = 0.86, two-way ANOVA). How-
ever, 5XFAD neurons exhibited a reduced dendritic spine 
density (Fig. 4D, E. Number of spines/10 μm: WT, 12.52 ± 

0.45; 5XFAD, 10.8 ± 0.37. t21 = 2.89, P = 0.008). In com-
parison, the spine length of 5XFAD neurons did not differ 
(Fig. 4F. Average length in μm: WT, 2.06 ± 0.13; 5XFAD, 
2.20 ± 0.17. t21 = 0.69, P = 0.49). We next quantified the 
spine head volume and found that 5XFAD neurons showed 
a significant reduction (Fig. 4G. WT, n = 274 spines/6 neu-
rons/6 mice; 5XFAD, n = 258 spines/7 neurons/5 mice. D 
= 0.286, P <0.0001, K-S test). These data were consistent 
with the decreased mEPSC amplitude and frequency, and 
further suggest impaired synaptic function in the PFC at a 
very early development age.

Altered Synaptic Glutamate Receptor Content 
in PFC‑L5 Neurons

Considering that dendritic spine size and geometry are 
known to be correlated with glutamate receptor content and 
functional maturity [28], we asked whether PFC-L5 neurons 

Fig. 3  Altered spontaneous synaptic mEPSC and mIPSC responses 
in PFC-L5 neurons at an early post-weaning age. A Representa-
tive whole-cell patch-clamp recording of spontaneous mEPSCs 
from 5XFAD and control neurons. B Quantification of all recorded 
mEPSC events. mEPSC amplitudes from 5XFAD neurons are dis-
tributed more to the smaller amplitude bins. There was also a sig-
nificant difference between the cumulative distribution curves (K-S 
test, D = 0.14, ****P <0.0001). Inset, violin plot of pooled mEPSC 

amplitudes from both groups. C mEPSC frequency in 5XFAD PFC-
L5 neurons is significantly reduced (*P = 0.018). D Representative 
traces of spontaneous mIPSCs from 5XFAD and control neurons. E 
5XFAD and control neurons show a similar percentage distribution 
and cumulative distribution of all analyzed mIPSC amplitudes. No 
significant difference in the cumulative distribution curves was found 
(K-S test, P = 0.79). F 5XFAD neurons show a significant reduction 
in mIPSC frequency (t18 = 2.54, P = 0.02).
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show changes of synaptic glutamate receptors. We first bioti-
nylated the surface protein in parasagittal PFC slices, as 
described previously [29], then prepared crude synaptosome 
fractions using the biotinylated slices. Neutravidin beads 
were used to pull down the synaptic surface proteins. Total 
proteins were also probed using the crude synaptosome frac-
tion without neutravidin pulldown (Fig. 5A). We found a sig-
nificant reduction of AMPAR subunit GluA1 and the NMDA 

receptor subunit GluN2A. In comparison, the NMDA recep-
tor subunit GluN2B was slightly increased. None of these 
changes, however, was observed using total synaptosome 
proteins (Fig. 5B). Quantification of these Western blot 
results (Fig. 5C) confirmed statistically significant decreases 
in GluA1 (t6 = 4.8, P = 0.003) and GluN2A (t6 = 4.1, P = 
0.007). There was no statistical change in GluN1 (t6 = 0.41, 
P = 0.69), but a marginal increase in GluN2B (t6 = 1.8, P 

Fig. 4  Reduced dendritic spine size and density in PFC-L5 neurons 
in the early post-weaning period. A Dendritic morphology in L5 PFC 
neurons using avidin-Alexa 488 following whole-cell patch-clamp 
recordings. B Sholl analyses of the number of intersections of the 
PFC-L5 neuron dendritic arbors in control and 5XFAD neurons. No 
statistically significant differences if genotype were found (P = 0.107, 
two-way ANOVA. Note distal arbors are not included for analysis due 
to cutoff of some neurons. C Sholl analyses of dendritic length distri-
bution. No significant difference was found for the dendritic length as 

a function of distance from soma between control and 5XFAD neu-
rons (F(1, 15) = 0.033; P = 0.86 for main group effects). D Repre-
sentative dendritic spines from control and 5XFAD PFC-L5 pyrami-
dal neuron apical dendrites. E 5XFAD neurons show decreased spine 
density (**P = 0.008). F 5XFAD neurons do not differ in spine 
length (P = 0.49). G Cumulative distribution of spine head volume. 
Spine head volume from 5XFAD neurons is significantly reduced 
(****P <0.0001, K-S test).
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= 0.12). These biochemical measures of synaptic glutamate 
receptor content further support the hypothesis that dendritic 
spine maturation is impaired at this age.

Impaired Functional Maturation of the PFC L2/3>L5 
Circuits in 5XFAD Mice

Based on the changes in synaptic glutamate receptor con-
tent, we made whole-cell patch-clamp recordings to measure 
several parameters related to excitatory synapse maturation. 
PFC-L5 pyramidal neurons were first voltage-clamped at 
–70 mV, and monosynaptic responses to L23 stimulation 
were recorded. Neurons were then clamped at +40 mV 
to record compound AMPA/NMDA receptor responses. 
Quantification of pooled recordings revealed a significantly 
reduced AMPA/NMDA receptor current ratio (Fig. 6A. WT, 
1.43 ± 0.06; 5XFAD, 1.16 ± 0.07. t18 = 2.97, P = 0.008), 
indicating impairment of synaptic transmission or synapse 
maturation. Cortical excitatory synapse maturation often 
entails activity-dependent AMPA receptor acquisition at 
synaptic sites that initially contain only NMDARs (silent 
synapses) [20, 30, 31] so that these synapses can be ren-
dered functional. Impaired maturation can thus manifest as 
an increased number of silent synapses. Using a minimum 
stimulation protocol, we tested the proportions of silent syn-
apses in WT and 5XFAD PFC-L5 neurons. A representa-
tive response to minimum stimulation from both groups of 
neurons at –70 mV and +40 mV holding potential is shown 
in Fig. 6B. Pooled data from multiple trials revealed that 
both WT and 5XFAD neurons showed an increased suc-
cess rate of transmission (i.e., reduction in failure rate) at 
+40 mV compared to –70 mV (Fig. 6C). When failure rates 
were compared from all recorded neurons, it was found that 

5XFAD neurons exhibited a larger difference in failure rates 
between the two holding potentials (Fig. 6D. WT, 17.5 ± 
1.7; 5xFAD, 25.3± 2.9. t14 = 2.26, P = 0.03), confirming a 
higher proportion of immature silent synapses on 5XFAD 
PFC-L5 neurons.

Discussion

In this study, we present evidence on synaptic deficits in 
5XFAD mice in the early post-weaning period that indicates 
altered intrinsic excitability, excitatory and inhibitory synap-
tic inputs, functional synapse maturation, and morphological 
perturbations in PFC projection neurons. Collectively, our 
data suggest the transgenic mutant APP/PS1 expression in 
a commonly studied AD mouse model [7, 32] perturbs the 
early developmental trajectory of the cortical circuit. The 
main focus was not to exhaustively pursue age-dependent 
pathological or electrophysiological changes, but rather to 
focus on L5 PFC neurons at a very early age and uncover 
potential circuit impairment using sensitive physiological 
and morphological measures. To the best of our knowledge, 
this study reports the earliest synaptic function and connec-
tivity changes in 5XFAD mice in a major PFC projection 
neuron population. Our data demonstrate that mutant forms 
of APP/PS1 and likely the associated Aβ production [33] 
could have neurodevelopmental sequelae featuring disrupted 
early synapse development and maturation.

Our study also has a few limitations: first, only an early 
post-weaning age was examined, based on the early APP/
Aβ overloading in the vulnerable L5 neuron population. It is 
unclear whether the synaptic pathology is transient, or per-
sist and progress into adulthood. Second, the study focuses 

Fig. 5  Altered synaptic glutamate receptor content in 5XFAD L5 
neurons (P22–28). A Schematic of dissecting PFC tissue after slice 
biotinylation, followed by crude synaptosome fraction preparation 
and synaptic surface protein isolation. B Representative Western blot 
results of synaptic surface and total synaptosome glutamate receptors: 

GluA1, GluN1, GluN2A, and GluN2B. C Quantification of Western 
blot results. 5XFAD PFC-L5 tissue shows reduced synaptic surface 
GluA1 (**P = 0.003) and GluN2A (**P = 0.007). There is a slight 
but non-significant increase in GluN2B (P = 0.12) and no difference 
in GluN1 (P = 0.69).
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on one neuronal type and brain region, i.e., L5 neurons in 
the PFC. It is unclear how other neuronal types, the broader 
network activity, and even early behavior may be affected. 
Third, the implication of these findings on adult circuit 
function and age-dependent pathology remain to be stud-
ied. Nevertheless, our data indicate that certain circuit- and 
behavior-level deficits in adult and aging mice [7, 9, 34, 35] 
involve potential developmental perturbations in vulnerable 
neuronal populations, such as the L5 neurons across cortical 
regions.

Using immunohistochemical staining, we have shown 
that PFC-L5 neurons exhibit increased intracellular APP/
Aβ loading at P21 (and earlier at P11–14, data not shown). 
Similarly, another vulnerable cortical population in terms of 
APP/Aβ overloading is the subiculum neurons of the tem-
poral hippocampus, in which functional changes remain to 
be investigated at this age. Because the 6E10 antibody does 
not distinguish between APP and Aβ [36, 37], we cannot 
attribute these synaptic and circuit connectivity changes 
to APP or to intracellular Aβ production, which may be 
present at this age [33, 38]. Yet, our IHC staining revealed 
minimum microglial activation at P21, and there was no 
extracellular amyloid or dense-core fibrillar Aβ plaques in 
extracellular space. It is therefore less likely that physical 
loss of L5 neurons or synapses occurs at this early age. It has 

been reported that cortical L5 neurons are among the first 
neuronal populations that develop synaptic pathology [7, 9, 
11], which is consistent with our recordings of decreased 
spontaneous mEPSC frequency and amplitude, a higher 
threshold for firing of APs, altered chemical composition of 
glutamate receptors, and increased silent synapses indicating 
less maturation at this early post-weaning age.

It is unclear how mutant APP/PS1 over-expression affects 
synaptic function in the developing brain and how the det-
rimental effects evolve with age. APP family members are 
posited to be involved in nervous system development, syn-
aptogenesis, axon guidance and growth, formation of the 
neuromuscular junction, and establishing dendritic complex-
ity and spines. They also contribute to synaptic functions, 
including synaptic plasticity, and learning and memory 
[39–42]. However, neurophysiological data exploring the 
effects of transgenic APP/PS1 on PFC circuit function are 
rather limited. Yet, the PFC is a primary and early target 
that develops AD pathology [43–45]. Transgenic mutant 
APP/PS1 in the developing cortical circuits may disrupt 
a myriad of physiological functions in neurons, including 
endo-lysosomal trafficking [46, 47], intracellular cargo trans-
port [48], molecular signaling [49, 50], or neurotransmitter 
release [51] that collectively contribute to failure of synapse 
development and activity-dependent maturation.

Fig. 6  5XFAD PFC-L5 
neurons show a decreased 
AMPA/NMDA current ratio 
and increased number of silent 
synapses at P22–28. A AMPA/
NMDA receptor current ratio 
is significantly reduced in 
5XFAD neurons (t18 = 2.97, 
**P = 0.008). B Representa-
tive responses of 5XFAD and 
control L5 neurons to con-
secutive trials in response to 
minimum stimulation of L2/3. 
Shaded patch centered on 0pA 
indicates RMS noise. Neurons 
had 200 trials at −70 mV hold-
ing potential followed by 200 
trials at +40mV. C Quantifica-
tion of failure rates at −70 mV 
and +40 mV holding potentials 
in control and 5XFAD neurons. 
D 5XFAD neurons exhibit a 
larger difference in failure rates 
between the two holding poten-
tials (*P = 0.03).
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In summary, our study revealed that synaptic function 
changes occur at an early post-weaning age in the 5XFAD 
mouse model. Our work supports the prevailing view of 
early intervention in AD at the cellular and circuit levels 
[52]. We provide detailed physiological characterization 
of PFC-L5 neurons, which is among the earliest affected 
cell types as a result of mutant APP/PS1. These functional 
disruptions suggest that transgenic mutant APP/PS1 over-
expression has a profound effect on developing cortical 
circuits, and changes in neuronal function may instigate a 
life-long process that impacts neuronal degeneration at later 
ages. Therefore, although AD is considered a disease of old 
age, subtle neurological defects conferred by genetic muta-
tions or risk factors may emerge early in life. This thought-
provoking hypothesis justifies further studies to extend the 
limited scope of the current work.
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