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The entorhinal cortex (EC) is one of the ﬁrst brain areas to display neuropathology in Alzheimer’s disease.
A mouse model which simulates amyloid-b (Ab) neuropathology, the Tg2576 mouse, was used to address
these early changes. Here, we show EC abnormalities occur in 2- to 4-month-old Tg2576 mice, an age
before Ab deposition and where previous studies suggest that there are few behavioral impairments.
First we show, using a sandwich enzyme-linked immunosorbent assay, that soluble human Ab40 and
Ab42 are detectable in the EC of 2-month-old Tg2576 mice before Ab deposition. We then demonstrate
that 2- to 4-month-old Tg2576 mice are impaired at object placement, an EC-dependent cognitive task.
Next, we show that defects in neuronal nuclear antigen expression and myelin uptake occur in the superﬁcial layers of the EC in 2- to 4-month-old Tg2576 mice. In slices from Tg2576 mice that contained the
EC, there were repetitive ﬁeld potentials evoked by a single stimulus to the underlying white matter, and
a greater response to reduced extracellular magnesium ([Mg2þ]o), suggesting increased excitability.
However, deep layer neurons in Tg2576 mice had longer latencies to antidromic activation than wild type
mice. The results show changes in the EC at early ages and suggest that altered excitability occurs before
extensive plaque pathology.
Ó 2015 Elsevier Inc. All rights reserved.
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1. Introduction
Alzheimer’s disease (AD), the primary cause of dementia, is
characterized by 2 types of neuropathology: the accumulation of
amyloid-b (Ab) plaque caused by overproduction of Ab (Ab) and
neuroﬁbrillary tangles caused by hyperphosphorylation of tau.
Progressive memory impairment and neurodegeneration are also
hallmarks of AD.
The hippocampal-entorhinal circuitry appears to be particularly
vulnerable in AD (Braak and Braak, 1996; Morrison and Hof, 2002),
and several studies suggest that the entorhinal cortex (EC) is one of
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the structures that is affected early in AD (Bobinski et al., 1999;
Braak and Braak, 1991, 1996, DeToledo-Morrell et al., 2007; Hof,
1997; Scharfman and Chao, 2013). The ﬁrst neurons in the EC to
deteriorate appear to be the stellate cells in layer II (Braak and
Braak, 1985, 1991; Kordower et al., 2001; Stranahan and Mattson,
2010), which form the perforant path projection to the dentate
gyrus (DG). Based on experiments in mice, it has been suggested
that Ab and tau pathology originates in the EC and subsequently
spreads to the hippocampus by a trans-synaptic mechanism
(De Calignon et al., 2012; Harris et al., 2010; Lazarov et al., 2002; Liu
et al., 2012).
These ﬁndings are important because they suggest that prevention of EC neuropathology could prevent or delay AD. However,
it is unclear why the EC is vulnerable and why it is susceptible early
in AD. To gain insight into these questions, we used the Tg2576
mouse model of AD neuropathology. The Tg2576 mouse uses the
hamster prion promoter to overexpress human amyloid precursor
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protein (hAPP) 695 with the mutation of a Swedish family with AD
(K670N/M671L) and progressive Ab pathology occurs after
6 months of age (Hsiao et al., 1996; Irizarry et al., 1997;
Kawarabayashi et al., 2001; Lee and Han, 2013; Westerman et al.,
2002).
Notably, one study showed with immunohistochemistry that Ab
is detectable in the olfactory bulb by 3e4 months of age (Wesson
et al., 2010) suggesting that Ab neuropathology develops earlier
than 6 months of age. In fact, there is some evidence that structural
and plasticity defects in the hippocampus occur in Tg2576 mice
before 6 months of age; there was a decrease in spine density of
granule cells (GCs), the principal cell of the DG, in 4-month-old
mice (Jacobsen et al., 2006). There also was a deﬁcit in long-term
potentiation of the perforant path projection to the GCs (Jacobsen
et al., 2006). Also, in 3-month-old Tg2576 mice, there was a
decrease in synaptic contacts and increase in synaptic length in
stratum lacunosum-moleculare of CA1 (Balietti et al., 2013). These
changes could originate in the EC because the perforant path projection to the DG was affected, and there were defects in the area
where the perforant path projects to CA1.
To address early changes in the EC in Tg2576 mice, we used mice
that were younger than 4 months old, timing most of the analyses
for an age after puberty (2 months old) to prevent pubertyassociated changes from complicating the analysis. We also chose
assays that are uncommondbut ones that we thought would be
ideal to probe the ECdto determine if atypical approaches would
better detect defects in the EC of young mice. For example, rather
than using whole brain homogenate, we microdissected the EC and
other regions and performed a sandwich enzyme-linked immunosorbent assay (ELISA) to detect soluble human Ab40 and Ab42. In
addition, instead of probing behavior with the Morris water maze,
the object placement (OP) task was used to examine behavior
because the EC is known to be involved in this task (Parron and
Save, 2004; Steffenach et al., 2005; Witter and Moser, 2006).
Immunohistochemistry using an antibody to a neuronal nuclear
antigen (NeuN) was also used because NeuN expression decreases
with neurotrophin deﬁcits in the EC (Duffy et al., 2011). Other
methods were also used, such as examining the staining of myelin
using histochemistry.
The behavioral and anatomical data suggested that there were
impairments in the EC of Tg2576 mice at <4 months of age, so
electrophysiological recordings from the EC were made in slices to
gain more insight. We found evidence of increased excitability,
supporting previous suggestions that epileptiform activity is a
characteristic of mouse models of AD where familial mutations of
hAPP are overexpressed (Noebels, 2011; Palop and Mucke, 2009).
Furthermore, the data support the idea that defects that are relevant to AD occur in the EC (Chin et al., 2007; Francis et al., 2012).
They suggest that impairments occur very early in life but they may
require assays other than those that are commonly used to be
detected.
2. Methods
2.1. Animals
The experimental procedures were carried out in accordance
with National Institutes of Health guidelines and were approved by
the Institutional Animal Care and Use Committee at The Nathan
Kline Institute. Tg2576 mice (Hsiao et al., 1996) and wild-type (WT)
littermates were bred on a mixed C57BL/6 and SJLF1/J background
(Wesson and Wilson, 2011; Wesson et al., 2011). Mice were housed
3e4/cage, in standard mouse cages with corncob bedding and a 12hour light-dark cycle (lights on, 7 AM). Food (Purina 5001 chow;
W.F. Fisher, Somerville, NJ, USA) and water were available ad
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libitum. Different cohorts of mice were used for behavior, anatomy,
and electrophysiology. Male and diestrous female mice were pooled
because differences were not detected (see Supplemental Material).
However, for ELISA, only males were used.
2.2. Enzyme-linked immunosorbent assay
2.2.1. Microdissection
Following deep anesthesia by isoﬂurane inhalation (Aerrane;
Baxter Healthcare Corporation, Deerﬁeld, IL, USA), mice were
rapidly decapitated and the brain was excised. The brain was placed
with the ventral surface down on a cold metal block covered with
aluminum foil. Regions of the brain were isolated by microdissection using a razor blade and rapidly frozen at 80  C. In addition to
the EC and hippocampus, the frontal area was isolated because of
the relevance of this region to AD. The brainstem and cerebellum
were included because they are areas that appear to develop Ab
plaque pathology late in the APP and/or presenilin 1 mouse models
of AD neuropathology (Holcomb et al., 1998; Wadghiri et al., 2013)
and in human AD (Serrano-Pozo et al., 2011; Thal et al., 2002).
Therefore, we hypothesized that they might serve as negative
controls.
The regions were microdissected with methods similar to those
previously described (Chakraborty et al., 2012). A coronal cut was
made at the middle cerebral artery to isolate the frontal area. To
isolate brainstem and cerebellum, coronal cuts were made immediately anterior and posterior to the cerebellum. Then a cut was
made in the horizontal plane to separate the cerebellum from the
underlying brainstem. The brainstem is deﬁned here as the region
underneath the cerebellum. The EC was isolated from the rest of the
forebrain by sectioning the posterior part of the forebrain at a slight
angle relative to the coronal plane. To remove the hippocampus, a
curved spatula was inserted between the ventricular wall and the
alveus, and the hippocampus was “rolled out” from the overlying
cortex.
It should be noted that this procedure did not isolate the EC and
hippocampus perfectly. For example, some of the posterior hippocampus was sometimes included in the EC sample and parts of the
cortical regions adjacent to the EC were sometimes included as
well. Also, the sample called the “EC” did not include the most
medial and ventral EC.
2.2.2. Tissue homogenization and diethylamine extraction
The EC regions from 2 animals were pooled and weighed and
the same was then done for the other regions. Ten percent (wt/
vol) homogenates were prepared (in 250 mM sucrose, 20 mM
Tris base, 1 mM EDTA, 1 mM EGTA, and protease inhibitors), as
previously described (Morales-Corraliza et al., 2009; Schmidt
et al., 2012b). All chemicals were from Sigma-Aldrich Chemical
Co (St. Louis, MO, USA), unless otherwise stated. A diethylamine
(DEA) solution (0.4% DEA, 100 mM NaCl) was used to extract Ab
from brain homogenates. Brieﬂy, the DEA solution was mixed
with the tissue homogenate in a 1:1 ratio, using a glass pestle
and dounce. The samples were spun at 100,000  g for 1 hour at
4  C. The supernatant was collected and neutralized with 0.5 M
Tris-HCl, pH 6.8 (Morales-Corraliza et al., 2009; Schmidt et al.,
2012b).
2.2.3. Ab sandwich ELISA
Quantiﬁcation of human Ab40 and Ab42 was performed using
ELISA, as described in greater detail elsewhere (Morales-Corraliza
et al., 2009; Schmidt et al., 2012a). Brieﬂy, 96-well plates were
coated with capture monoclonal antibodies speciﬁc for Ab40 and
Ab42 (for more details see Schmidt et al., 2012a). The plates were
incubated overnight at 4  C. Nonspeciﬁc binding was blocked
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using 1% Block Ace Solution (Dainippon Pharmaceutical Co, Osaka,
Japan) in phosphate-buffered saline for 4 hours at room temperature. Standards were prepared from synthetic human Ab40 and
Ab42 (American Peptide Co, Sunnyvale, CA, USA) and DEAextracted samples were added to the plates diluted in ELISA
capture buffer (20 mM NaH2PO4, 2 mM EDTA, 400 mM NaCl, 0.2%
bovine serum albumin, 0.05% 3 CHAPS, 0.4% Block Ace Solution,
and 0.05% NaN3, pH 7.0) and incubated overnight at 4  C. Detection was with a horseradish peroxidase-conjugated anti-human
Ab monoclonal antibody (prepared as described in Schmidt et al.,
2012a); plates were developed using the TMB Microwell Peroxidase Substrate System (Kirkegaard and Perry Laboratories, MD,
USA). Standards were prepared from synthetic human Ab40 and
Ab42 (American Peptide Co, Sunnyvale, CA, USA) and incorporated
into every run.
2.3. Behavior
Procedures used to test OP were similar to those used previously (Scharfman et al., 2007; Skucas et al., 2011). Mice were
acclimatized to a new cage (46 cm  24 cm, plexiglass; no
bedding) for 2 consecutive days before the day of the OP test. On
the testing day, 2 identical objects were placed in the new cage
also without bedding. The objects consisted of identical small
clear glass jars (55 mm in diameter  48 mm high; VWR, Radnor,
PA, USA) or blue plastic toy bricks (32 mm wide  64 mm long 
32 mm high; Lego, Billund, Denmark). During training (Fig. 2A;
“train”), each mouse was allowed to explore the objects for
5 minutes. Each session was video recorded using a dome camera
(Apex, Allen, TX, USA) and software (Pinnacle Technologies,
Lawrence, KS, USA). Exploration was deﬁned as a behavioral state
where the mouse touched one of the objects (with forepaws,
nose, or teeth) or sniffed the object (indicated by movement of
the nostrils or whisking). The same investigator evaluated all
mice to reduce possible inter-investigator variability and was
blinded. After the training phase, the mouse was removed and
placed back in its original cage. The objects and the ﬁeld were
cleaned with 30% ethanol (Pharmco-Aaper, Brookﬁeld, CT, USA)
followed by water to remove any scent of ethanol. After 60 minutes, the mouse was placed in the cage again. One of the objects
was located at the same distance from cage walls but at the
opposite side of the cage. The other object was placed in the same
location where it was before. Locations of the objects were
counterbalanced. Exploration was examined for a 5 minutes
testing session (Fig. 2A; “test”). Before the test, we veriﬁed that
the 2 objects were matched for saliency by showing, in both
Tg2576 and WT mice, that an equivalent amount of time was
spent exploring each object (see Section 3). As noted previously
(Ennaceur and Delacour, 1988), performance was considered
normal when mice spent signiﬁcantly more time exploring the
moved (novel) object compared with the stationary (familiar)
object in the test trial.
2.4. Anatomy
2.4.1. Perfusion ﬁxation
Mice were deeply anesthetized by isoﬂurane inhalation (Aerrane; Baxter Healthcare Corporation) followed by urethane (2.5 g/
kg intraperitoneally). A 26-gauge needle was inserted into the
heart, followed by perfusion with a peristaltic pump (Minipuls 1;
Gilson, Middleton, WI, USA) of 10 mL of 0.9% NaCl in doubledistilled water (ddH2O), followed by 40 mL of 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brains
were removed immediately and postﬁxed for 24 hours in 4%

paraformaldehyde in 0.1 M PB at 4 C.

2.4.2. General preparation of tissue sections
After postﬁxation, brains were hemisected and each hemisphere
was cut (one in the coronal plane and the other in the horizontal
plane) into 50-mm-thick sections using a vibratome (TPI 3000,
Vibratome Co, St. Louis, MO, USA). Sections were collected
sequentially so that, together with landmarks in the sections such
as major nuclei and large myelinated pathways, it was possible to
compare equivalent rostrocaudal or dorsoventral levels across
animals.
2.4.3. ImmunohistochemistrydNeuN
An antibody against a neuronal nuclear antigen, NeuN, was used
to evaluate neurons because NeuN labels the nucleus of normal
mature neurons (Mullen et al., 1992). It should be noted that
reduced expression of NeuN often occurs in neurons after insults or
injury (e.g., aging, disruption of neurotrophin signaling, ischemia,
and toxicity; Buckingham et al., 2008; Duffy et al., 2011; Hayakawa
et al., 2008; Kadriu et al., 2009; Matsuda et al., 2009; Portiansky
et al., 2006; Won et al., 2009). It has been reported that weak
NeuN immunoreactivity (NeuN-ir) is caused by phosphorylation of
the NeuN antigen in response to adverse conditions (Lind et al.,
2005), which leads to reduced ability of the NeuN antibody to
recognize the antigen. Based on these ﬁndings and others, it has
been suggested that weak NeuN-ir can be used as a marker of
neurons which have been damaged but are not dead (Duffy et al.,
2011).
For each animal, one hemisphere was cut coronally and the
other was cut in the horizontal plane. One section of every 6 was
selected. Unless otherwise stated, all washes and dilutions were
performed in 0.1 M Tris buffer. In addition, all incubations were
carried out at room temperature with continuous agitation on a
rotator and were followed by 3 washes in 0.1 M Tris buffer for
5 minutes. Similar to methods used previously (Duffy et al., 2013),
sections were incubated in 1% hydrogen peroxide for 2 minutes to
block endogenous peroxides. Sections were then incubated for
10 minutes, ﬁrst in Tris A (0.1% Triton X-100 in 0.1 M Tris buffer),
followed directly by an incubation in Tris B for 10 minutes (0.1%
Triton X-100 and 0.005% bovine serum albumin in 0.1 M Tris
buffer). Sections were blocked in 10% normal horse serum (Vector
Laboratories, Burlingame, CA, USA) for 1 hour, to minimize
nonspeciﬁc binding of immunoreagents. The sections were incubated for 24 hours in the primary antiserum (NeuN; 1:10,000;
Clone A60, MAB 377, Chemicon, Temecula, CA, USA) followed by a
10 minutes wash in Tris A and a subsequent 10 minutes wash in Tris
B. The sections were then incubated in the secondary antibody
(horse anti-mouse; 1:400; Vector Laboratories) for 1 hour and
subsequently washed for 10 minutes in Tris A followed by 10 minutes in Tris B. For signal ampliﬁcation, the avidin-biotinhorseradish peroxidase complex (ABC; Vectastain Elite Kit, Vector
Laboratories) method was used. Sections were incubated in ABC,
diluted 1:100 in Tris B, for 2 hours. Immunoreactivity was visualized using 3,3-diaminobenzidine (DAB). Sections were incubated in
a solution containing 0.022% DAB, 0.2% ammonium chloride, 0.1%
glucose oxidase, and 0.8% D(þ)-glucose in 0.1 M Tris buffer. To
ensure that labeling was detected if it was present, sections were
allowed to incubate with DAB for a long enough time that the
background had a light level of staining. The reaction was stopped
by washing sections in 0.1 M Tris buffer. The sections were mounted
on 0.1% gelatin-coated slides, dehydrated in a graded series of
alcohols (70%, 3 minutes; 95%, 3 minutes; 100%, 2  5 min) and
xylene (2  5 minutes), and coverslipped with Permount (Fisher
Chemical Co, Fair Lawn, NJ, USA).
Sections were examined using a brightﬁeld microscope (BX61,
Olympus, Center Valley, PA, USA) and photographed using a digital
camera (RET 2000R-F-CLR-12, Q Imaging, Surrey, BC, Canada).
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Quantiﬁcation of NeuN-ir was performed using Bioquant software
(Bioquant Image Analysis Corporation, Nashville, TN, USA), as previously described (Duffy et al., 2011). Brieﬂy, the edges of each
section were demarcated using a digital tool and areas displaying
weak cortical NeuN-ir were evaluated by computerized thresholding. For each animal, both hemispheres were rendered in 3-D
based on the z-coordinates of all sections from a given hemisphere. A surface rendering tool (Topographer Plug-in, Bioquant
Image Analysis Corporation) was used to construct a virtual skin
over the 3-D image using a mesh modeling algorithm. This procedure resulted in images where areas containing weak NeuN-ir
could be quantiﬁed as a fraction of the total volume of the
hemisphere.
2.4.4. Myelin histochemistry
Sections were stained for myelin with iron hematoxylin, using a
modiﬁcation of Mahon method (Jebb and Woolsey, 1977). Following
hydration for 1 hour in ddH2O, free-ﬂoating sections were mordanted for 30 minutes in a 2.5% solution of iron ammonium sulfate
(dissolved in ddH2O). After washes in ddH2O (3  5 minutes),
sections were stained for myelin by incubating the sections in a 1%
alcoholic hematoxylin and 0.075% lithium carbonate solution for
1 hour. Myelinated ﬁber tracts such as the corpus callosum were
stained dark blue. The sections were washed in ddH2O (3  5 minutes), mounted, and dehydrated as described previously.
2.4.5. Toluidine blue staining of semi-thin sections
Sections were prepared as described previously, except 2%
glutaraldehyde was added to the perfusion medium. Sections were
postﬁxed for 1 hour in 1% osmium tetroxide (Electron Microscopy
Sciences; Fort Washington, PA, USA) in 0.1 M PB, dehydrated in
ethanol and cleared using propylene oxide (Electron Microscopy
Sciences). Sections were embedded in Epon (Electron Microscopy
Sciences) and polymerized in a 60  C oven for 48 hours, as previously described (Duffy et al., 2009, 2011). Semi-thin sections (1 or
2 mm) were cut using a TPI 3000 vibratome (Vibratome Co) and
stained with 0.2% toluidine blue (dissolved in a 2.5% solution of
sodium carbonate in ddH2O), as previously described (Sloviter et al.,
1996).
2.5. Electrophysiology
2.5.1. Slice preparation
Following deep anesthesia with isoﬂurane, mouse brains were
excised and placed in ice-cold oxygenated (95% O2/5% CO2)
sucrose-based artiﬁcial cerebrospinal ﬂuid (sucrose-ACSF; containing, in mM: 252.0 sucrose, 5.0 KCl, 2.4 CaCl2, 2.0 MgSO4, 26.0
NaHCO3, 1.25 NaH2PO4, and 10.0 D-glucose) for approximately
60 seconds. One hemisphere was glued using cyanoacrylate (Krazy
glue, Elmer’s Products Inc, Westerville, OH, USA) to the stage of a
tissue slicer (HM 650 V, Microm International GmbH, Walldrof,
Germany) and 400-mm-thick slices were cut in the horizontal plane
while immersed in ice-cold ACSF. Slices were immediately placed
in sucrose-ACSF at room temperature and transferred by a widebore pipette to a nylon mesh in an interface style recording

chamber where slices were submerged in preheated (30 C)
oxygenated (95% O2, 5% CO2) sucrose-ACSF except for their upper
surfaces (Scharfman et al., 2001; www.healthresearch.org/
technology-transfer/brain-and-tissue-slice-recording).
Slices


were maintained at 30 Ce32 C using a temperature controller
with feedback (PTCO3; Scientiﬁc Systems Design, Ontario, Canada).
Perfusion (approximately 1 mL/min with a peristaltic pump, Minipuls 2; Gilson) was switched 30 minutes after slices were placed in
the recording chamber from sucrose-ACSF to NaCl-based ACSF
(NaCl-ACSF; 126 mM NaCl instead of sucrose but otherwise the
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same as sucrose-ACSF), which was used for the rest of the experiment. After 30 minutes perfusion with NaCl-ACSF, recordings were
initiated.
2.5.2. Recording and stimulation
Procedures were similar to those previously published (Skucas
et al., 2011, 2013). For recordings, 3e5 MU electrodes were made
from borosilicate glass with a capillary in the lumen (1.0 mm outer
diameter, 0.75 mm inner diameter, World Precision Instruments,
Sarasota, FL, USA), pulled horizontally (Model P87; Sutter Instruments, Novato, CA, USA), and ﬁlled with NaCl-ACSF. Recordings
were ampliﬁed (Axoclamp 2B; Molecular Devices, Sunnyvale, CA,
USA), digitized (Digidata 1440A; Molecular Devices), and acquired
using pClamp (Molecular Devices).
For stimulation, a monopolar stimulating electrode made from
Teﬂon-coated stainless steel wire (diameter, including Teﬂon,
75 mm; A-M Systems, Carlsborg, WA, USA) was controlled using a
stimulus isolation unit (IsoFlex; AMPI Instruments, Jerusalem,
Israel) that generated current pulses (100 mA) and pClamp, which
allows digital control of stimulus duration (10e100 msec) and frequency (0.05 Hz). The electrode was placed under visual control
(Stemi SV6; Carl Zeiss, Thornwood, NY, USA) on the angular bundle,
at the border of the white matter and layer VI of the most medial
part of the medial EC.
Slices were not accepted unless recordings in layer III exhibited a
ﬁeld potential in response to stimulation, because intracellular recordings have shown that few neurons are detected in superﬁcial
layers when no ﬁeld potential is detected there (HES, unpublished).
Stimulus strength was chosen to evoke a 7 mV antidromic population spike in layer VI because this stimulus was sufﬁcient to
activate most deep layer neurons, based on intracellular recordings
(HES, unpublished). Paired pulse stimulation was triggered with an
interstimulus interval of 40 msec because this interstimulus interval elicits robust paired pulse facilitation in hippocampus (Skucas
et al., 2013).
2.5.3. Current source density analysis
Methods were similar to those described previously (Skucas
et al., 2013). The depth of the recording electrode tip in a given
slice was determined by a micromanipulator with precision to the
nearest micron (Leica Microsystems, Buffalo Grove, IL, USA) and
was the same for all recording sites, typically 50 mm. Recordings
were made at approximately 30 mm intervals along a tangent to the
pia that intersected the stimulation site (Croll et al., 1999;
Scharfman, 1996).
2.5.4. Exposure to NaCl-ACSF containing 0 mM [Mg2þ]o
Slices were exposed to a reduced concentration of [Mg2þ]o by
switching NaCl-ACSF containing 2 mM MgSO4 to NaCl-ACSF containing nominal 0 mM MgSO4 (0 Mg2þ ACSF). Responses were
recorded sequentially in each layer with a ﬁxed stimulus (stimulus
frequency approximately 0.017 Hz), starting in layer VI and
continuing along a tangent to the white matter until reaching the
pia. This laminar proﬁle was conducted before and 20e40 minutes
after the onset of exposure to the 0 Mg2þ ACSF.
Previous studies have shown, in the rat, that spontaneous
epileptiform activity occurs in the EC after exposure to 0 Mg2þ
ACSF for 15 minutes (or less), using a similar perfusion system and
tissue chamber (Scharfman and Ofer, 1997). However, in slices from
WT mice we found that spontaneous ﬁeld potentials did not occur
until after 40 minutes exposure to 0 Mg2þ ACSF. Presumably the
species and/or strain, which is partly C57BL6/J (a strain known to
be resistant to epilepsy; Schauwecker, 2011) was the reason that a
long exposure to 0 Mg2þ ACSF was required to induce spontaneous
epileptiform activity. Therefore, evoked responses could be
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monitored before and 20e40 minutes after exposure to 0 Mg2þ
ACSF without confounding spontaneous epileptiform discharges.
For the experiments described previously, recordings were
made sequentially throughout the EC before and after 0 Mg2þ ACSF.
To be sure that the slight differences in recording positions before
and after 0 Mg2þ ACSF did not inﬂuence the results, we also used
another procedure with a ﬁxed recording position.
2.6. Data analysis
Analysis was conducted by an investigator who was blinded to
genotype. For sandwich ELISA, data are reported as fmol of Ab/g wet
brain, based on standard curves for synthetic human Ab40 and
Ab42. For OP, the time an animal spent exploring each object for the
ﬁrst 5 minutes of the training and testing sessions was measured
from video. Exploration of each object is expressed as a percentage
of the total time spent exploring both objects. For NeuN-ir, the
threshold for NeuN-ir was deﬁned as the mean NeuN-ir of nuclei in
the GC layer of the DG, which always displayed robust NeuN-ir. The
threshold was set so that the background around GCs did not meet
the threshold; only the level of NeuN-ir in GCs met the threshold.
Field potential analysis was performed using Clampﬁt (version 10.3,
Molecular Devices). The area under the curve was deﬁned as the
integrated area of the negative portion of the ﬁeld potential
(diagrammed in Section 3). The amplitude of the antidromic population spike in layer VI was deﬁned as the difference between the
prestimulus baseline and the peak of the population spike. The
latency of the ﬁeld excitatory postsynaptic potential (fEPSP) was
deﬁned as the time from the middle of the stimulus artifact to the
negative peak of the fEPSP. For CSD, the CSD was calculated ofﬂine
using MATLAB (Mathworks, Natick, MA, USA) by the second spatial
derivative of the local ﬁeld potential, using a 3-point formula, as
previously published (Skucas et al., 2013).
All data are presented as mean  standard error of the mean
(SEM) and p < 0.05. Statistical comparisons were made using 2tailed Student t test (Microsoft Excel 2007, Microsoft Corporation), Fisher exact test or analysis of variance (ANOVA; Statview
v5.0.1, SAS Institute, Cary, NC, USA), with Bonferroni and/or Dunn
post hoc test.
3. Results
The average age of all mice used in this study was 2.9 
0.04 months (range 1.4e3.8 months; n ¼ 151). There was no signiﬁcant age difference between WT (3.0  0.05 months, n ¼ 69) and
Tg2576 mice (2.8  0.06 months, n ¼ 82; Student t test, p ¼ 0.089).

For both stains, 8 sections were used throughout the dorsoventral
axis of each animal (300 mm apart). As expected, no labeling could
be detected with these methods (Supplementary Fig. 1). However,
labeling by the Ab antibody and thioﬂavin-s was extensive at older
ages (average age: 12.9  1.4 months; range 10.6e16.4 months, n ¼
5; Supplementary Fig. 1), suggesting that the methods used were
adequate for detection.
We also used sandwich ELISA to assess the levels of human Ab40
and Ab42 in the EC and other regions of young Tg2576 mice. The
average age of mice used for ELISA was 2.1  0.09 months (n ¼ 10).
We detected Ab40 and Ab42 in all regions examined (Fig. 1). Differences in concentration (fmol of Ab/g wet brain) were not signiﬁcant (1-way ANOVAs, Ab40: F4,20 ¼ 0.49, p ¼ 0.745; Ab42: F4,20 ¼
1.13, p ¼ 0.370). There were no regional differences in the ratios of
Ab40 to Ab42 (1-way ANOVA: F4,20 ¼ 0.27, p ¼ 0.893; Fig. 1).
Therefore, there were detectable levels of Ab40 and Ab42 in all the
regions tested, even at 2 months of age, whereas Ab plaque was not
detected.
3.2. Young Tg2576 mice display early deﬁcits in memory for object
location
For OP, the average age of the mice was 3.0  0.03 months (range
2.6e3.7 months, n ¼ 68). There was no signiﬁcant age difference
between WT (3.0  0.04 months, n ¼ 39) and Tg2576 mice (3.0 
0.05 months, n ¼ 29; Student t test, p ¼ 0.986). The mice used for
behavior were distinct from those used for anatomy and electrophysiology but ages were comparable (Supplementary Fig. 2).
During the training phase of the OP task, a 2-way ANOVA
showed that there was no effect of genotype (F1,128 ¼ 1.12, p ¼
0.292; Fig. 2B). There was no interaction of factors (genotype 
object location: F1,128 ¼ 0.63, p ¼ 0.427). Therefore, both WT and
Tg2576 mice performed well in the training phase, that is, they
spent a similar amount of time exploring each object.
In the test phase, a 2-way ANOVA showed that there was an
effect of genotype (F1,128 ¼ 0.00007, p < 0.001) and a signiﬁcant
interaction between genotype and object location (F1,128 ¼ 5.41, p ¼
0.0216). Post hoc analysis showed that there was an adverse effect
of genotype (p < 0.01; Fig. 2B), that is, Tg2576 mice did not
distinguish novel and familiar object locations well.
3.3. Weak NeuN-ir in young Tg2576 mice
The mean age of animals used for anatomical studies was 3.1 
0.04 months (range 2.9e3.6 months, n ¼ 22). There was no

3.1. Ab in young Tg2576 mice
We ﬁrst determined if there were detectable levels of Ab in
Tg2576 mice at 2 months of age. Notably, previous studies showed
that Ab plaque is not detected until at least 6 months (Hsiao et al.,
1996; Irizarry et al., 1997; Kawarabayashi et al., 2001; Westerman
et al., 2002). One study of Tg2576 mice did show that Ab was
detected with immunohistochemistry in the olfactory bulb at
3e4 months of age, but the levels of Ab that were present in the EC,
prefrontal cortex (PFC), or adjacent regions were almost undetectable in that study (Wesson et al., 2010).
We conducted immunohistochemistry using a different antibody to Ab (6E10, Covance, Princeton, NJ, USA; see Supplementary
Methods for details), as well as thioﬂavin-s staining (to examine Ab
plaques). The average age for the Tg2576 mice used with the antibody to Ab was 3.9  0.1 months (range 3.4e4.4 months, n ¼ 10).
For thioﬂavin-s, these animals as well as additional animals were
used (mean age, 3.4  0.1 months; range 2.9e4.4 months, n ¼ 32).

Fig. 1. Regional analysis of human Ab40 and Ab42 levels in 2-month-old Tg2576 mice.
(A) The levels of Ab40 and Ab42 are shown in fmol/g of wet brain region (n ¼ 10 mice,
2 mice/group). Regional differences were not signiﬁcant. For this and all other ﬁgures,
statistical comparisons are provided in detail in the text. (B) The ratios of Ab40 to Ab42
are shown for each region. Regional differences were not signiﬁcant. Abbreviations:
Ab, amyloid-b; BS, brainstem; CB, cerebellum; EC, entorhinal cortex; FA, frontal areas;
HC, hippocampus.
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antibody, or there was no detectable immunoreactivity (Fig. 3). In
previous studies, this pattern of weak NeuN-ir corresponded to
pyknotic cells using cresyl violet staining, and the pyknotic cells
that lacked NeuN-ir were neurons based on electron microscopic
examination (Duffy et al., 2011). In the present study, ﬁndings
were similar. For example, when there was an area of weak
NeuN-ir (e.g., Fig. 5) the adjacent section (Supplementary Fig. 3)
showed numerous pyknotic cells in that same area using cresyl
violet. We also labeled sections adjacent to those used for NeuNir with an antibody to glial ﬁbrillary acidic protein (GFAP) and
counterstained with cresyl violet to determine if GFAP labeled
proﬁles were pyknotic. GFAP labeled cells appeared to be normal,
not pyknotic (Supplementary Fig. 3). Taken together the data
suggest that the pyknotic cells were likely to be neurons, not
astrocytes.
In addition to the EC, the retrosplenial cortex (RSC) and PFC also
showed areas of weak NeuN-ir in Tg2576 mice (Figs. 3, 4). A 2-way
ANOVA with brain region (EC or RSC þ PFC) and genotype as factors
showed that there was a signiﬁcant effect of genotype (F1,37 ¼ 11.77,
p ¼ 0.002) with Tg2576 mice exhibiting the greater defect in NeuN
expression (post hoc test, p < 0.01; Fig. 4C). There was no effect of
region (F1,37 ¼ 2.11, p ¼ 0.155; Fig. 4C) and no interaction of factors
(F1,37 ¼ 1.34, p ¼ 0.255), indicating that both regions showed loss of
NeuN-ir in Tg2576 mice and one was not statistically greater than
the other.
In contrast, there was no evidence of weak NeuN-ir in the hippocampal pyramidal cell layers or the granule cell layer of the DG of
young Tg2576 mice (Fig. 3). Notably, NeuN-ir was reduced in the
hippocampal cell layers in older Tg2576 mice (12 months;
Supplementary Fig. 4). These data suggest that early defects in
NeuN-ir occur in the EC before the hippocampus and ultimately
both areas develop reduced NeuN-ir.
3.4. Abnormal myelin staining of neurons in the EC of young Tg2576
mice

Fig. 2. Impaired object placement (OP) performance in young Tg2576 mice. (A) A
schematic representation of the behavioral procedure is shown. (A1) During an initial
training session (Train) animals were placed in a cage containing 2 identical objects at
one end of the cage. After 5 minutes they were returned to their home cage for 1 hour.
(A2) A schematic representation of a test session (Test) is shown. One object was
moved (demarcated with a 5-pointed star) to the opposite end of the cage. After
5 minutes the mouse was removed. (B) Performance during Train and Test sessions is
shown for wild type (WT, black) and Tg2576 (Tg, white) mice. During the Train session
there were no differences in the percent of time spent exploring each object. However,
during the Test session, WT animals explored the moved object more than the object in
the familiar position (black bars with asterisks) but Tg2576 mice did not. In this and all
subsequent ﬁgures, sample sizes are above the bars. *** p < 0.001.

The same animals that were used for anatomical studies were
used to examine myelin stain. As shown in Fig. 5, there were cells
in the EC and frontal cortex of young Tg2576 mice that were
densely labeled by the myelin stain (Fig. 5B and D) despite the lack
of myelin stain in other areas of the section. Within the EC, the
myelin-stained cells were primarily in the superﬁcial layers
(Fig. 5B). The locations within the superﬁcial layers in which the
myelin-stained cells were present corresponded to areas where
there was weak NeuN-ir in adjacent sections (Fig. 5). Of the 12
Tg2576 mice, 9 mice exhibited myelin uptake (92%). Of the 10 WT
mice, 2 animals exhibited myelin uptake in EC cells (20%), which
was signiﬁcantly different from Tg2576 mice (9/12 vs. 2/10; Fisher
exact test, p ¼ 0.030).
To determine the type of cell labeled by myelin stain, we
examined 1-mm-thick toluidine blue-stained ultrathin sections in a
subset of Tg2576 mice (n ¼ 4; Fig. 5E). The only cells that appeared
to be abnormal were neurons; they were densely stained with toluidine blue and typically had an invaginated nucleus and cytoplasmic vacuoles (Fig. 5E).
3.5. Repetitive ﬁeld potentials in the EC of Tg2576 mice

signiﬁcant age difference between WT (3.1  0.1 months, n ¼ 10)
and Tg2576 mice (3.2  0.05, n ¼ 12 months; Student t test, p ¼
0.575).
Areas of weak NeuN-ir were observed in Tg2576 mice in the
EC, especially in superﬁcial layers (Fig. 3). When NeuN labeling
was weak, cells were either very lightly labeled with the NeuN

The data described previously suggested that there were
anatomical abnormalities in the EC of Tg2576 mice. To examine
whether physiological abnormalities also were present, we used
slices containing the EC. The average age of all mice used for these
experiments was 2.7  0.1 months (range 1.4e3.8 months, n ¼ 35).
There was no signiﬁcant age difference between WT (2.7 
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Fig. 3. Weak immunoreactivity (ir) for the neuronal nuclear antigen NeuN in the EC, retrosplenial cortex (RSC), and prefrontal cortex (PFC) of Tg2576 mice. (A1) A horizontal section
containing the EC from a WT mouse, labeled using an antibody to NeuN illustrates normal NeuN-ir. The area of the lateral EC (LEC) indicated by the bracket is expanded in A2. (A2)
Neurons with normal NeuN-ir (arrows) have neuronal nuclei that are densely stained and lighter cytoplasmic labeling is also present. (B1) A NeuN-labeled horizontal section at a
similar dorsoventral level to the one shown in A1 demonstrates weak NeuN-ir in the superﬁcial layers of part of the LEC of a Tg2576 mouse. The area of weak NeuN-ir that is
expanded in B2 is indicated by a bracket. (B2) Part of layer II/III of the LEC (indicated by the bracket in B1) is shown at higher magniﬁcation. Many cells show no NeuN-ir or weak
NeuN-ir (arrowheads), whereas other cells have normal NeuN-ir (arrows). (C1) A coronal section from the PFC of a WT mouse shows normal NeuN-ir. An asterisk demarks a blood
vessel. (C2) A coronal section from a WT mouse shows normal NeuN labeling in the hippocampal formation and RSC. (D1) A NeuN-labeled coronal section at a similar rostrocaudal
level to the one in C1 shows weak NeuN-ir, primarily in the superﬁcial layers of the PFC (arrowhead) of a Tg2576 mouse. (D2) A NeuN-labeled coronal section at a similar rostrocaudal level to the one in C2 shows weak NeuN-ir in the superﬁcial layers of the RSC (arrowhead). Calibration in A1 (500 mm) is for all images except A2 and B2. Calibration in A2
(50 mm) is for A2 and B2. Abbreviations: A, anterior; CA1, area CA1D; D, dorsal; DG, dentate gyrus; EC, entorhinal cortex; M, medial; MEC, medial EC; NeuN, neuronal nuclear
antigen; WT, wild type.

0.2 months, n ¼ 16) and Tg2576 mice (2.7  0.2 months, n ¼ 19;
Student t test, p ¼ 0.995).
As shown in Fig. 6C, the initial portion (0e10 msec) of the
evoked responses to white matter stimulation in WT mice had
similar components as the normal adult rat or mouse, as previously
described (Croll et al., 1999; Scharfman, 1996), consistent with
similar circuitry in rats and mice (Moser et al., 2010; van Groen
et al., 2003). Thus, stimulation of the underlying white matter led
to a large antidromic population spike using a recording site in deep
layers (Fig. 6A). Afterward, that is, with a greater delay following the
stimulus, there was a smaller fEPSP in the superﬁcial layers (Fig. 6B
and C).
In contrast to WT mice, there were repetitive ﬁeld potentials
evoked by a pair of stimuli in the Tg2576 mice (Fig. 6C), suggesting that
there was hyperexcitability. Measurements of the area corresponding
to the repetitive potentials as shown in Fig. 6B conﬁrmed that there
was a greater area in Tg2576 mice. In fact, WT mice had almost no
detectable area, suggesting normal excitability (WT area: 0.11 
0.04 mV*ms, n ¼ 11; Tg2576 area: 1.13  0.26, n ¼ 12; Student t test, p ¼
0.002). Tg2576 mice also exhibited a greater area when the responses
to the second stimulus of a pair were compared (WT area: 0.20 
0.07 mV*ms; Tg2576 area: 1.48  0.3 mV*ms; Student t test, p < 0.001).
When measurements were made of the fEPSP recorded in layer
III in response to single stimuli (Figs. 6, 7), there was a longer latency in Tg2576 mice compared with WT (WT: 1.66  0.10 msec,
n ¼ 17; Tg2576: 2.56  0.21 msec, n ¼ 27; Student t test, p ¼ 0.002).
The latency to the peak of the antidromic population spike, recorded in layer VI, was also longer in Tg2576 mice compared with WT
(WT: 0.67  0.04 msec, n ¼ 17; Tg2576: 0.83  0.36; Student t test,
p ¼ 0.002; Fig. 7). There did not appear to be any difference in the
stimulus strength needed to evoke a large antidromic population
spike (7 mV; WT: 40.94  3.23 msec; Tg2576: 39.17  3.36 msec;
Student t test, p ¼ 0.706), suggesting speciﬁcity of the latency effect.

3.6. Greater effect of ACSF containing 0 mM Mg2þ in Tg2576
compared with WT mice
The repetitive ﬁeld potentials evoked by a single stimulus in
Tg2576 mice were similar to previous recordings in the EC in
response to manipulations that produce epileptiform discharges in
the EC (Heinemann et al., 2000; Lucke et al., 1995; Nagao et al.,
1996; Scharfman and Ofer, 1997) such as a low concentrations of
extracellular magnesium ([Mg2þ]o), which is typically attributed to
the removal of the Mg2þ-dependent block of the N-methyl-Dasparate (NMDA) receptor (Heinemann et al., 2000; Jones and
Lambert, 1990). Therefore, we examined the EC after adding ACSF
containing 0 mM Mg2þ.
We predicted that the EC of Tg2576 mice would be more susceptible to seizure activity because single stimuli evoked repetitive
responses in Tg2576 mice even under normal conditions. In addition, hAPP mice are susceptible to seizures (Minkeviciene et al.,
2009; Noebels, 2011; Palop et al., 2007; Scharfman, 2012). The results supported this hypothesis.
In these experiments, evoked responses to white matter stimuli
were recorded 20e40 minutes after the normal ACSF containing
2 mM Mg2þ was replaced with ACSF containing 0 mM Mg2þ. The
stimulus strength that was used was chosen so that it elicited a
large amplitude (7 mV) antidromic population spike in layer VI. A
large spike was chosen based on the assumption that the EC circuitry would be activated in a robust manner if deep layer neurons
were activated strongly.
After 20 minutes exposure to 0 mM Mg2þ ACSF, there was a very
large effect in the Tg2576 mice compared with WT mice (Fig. 8B).
The area of the ﬁeld potential corresponding to repetitive potentials
was quantiﬁed as shown in Fig. 6B. A 2-way ANOVA with genotype
and condition (pre or post 0 mM Mg2þ) as factors showed that there
was a signiﬁcant effect of genotype (F1,42 ¼ 22.78, p < 0.0001) and
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Fig. 4. Quantiﬁcation of NeuN-ir in Tg2576 mice. (A1) Schematic illustrations of coronal sections adapted from Paxinos and Watson (2007). (A2) NeuN-ir in the forebrain of a WT
mouse. All sections from the WT animal used for Fig. 3 were merged to create a 3-D image. Orientation is indicated by the axes shown above A2. Areas of robust NeuN-ir are shown
in gray. Areas of NeuN-ir that did not meet a threshold intensity (see Section 2) are considered areas of weak expression and are shown in color (pink color represents EC and
adjacent areas and blue color represents RSC þ PFC). (A3) NeuN-ir in the forebrain of the Tg2576 mouse. (B1) Schematic illustrations of horizontal sections adapted from Paxinos and
Watson (2007). (B2) NeuN-ir in the forebrain of a WT mouse. Orientation is indicated by the axes shown above B3. (B3) NeuN-ir in the forebrain of the Tg2576 mouse. Calibration in
A2 (1 mm) is for A2, A3, B2 and B3. (C) The percentage of NeuN-ir that did not meet threshold intensity is shown for WT (black bars) and Tg2576 mice (white bars). Differences
between genotypes were signiﬁcant for the total and also the regions (EC and RSC þ PFC). ** p < 0.005. Abbreviations: D, dorsal; EC, entorhinal cortex; M, medial; NeuN, neuronal
nuclear antigen; P, posterior; PFC, prefrontal cortex; RSC, retrosplenial cortex; WT, wild type.

an interaction of factors (F1,42 ¼ 6.71, p ¼ 0.013) with the Tg2576
mice showing the greater area (post hoc analysis for genotype, p <
0.0001; Fig. 8B). These results indicate that decreasing [Mg2þ]o had
a greater effect in Tg2576 mice. The same result was obtained when
the response to the second stimulus of a pair was analyzed (genotype: F1,42 ¼ 21.23, p < 0.001; genotype  condition: F1,42 ¼ 5.78,
p ¼ 0.008; post hoc analysis for genotype, p < 0.0001).

To determine the part of the EC circuitry that might be
responsible for the repetitive ﬁeld potentials in Tg2576 mice,
sequential recordings were made in each layer of the EC (see Section 2). CSD analysis showed that sinks corresponding to the repetitive potentials were primarily located in deep layer III (Fig. 8B),
implicating synapses in that layer. Therefore, we recorded in layer
III throughout the experiment, so that the recording position would
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Fig. 5. Weak NeuN-ir corresponds to areas of abnormal myelin staining in the EC and PFC of Tg2576 mice. (A1) A horizontal section from a WT mouse showing NeuN-ir in the EC.
(A2 and A3) An adjacent section stained for myelin. The area marked by a bracket in A2 is shown at higher power in A3. Arrows point to normal staining of myelinated ﬁbers. (B1) A
section from a Tg2576 mouse at a similar dorsoventral level to A demonstrates weak NeuN-ir (arrowhead) in the superﬁcial layers of a part of the EC. (B2) An adjacent section
stained for myelin shows a patch of dark myelin stain in the area where there was weak NeuN-ir. The area, marked with a bracket, is shown at higher power in B3. (B3) Myelinstained cells are marked by arrowheads. (C1) The PFC is shown in a coronal section from a WT mouse, labeled using an antibody to NeuN. (C2) An adjacent section stained for myelin
is shown. (C3) Myelinated ﬁbers are stained (arrow). Blood vessels are marked by asterisks. The area marked with a bracket is shown at higher power in C3. (D1) A coronal section
from a Tg2576 mouse at a similar dorsoventral level to the one shown in C demonstrates weak NeuN-ir (arrowhead), primarily in the superﬁcial layers. (D2) An adjacent section
stained for myelin shows that there is myelin stain in the location corresponding to weak NeuN-ir (arrowhead). The area marked with a bracket is shown at higher power in D3. (D3)
Cells stained with myelin are labeled by arrowheads. (E1) A toluidine blue-stained semi-thin section from a WT mouse is shown, illustrating normal staining. Arrows point to
somata. (E2) A toluidine blue-stained semi-thin section from a Tg2576 mouse, adjacent to a section with weak NeuN-ir. Arrowheads point to cells with abnormal morphology.
Calibration in A2 (500 mm) is for all images except A3eD3 and E1 andE2. Calibration in A3 (100 mm) is for A3eD3. Calibration in E1 (50 mm) is for E1 and E2. Abbreviations: EC,
entorhinal cortex; NeuN, neuronal nuclear antigen; PFC, prefrontal cortex; WT, wild type.

be in the location of the sink for the entire experiment. Different
mice were used for these experiments (n ¼ 15). The results were the
same when the ﬁrst stimulus was examined; there was a signiﬁcant
effect of genotype (F1,26 ¼ 36.46, p < 0.0001), genotype  condition
interaction (F1,26 ¼ 5.01, p ¼ 0.034), and post hoc analysis for genotype showed the greatest effect in Tg2576 mice (p < 0.0001;
Fig. 8B). The results were also the same for the response to the
second stimulus of each pair (genotype, F1,26 ¼ 34.10, p < 0.0001;

genotype  condition, F1,26 ¼ 6.45, p ¼ 0.016; post hoc analysis for
genotype, p < 0.0001). Therefore, in EC slices, layer III of Tg2576
mice showed greater hyperexcitability after exposure to 0 Mg2þ
ACSF than WT mice.
We also measured the latency between the onset of exposure to
0 Mg2þ ACSF and the time when fEPSPs in layer III increased. For this
measurement, the number of consecutive fEPSPs evoked by a single
stimulus was monitored. In slices of WT mice, which normally
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Fig. 6. Laminar analysis of ﬁeld potential recordings in the EC. (A) Left: a diagram of the EC and hippocampus in a horizontal section illustrates the stimulation site (stim is
represented by large black circle) and typical sites used to record (smaller black circles). The stimulation site was in the angular bundle (AB) on the border of layer VI of the most
medial part of the MEC. Recordings for current source density (CSD) analysis were made along an axis perpendicular to the white matter from layer VI to the pia. Not all recording
sites are shown. (A1) A schematic diagram of the layers of the EC in a WT mouse showing the location of cells and the inputs to deep and superﬁcial layers. (A2) A schematic diagram
illustrates abnormalities in a young Tg2576 mouse. Pyknotic neurons are present in superﬁcial layers and a defect related to axons is schematically depicted in deep layer neurons,
reﬂecting slower latencies of antidromic population spikes (see Fig. 7). (B1) A representative ﬁeld potential recorded from layer III of a Tg2576 mouse. In this and subsequent ﬁgures,
the black dot marks the stimulus and the stimulus artifact is truncated. A horizontal blue line is used to mark the baseline potential (0 mV). A vertical blue line at 6 msec represents
the point where area under the curve (AUC) measurement began. This time point was selected to avoid the early components of the evoked response, which did not reﬂect hyperexcitability and were typically over by 6 msec. The area used for measurements is shown in red. (B2) AUC was measured for responses to paired stimuli (100 msec interval). The
AUC of both the ﬁrst and second response were signiﬁcantly different in Tg2576 versus WT mice. (C1) Left: for a slice of a WT mouse, representative ﬁeld potentials are shown.
Responses were elicited by a ﬁxed stimulus eliciting a 7 mV antidromic population spike in layer VI and were recorded sequentially in 7 locations spanning the layers of the EC.
Right: corresponding CSD. (C2) Left: for a slice of a Tg2576 mouse, repetitive potentials (arrowheads) are shown. The stimulus was similar to the one used for the WT recordings.
Right: corresponding CSD. Sinks (red) were located in layers IIIeVI (arrowheads). Calibration for CSD: þ0.3 (sink) to 0.3 (source) mV/mm2. ** p < 0.005, *** p < 0.001. Abbreviations: EC, entorhinal cortex; MEC, medial EC; WT, wild type.

exhibited only 1 fEPSP/stimulus, the latency was measured to the
time when 2 fEPSPs occurred in succession. In Tg2576 mice, which
could exhibit >1 consecutive fEPSP/stimulus before 0 mM Mg2þ
ACSF, the latency was measured to the time when an additional
fEPSP was elicited. The latency was shorter in Tg2576 mice (WT: 44 
3 minutes, n ¼ 11; Tg2576: 16  3 minutes, n ¼ 12; Student t test, p <
0.001; Fig. 8B). However, there was no difference in the latency to
onset of spontaneous epileptiform activity in layer III (WT: 54 
4 minutes; Tg2576: 54  7 minutes; Student t test, p ¼ 0.254; Fig. 8B).
4. Discussion
The results demonstrate that abnormalities develop in the EC of
Tg2576 mice at extremely early ages using assays that are sensitive
to EC impairments such as OP, NeuN expression, myelin uptake, and
recordings from the EC in slices. Thus, young Tg2576 mice had
impaired OP, weak EC NeuN-ir, EC cells showed myelin uptake, and
evoked responses in the EC exhibited abnormal excitability. The
alterations in the EC developed when human Ab40 and Ab42 were
detected but before Ab plaque pathology.
These observations suggest that one of the earliest areas of the
brain to become impaired in the Tg2576 mouse is the EC,

reminiscent of human AD. These studies are important because
they provide validation for the mouse model; that is, the Tg2576
mouse EC resembles the EC in human AD in having early impairments, which was not previously clear. These similarities make the
Tg2576 mouse possible to use to clarify mechanisms of EC vulnerability that could be relevant to clinical AD. Another implication is
that AD may begin earlier than previously considered, an idea that
has been proposed before (Balietti et al., 2013; Francis et al., 2012;
Jacobsen et al., 2006; Reiman et al., 2012).
The results also showed that additional brain regions were
affected. These areas, the RSC and PFC, are interesting in light of the
evidence that they are affected clinically in AD also (DeKosky and
Scheff, 1990; Hof et al., 1990; Minoshima et al., 1997; Nestor et al.,
2003).
4.1. Human Ab40 and Ab42 in Tg2576 mice at 2 months of age
Previous studies have shown that levels of human Ab40 and
Ab42 in whole brain homogenates are detectable at 2 months of age
and increase signiﬁcantly between 7 and 12 months of age in
Tg2576 mice (Holcomb et al., 1998; Jacobsen et al., 2006). Here, we
show that human Ab40 and Ab42 levels are detected at 2 months of
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Fig. 7. Analysis of orthodromic and antidromic responses in layers III and VI of the EC. (A) Left: a diagram of the stimulation (STIM) and recording sites (layer III and layer VI) similar
to Fig. 6A. Right: representative ﬁeld potentials demonstrating the measurements used for latency in part C. Measurements were made from the middle of the stimulus artifact to
the point of greatest amplitude in the orthodromic response recorded in layer III (C1) and antidromic population spike recorded in layer VI (C2). (B1 and B2) Representative ﬁeld
potentials from a WT (black line) and Tg2576 mouse (red line), in layer III (B1) and layer VI (B2). (C1 and C2) Bar graphs show the latency to the layer III orthodromic (C1) and
layer VI antidromic (C2) response. WT is represented by black bars and Tg2576 is represented by white bars. The ﬁeld potentials were signiﬁcantly longer in latency in Tg2576 mice.
** p < 0.005. Abbreviation: EC, entorhinal cortex.

age in subregions rather than the whole brain. We did not detect
signiﬁcant differences between the regions that we examined. The
data are consistent with the idea that Ab40 and Ab42 contribute to
impairments in mouse models of AD before Ab plaque is detected
(Balietti et al., 2013; Jacobsen et al., 2006; Palop et al., 2007; Wesson
et al., 2010; Wykes et al., 2012). Our results show the average
regional percentage of Ab42 (Ab42/totalAb ¼ 12.35%  0.66%) was
similar to the data from whole brain homogenates in 2-month-old
Tg2576 mice (Jacobsen et al., 2006). The results suggest that by
2 months of age most areas of the Tg2576 mouse brain have
detectable Ab, and the abnormalities in the EC are not necessarily
because of a rise in Ab in the EC speciﬁcally.
4.2. Early behavioral deﬁcits exist in Tg2576 mice
In previous studies, it has been suggested that Tg2576 mice
exhibited deﬁcits in tests of spatial memory after 6 months of age
(Hsiao et al., 1996; King et al., 1999; Westerman et al., 2002), when
Ab plaque becomes prominent (Hsiao et al., 1996; Lee and Han,
2013). Our results suggest that when a task of spatial memory is
used that is dependent on the EC, such as OP, impairments can be
detected earlier. These data are consistent with studies showing
that object recognition (OR), also dependent on the EC in part, is
impaired relatively early (2 months) in the TgCRND8 mouse, where

Ab deposition occurs earlier (3 months) than the Tg2576 mouse
(Francis et al., 2012).
We cannot be sure that the behavioral impairments were
dependent entirely on defects in the EC. One reason is that the task
does not only depend on the EC. There is likely to be a requirement
for the olfactory bulb, which is relevant because there are impairments very early in life in olfactory bulb circuitry in Tg2576 mice
(Cao et al., 2012). These early defects in the olfactory bulb could
directly inﬂuence behavior and also exert an indirect inﬂuence
because the olfactory bulb is a major input to the EC (Burwell and
Amaral, 1998; Canto et al., 2008; Luskin and Price, 1983; Room
et al., 1984; Wouterlood and Nederlof, 1983). Furthermore, the inputs from the olfactory bulb terminate in the superﬁcial layers of
the EC (Burwell and Amaral, 1998; Luskin and Price, 1983), the
layers where we saw the greatest NeuN and myelin abnormalities.
Regardless, the results have the intriguing clinical implication that
tasks like OP or OR (Francis et al., 2012) could be early cognitive
tasks that identify patients who will develop AD (Hort et al., 2007;
Iachini et al., 2009; Kessels et al., 2010).
4.3. Weak NeuN-ir and myelin uptake at early ages in Tg2576 mice
Weak NeuN-ir has been observed in rodents after diverse types
of insults or injuries (Buckingham et al., 2008; Duffy et al., 2011;
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Fig. 8. Laminar analysis of ﬁeld potential recordings in the EC with nominal 0 mM [Mg2þ]o in the artiﬁcial cerebrospinal ﬂuid (ACSF; 0 Mg2þ ACSF). (A1 and A2) Representative ﬁeld
potentials (left) and CSD analysis (right) from a WT (A1) and Tg2576 mouse (A2), 20e40 minutes after exposure to 0 Mg2þ ACSF. Calibration: þ0.3 to 0.3 mV/mm2. Recordings were
made using a stimulus that evoked a 7 mV antidromic population spike in layer VI. Repetitive activity in layer III corresponds to long latency current sinks in the CSD (right; black
arrowhead). (B1) AUC of responses recorded in layers III of WT (black bars) and Tg2576 mice (white bars) 20 minutes after exposure to 0 Mg2þ ACSF. Tg2576 mice had greater area.
(B2) A bar graph of the latency to evoked and spontaneous epileptiform activity in slices from WT (black bars) and Tg2576 mice (white bars) after changing normal ACSF to 0 Mg2þ
ACSF. Tg2576 mice had a shorter latency to evoked epileptiform activity, but there was no signiﬁcant difference in the latency to spontaneous epileptiform activity. *** p < 0.001.
Abbreviations: AUC, area under the curve; CSD, current source density; EC, entorhinal cortex.

Kadriu et al., 2009; Matsuda et al., 2009; McPhail et al., 2004;
Portiansky et al., 2006; Unal-Cevik et al., 2004; Won et al., 2009;
Wu et al., 2010). The mechanism that causes reduced NeuN-ir
appears to be phosphorylation of NeuN (Lind et al., 2005). In neurons with weak NeuN-ir, it has been suggested that oxidative stress
plays a role, because of an increase in superoxide dismutase
(Matsuda et al., 2009), and another study suggests there is an increase in an enzyme that catalyzes the production of reactive oxygen species (Won et al., 2009).
The idea that some kind of injury develops in neurons of the
Tg2576 mouse with weak NeuN-ir is consistent with the demonstration that there are signs of oxidative and mitochondrial damage
early in AD, before widespread accumulation of Ab plaques (Gibson
et al., 2010; Keller et al., 2005; Leuner et al., 2007; Mancuso et al.,
2010; Swerdlow and Khan, 2004; Young and Bennett, 2010). In
the EC speciﬁcally, it has been shown that the a-subunit of mitochondrial adenosine triphosphate-synthase is damaged before
clinical signs of AD (Terni et al., 2010). In studies of the PFC, increases in markers of oxidative stress have been correlated with an
increase in severity of AD symptoms (Ansari and Scheff, 2010;
Korolainen et al., 2006). In the RSC, a decrease in mitochondrial
activity was observed in patients with a genetic risk of AD, before
there were any symptoms of AD (Valla et al., 2001, 2010). Increased
Ab levels could play a role because Ab42 induces oxidative stress in
neuronal cell cultures (De Felice et al., 2007; Figueiredo et al., 2013).
However, it has also been suggested that Ab42 has antioxidant effects at low concentrations (Butterﬁeld, 2002; Butterﬁeld and Bush,
2004; Greenough et al., 2013; Hensley et al., 1994; Sutherland et al.,
2013).
It is not known why the EC, RSC, and PFC are more vulnerable
than other regions in AD, but one suggestion is that these areas
have a high metabolic rate (Hevner and Wong-Riley, 1992; Hevner
et al., 1995; Mutisya et al., 1994). Another suggestion is that the
neurons in the EC in AD are vulnerable to loss of neurotrophic
support which occurs in AD (Connor et al., 1997; Duffy et al., 2011;
Nagahara et al., 2009; Peng et al., 2005; Phillips et al., 1991;
Scharfman and Chao, 2013). A loss of neurotrophic support could
play a role in the reduction in NeuN-ir because a transgenic mouse
with a reduction in a critical protein in neurotrophin signaling,
ankyrin rich membrane spanning protein (ARMS/Kiddins2)
exhibited weak NeuN-ir in the EC (Duffy et al., 2011; Scharfman and
Chao, 2013). Interestingly, the ARMSþ/ mouse had a reduction in

NeuN preferentially in the EC, RSC, and PFC (Duffy et al., 2011) like
the EC, RSC, and PFC of the Tg2576 mouse (Fig. 3).
Myelin staining of cells in the EC is interesting in light of observations made in the cortex of mice where myelin-stained cells were
observed following severe continuous seizures (status epilepticus;
Carpentier et al., 2012). This ﬁnding raises the possibility that
increased neuronal activity causes myelin uptake. If so, the hyperexcitability we detected in EC slices could be related to the myelin
uptake we found. However, the hyperexcitability in EC slices that we
recorded was much weaker neuronal activity than status epilepticus.
4.4. Increased excitability in the EC of young Tg2576 mice
There are many potential factors that could contribute to
increased excitability in the EC of young Tg2576 mice, before
widespread Ab deposition. Ab may play a role because adding
synthetic Ab to hippocampal slices increases fEPSP slope in responses to electrical stimulation in area CA1 (Puzzo et al., 2008).
APP may also play a role because APP has been shown to increase
NMDA surface expression (Cousins et al., 2009; Hoe et al., 2009).
This effect is particularly interesting because it could explain the
increased sensitivity of the EC of young Tg2576 mice to 0 mM Mg2þ
ACSF.
Also, there is evidence of increased caspase-3 activity in
cholinergic neurons in the pedunculopontine tegmentum at only
2 months of age in Tg2576 mice (Zhang et al., 2005). The pedunculopontine tegmentum projects to the EC, via the basal forebrain,
and the EC receives strong cholinergic input (Mesulam et al., 1983;
Newman et al., 2012; Rye et al., 1987). Dysfunction of cholinergic
input to the EC could lead to alteration in ﬁring properties of EC
neurons because in 4-month-old Tg2576 mice, there was impaired
spike frequency adaptation (Marcantoni et al., 2013), which normally is supported by Kv7 potassium channels/M current; M current is mediated by muscarinic receptor activation. Weak spike
frequency adaptation in EC principal neurons because of cholinergic
dysfunction and impaired M current would be likely to increase
ﬁring, contributing to increased excitability.
4.5. Increased latency to evoked responses in the EC of Tg2576 mice
In slices from the EC of Tg2576 mice we observed a longer latency in evoked responses. This observation could be because of
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abnormalities in sodium channels and axonal conduction because
the longer latency was observed in an antidromic potential, not
requiring synaptic transmission. Because the stimulus intensity
that was required to elicit a ﬁxed amplitude, large (7 mV) antidromic spike was not inﬂuenced by genotype, sodium channel
defects seem less likely to explain the result than a defect of another
kind related to axonal structure and function. This idea is consistent
with previous ﬁndings in mouse models of AD neuropathology
showing defects in myelin and axonal function (e.g., transport,
Bartzokis, 2004; Stokin and Goldstein, 2006; Sun et al., 2005).
However, internalization or other defects in sodium channels have
been shown (Corbett et al., 2013; Scharfman, 2012; Verret et al.,
2012). Notably, we cannot exclude the possibility that longer
latencies and other impairments in Tg2576 mice were because of
neurodevelopmental abnormalities caused by effects of overexpressed mutant hAPP on development. Indeed, abnormal wiring in
the olfactory bulb has been observed in Tg2576 mice as early as
postnatal day 10 (Cao et al., 2012).
4.6. Implications
Characterizing the early changes in AD can potentially lead to
better opportunities for intervention by targeting the most sensitive and the earliest aspects of the disease. In addition, treatment
early in AD, when extensive pathology has not yet developed, may
be most effective. Our results support the hypothesis that one of the
locations that is affected ﬁrst is the EC, making it an important area
to target.
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