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Abstract

Amyloid-3 protein (Af) is thought to play a central pathogenic role in Alzheimer’s disease. AB can impair synaptic transmission, but
little is known about the effects of Af on intrinsic cellular properties. Here we compared the cellular properties of CA1 hippocampal
pyramidal neurons in acute slices from preplaque transgenic (Tg+) CRNDS mice and wild-type (Tg—) littermates. CA1 pyramidal neurons
from Tg+ mice had narrower action potentials with faster decays than neurons from Tg— littermates. Action potential-evoked intracellular
Ca™" transients in the apical dendrite were smaller in Tg+ than in Tg— neurons. Resting calcium concentration was higher in Tg+ than
in Tg— neurons. The difference in action potential waveform was eliminated by low concentrations of tetraethylammonium ions and of
4-aminopyridine, implicating a fast delayed-rectifier potassium current. Consistent with this suggestion, there was a small increase in
immunoreactivity for Kv3.1b in stratum radiatum in Tg+ mice. These changes in intrinsic properties may affect information flow through
the hippocampus and contribute to the behavioral deficits observed in mouse models and patients with early-stage Alzheimer’s disease.
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1. Introduction

The brains of patients with Alzheimer’s disease (AD)
contain elevated levels of 3-amyloid protein (Af3; Masters;
et al., 1985). AB is a peptide of 38—43 amino acids, which
is liberated by sequential cleavage of amyloid precursor
protein (APP). A peptides can be neuropathogenic and
aggregate to form senile plaques, a hallmark of postmortem
AD brains (Hardy, 2006). The discovery that AB can be
neurotoxic led to the amyloid hypothesis, which proposes
that AB-induced cellular dysfunction and, eventually, cell
death is central to AD (Hardy and Selkoe, 2002).
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An improved understanding of the effects of A has
followed the development of transgenic mouse lines over-
expressing human APP genes with mutations identified
from patients with familial AD. In many of these mouse
lines, A3 accumulation causes synaptic dysfunction, learn-
ing deficits, and plaque deposition. This progression mirrors
AD in humans, where the early stages are often termed
“mild cognitive impairment” and are characterized by subtle
cognitive dysfunction in the absence of neuronal loss.
Hence APP overexpressing mice are a good model in which
to investigate the early effects of chronic AS exposure in
which a functional deficit, rather than a loss of neurons,
underlies cognitive dysfunction.

As in AD, one of the first regions of the brain to show
elevated levels of AB in many of these mouse lines is the
hippocampus, which is central to memory formation and
essential for many forms of learning. Within hippocampus
the principal excitatory cell type is the pyramidal neuron,
and synaptic transmission between pyramidal neurons in
CA3 and CALl regions of the hippocampus has been exten-
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sively studied in APP overexpressing mice (Palop and
Mucke, 2010; Small et al., 2001). Many authors have re-
ported deficits in long-term potentiation (LTP) and long-
term depression (LTD) in the CA3—CA1 pathway in APP
overexpressing mice (e.g., Brown et al., 2005; Chapman et
al., 1999; Dewachter et al., 2007; Jacobsen et al., 2006;
Jolas et al., 2002; Knobloch et al., 2007). LTP and long-
term depression are changes in the strength of synaptic
connections that are often considered to be electrophysio-
logical correlates of learning and memory. Many of these
effects occur before plaque formation (e.g., Hsia et al,,
1999; Jolas et al., 2002; Larson et al., 1999). A3 can also
exert rapid effects on synaptic plasticity when applied to
tissue from wild-type mice (Kim et al., 2001; Li et al., 2009;
Nomura et al., 2005; Shankar et al., 2008; Townsend et al.,
2006; Walsh et al., 2002; Wang et al., 2002, 2004; although
see Raymond et al., 2003). Hence recent research has em-
phasized the adverse effects of AB on synapses, rather than
direct effects on the intrinsic properties of neurons: their ion
channels and membrane physiology.

Here we describe the changes in the intrinsic cellular
function of CA1 pyramidal neurons in the CRND8 mouse
model of APP overexpression. CRNDS mice carry a dou-
ble human APP mutation (KM670/671NL “Swedish” and
V717F “Indiana”) and overexpress APP, resulting in A
accumulation (Chishti et al., 2001). Plaque deposition first
occurs at 2-3 months of age in CRNDS8 mice, becomes
pronounced only after ~6 months of age, and plaque load
increases rapidly thereafter (Chishti et al., 2001; Hyde et al.,
2005; Jolas et al., 2002). CRNDS8 mice demonstrate cogni-
tive impairments that initially precede plaque deposition
(e.g., Ambrée et al., 2006) and progress with age. Changes
in synaptic transmission also begin in CRNDS8 mice before
plaque formation, with basal synaptic transmission being
depressed at 6-9 weeks of age (Ye et al., 2010) and LTP
being enhanced in both pre- and postplaque mice (Jolas et
al., 2002). To identify the earliest, preplaque effects of Af,
we therefore studied CA1 pyramidal neurons in acute slices
from 1-week to 4-month-old CRND8 mice.

We measured a large number of intrinsic cellular param-
eters in CA1 hippocampal pyramidal neurons, using elec-
trophysiological and imaging techniques and comparing the
properties of young adult transgenic (Tg)+ mice and age-
matched wild-type littermates. We found changes in intrin-
sic cellular properties that precede synaptic dysfunction.
Our results suggest that AS affects both intrinsic cellular
properties and, subsequently, synaptic dysfunction and that
these effects combine to shape the network and behavioral
deficits observed in CRNDS8 mice and perhaps in AD.

2. Methods

All experiments and procedures were approved by the
Northwestern University Institutional Animal Care and Use
Committee (IACUC).

2.1. CRNDS mice

A colony of CRNDS8 mice was established from founders
provided by the University of Toronto. Mice were bred and
genotyped as in previous publications (Ambrée et al., 2006;
Chauhan et al., 2004; Chishti et al., 2001; Hyde et al., 2005;
Jolas et al., 2002), crossing heterozygous male CRNDS§
mice with wild-type B6C3H females, which yields F1 mice
with the transgene and wild-type littermates. The presence
or absence of the transgene was determined by polymerase
chain reaction (PCR) analysis of genomic DNA from tail
clips, using primers for the APP Swedish (K670M/N671L)
and Indiana (V717F) transgenes. All recordings were from
male mice. Where possible, recordings were obtained from
Tg+ and Tg— littermates and recording and analysis were
performed blind to the genotype of the animal.

2.2. Acute slice preparation

Mice were deeply anesthetized with ketamine/xylazine
(intraperitoneally) and transcardially perfused with cold
(4 °C) modified artificial cerebrospinal fluid (ACSF) con-
taining high sucrose and low sodium (in mM): 85 NaCl, 2.5
KCl, 1.25 NaH,PO,, 20 NaHCO;, 10 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 25 glucose, 75
sucrose, 0.5 CaCl,, 4 MgCl,, pH 7.3, oxygenated with 95%
0,/5% CO,. The mouse was then decapitated and the brain
rapidly removed into cold sucrose-ACSF. Horizontal hip-
pocampal slices 300 wm thick were prepared using a vi-
brating slicer (Vibratome, St. Louis, MO, USA) and trans-
ferred to a holding chamber containing modified ACSF at
35 °C. After 20 minutes slices were transferred to a holding
chamber containing ACSF at room temperature (in mM):
125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 20 NaHCO;, 5 HEPES,
25 glucose, 2 CaCl,, 1 MgCl,, pH 7.3, oxygenated with
95% 0,/5% CO,. Slices were used for recordings 0.5-4
hours after preparation. For recording, slices were trans-
ferred to the stage of an upright microscope (BX51W,
Olympus, Center Valley, PA, USA) and constantly perfused
with ACSF at 36 = 1 °C. Where appropriate, synaptic trans-
mission was blocked by adding 10 uM 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), 50 uM
DL-2-amino-5-phosphonopentanoic acid (APS), and 10 uM
gabazine (6-imino-3-[4-methoxyphenyl]-1[6H]-pyridazinebu-
tanoic acid hydrobromide) to the ACSF. After recording and
imaging, slices were fixed for histological processing. Slices
were fixed overnight in 4% (wt/vol) paraformaldehyde in
phosphate buffer (PB; 75 mM Na,HPO,, 25 mM NaH,PO,,
pH 7.4).

2.3. Electrophysiology

Somatic whole-cell recordings were obtained under vi-
sual control using infrared difference interference contrast
optics (IR-DIC). Pipettes were 3—6 M{) when filled with
intracellular solution. Current-clamp recordings were ob-
tained with an Axoclamp-2A amplifier (Molecular Devices,
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Sunnyvale, CA) and the following intracellular solution (in
mM): 135 K-gluconate, 4 KCI, 10 HEPES, 4 Mg-adeno-
sine-5’-triphosphate (ATP), 0.3 Na-guanosine-5’-triphos-
phate (GTP), 10 Na,-phosphocreatine, 0.2% (wt/vol) bio-
cytin (pH 7.3, 291-293 mOsm). Voltage-clamp recordings
were obtained with an Axopatch-200B amplifier (Molecular
Devices) and the following intracellular solution (in mM):
110 Cs-methanesulfonate, 10 HEPES, 10 ethylene glycol-
bis(2—aminoethylether)—N,N,N,N—tetraacetic acid (EGTA), 2
Mg-ATP, 0.3 Na-GTP, 10 Na,-phosphocreatine, 10 lido-
caine N-ethyl bromide (QX-314), 5 tetracthylammonium
(TEA) chloride, 5 4-aminopyridine (4-AP), 0.2% (wt/vol)
biocytin (pH 7.3 with CsOH). For voltage-clamp recordings
10 uM gabazine (SR-95531) was added to the ACSF.

Recordings were obtained from pyramidal neurons in the
CAl region of hippocampus. Pyramidal neurons were iden-
tified by the location of their somata in stratum pyramidale,
by their apical dendrites (visible with infrared difference
interference contrast optics and by fluorescence after ob-
taining a recording) and by their characteristic spiking pat-
terns.

Excitatory postsynaptic currents (EPSCs) were evoked
with a 3-5 M() glass pipette, filled with ACSF and placed
in stratum radiatum ~200 wm from the neuron. For paired-
pulse stimulation, the neuron was held at —70 mV. For
miniature EPSCs (mEPSCs), 1 uM tetrodotoxin was added
to the ACSF. mEPSCs were recorded for 10 minutes at a
holding potential of —70 mV. In all voltage-clamp experi-
ments series compensation (~60%) was employed and re-
cordings were discarded if series resistance was greater than
30 MQ or changed by more than 20% during the recording.

Electrophysiological results were acquired at 20—-50 kHz
using National Instruments (Austin, TX) A-to-D boards and
software custom-written in Labview v8.0 by J.W.

2.4. Analysis of electrophysiological results

Electrophysiological results were analyzed offline in Igor
Pro v6.0 (WaveMetrics, Lake Oswego, OR, USA) using
routines written by J.W. Statistical comparisons were made
with GraphPad InStat v3.06, using the Mann-Whitney test
unless otherwise stated.

Electrophysiological parameters were defined and mea-
sured as follows.

2.4.1. Resting input resistance

To measure resistance at the resting membrane potential,
we injected 300 ms hyperpolarizing and depolarizing cur-
rent steps and plot the steady-state voltage change as a
function of injected current (V — I relationship). The resting
input resistance is the slope of the quadratic fit at O current
(Waters and Helmchen, 2006).

2.4.2. Input resistances at —90, —80, —70, and —60 mV
Slopes of the fits to the V — I relationship at each
membrane potential.

2.4.3. Membrane rectification

We describe rectification using the anomalous rectifica-
tion coefficient (C,y), derived from the quadratic fit to the
V — 1 relationship, as defined in Waters and Helmchen
(20006).

2.4.4. Membrane sag

In CAl hippocampal pyramidal neurons subthreshold
currents, particularly I, produce a characteristic time-de-
pendent change in membrane voltage (sag) during hyperpo-
larizing current injections. We measured sag with 300 ms,
500 pA hyperpolarizing current injections, defining the
amount of sag as a steady state/peak voltage ratio: (steady-
state V., — V. J/(peak V, — V...0)-

2.4.5. fAHP

The amplitude of the fast spike after-hyperpolarization
(fAHP), defined as the difference in voltage between action
potential (AP) threshold and the most hyperpolarized value
within 20 ms after the downstroke of the AP crosses the
threshold voltage.

2.4.6. ADP

The fAHP is often followed by an after-spike depolar-
ization (ADP). We measured the peak amplitude of the ADP
(V,, at peak — V_.), the latency (time of peak — time that
AP crossed threshold) and the rate of decay of the ADP
(exponential time constant of decay; exponential fit from
peak of ADP).

2.4.7. Medium/slow AHP

The period of prolonged hyperpolarization after the
ADP. We measured the latency (time from crossing thresh-
old to peak), peak amplitude (relative to AP threshold), the
amplitudes 1 and 3 seconds after AP threshold and 90%
decay time (time from the peak of the after-hyperpolariza-
tion [AHP] to the voltage corresponding to V 10% of
the amplitude of the medium/slow AHP).

rest

2.4.8. Rheobase
Minimum current required to evoke 1 or more APs
during a 300-ms depolarizing current step.

2.4.9. Current threshold for 10 APs
The minimum current required to evoke ten APs during
a 300-ms depolarizing current step.

2.4.10. AP threshold
Voltage at which the first temporal derivative of the
membrane potential exceeded 40 V per second.

2.4.11. AP amplitude
Peak voltage — threshold voltage.

2.4.12. AP half width
Width of AP at half-height.

2.4.13. AP rise time
Time to rise from 10% to 90% of AP amplitude.



1612 R. Wykes et al. / Neurobiology of Aging 33 (2012) 1609-1623

2.4.14. AP decay time
Time to decay from 90% to 10% of AP amplitude.

2.4.15. Paired-pulse ratio

Ratio of peak amplitudes of 2 EPSCs (amplitude of
second EPSC/amplitude of first EPSC). Mean paired-pulse
ratios were calculated in each neuron from at least 20 trials
at each interpulse interval.

2.4.16. AMPA/NMDA ratio

Ratio of the peak EPSC amplitude at holding potentials
of —70 mV to the EPSC amplitude 60 ms poststimulus at
+40 mV. The mean (AMPA/NMDA) ratio was calculated
for each neuron from EPSCs evoked alternatively at —70
and +40 mV for 20-50 trials.

2.4.17. mEPSC analysis

mEPSCs were detected using a routine written in Igor
Pro by J.W., based on the template-matching approach of
Clements and Bekkers (1997). A biexponential template
with a rise time constant of 1.5-2.5 ms and a decay time
constant of 6-12 ms was employed, determined for each
neuron by fitting the mean of ~20 manually-selected EP-
SCs. We employed a detection threshold of —4. We calcu-
lated the mEPSC frequency and median amplitude from a
minimum of 10 minutes of continuous recording.

2.5. Calcium imaging

Intracellular calcium measurements were made using a
2-photon microscope built by J.W. on an Olympus BX51
frame. The specimen was illuminated with 840 nm light
from a Ti: sapphire laser (Chameleon Ultra, Coherent (Santa
Clara, CA, USA), 80 MHz repetition rate; 100—-150 femto-
second pulse width). Excitation light was focused onto the
specimen using a 40X, NA 0.8 water-immersion objective
(Olympus). Emitted light was collected in the epifluores-
cence configuration through a 680 nm dichroic reflector and
an infrared-blocking emission filter (ET700sp-2p, Chroma
Technology) and split into red and green channels using a
second dichroic mirror (T580lpxr, Chroma Technology,
Bellows Falls, VT, USA). Emission filters were a 490-560
bandpass filter and a 590-650 bandpass filter (Chroma
Technology). Fluorescence was detected using photomulti-
plier tubes (R6357, Hamamatsu, Bridgewater, NJ). Scan-
ning and image acquisition was controlled using custom
software written in Labview by J.W.

Neurons were filled via the recording pipette with the high-
affinity calcium indicator Oregon green BAPTA 488-1
(OGB-1; 100 M) and the calcium-insensitive indicator Alexa
594 (both indicators from Invitrogen, Carlsbad, CA, USA) (10
uM). Imaging data were collected only after the amplitude of
the calcium signal was constant during repeated trials, indicat-
ing that the dyes had reached steady-state concentrations (>40
minutes after breaking whole-cell). Calcium transients were
monitored with 500 Hz line scans through the apical dendrite
and the location of each line scan (relative to the soma) was
determined with a calibrated x-y stage. Image analysis was

performed using routines written by J.W. in Igor Pro (WaveM-
etrics). The fluorescence of each indicator was averaged over
the width of the dendrite and background (from a region of the
line not containing any stained structure) was subtracted.

Intracellular calcium concentration was expressed as a G/R
ratio: fluorescence ratio of OGB-1 (green indicator) and Alexa
594 (both indicators from Invitrogen) (red indicator; Oertner et
al., 2002; Sabatini et al., 2002). This approach has several
advantages over other methods of quantifying calcium concen-
tration, principally that any change in the resting intracellular
calcium concentration is readily apparent as a change in the
resting G/R ratio. In addition, a change in intracellular calcium
concentration will not directly affect measurement of the AP-
evoked calcium transient.

2.6. Thioflavin staining and 6E10 immunohistochemistry

Mice were transcardially perfused with ~30 mL of 0.1
M phosphate-buffered saline (PBS) at pH 7.3 containing
0.7% (wt/vol) heparin, followed by 30 mL of 4% (wt/vol)
paraformaldehyde in PBS (PFA). Brains were removed and
stored overnight in 4% PFA at 4 °C. Coronal sections (75
pum) were cut on a vibratome and washed 3 times in PBS.
For Thioflavin-S (Sigma, St. Louis, MO, USA) staining,
sections were incubated overnight in 1 pug/mL Thioflavin-S
and washed before mounting. For 6e10 immunohistochem-
istry, washed sections were placed in 1% vol/vol Triton
TX-100 (in PBS) for 45 minutes, then 1% (wt/vol) bovine
serum albumin (BSA) and 1% Triton TX-100 (in PBS) for
45 minutes and incubated overnight in 6E10 antibody (1:
400). 6E10 immunofluorescence was visualized with
a goat anti-mouse fluorescein isothiocyanate (FITC) sec-
ondary antibody. Thioflavin and 6E10-stained sections
were mounted in mowiol 4-88 (Sigma) and fluorescence
images were acquired by widefield microscopy.

To quantify Thioflavin-S staining, images were thresh-
olded at twice the median intensity to create discrete
fluorescent puncta. The number of puncta and summed
surface area of puncta were calculated in ImagelJ (rsb.
info.nih.gov/ij).

2.7. Channel immunohistochemistry

Mice were transcardially perfused as described above.
Brains were placed in PFA at 4 °C for 1-2 hours, transferred
to 10% (wt/vol) sucrose in PBS (pH 7.35) for 1 hour and
allowed to sink in 30% sucrose in PBS (pH 7.35). Coronal
sections (50-wm thick) were cut on a freezing microtome.
Sections were rinsed 3 times in PBS, placed in 1% Triton
TX-100 and 1% BSA in PBS for 1-2 hours and incubated
overnight in primary antibody in 1% Triton TX-100 and 1%
BSA in PBS. Antibodies were obtained from the University
of California, Davis/NIH NeuroMab Facility. After 3 rinses
in PBS, sections were incubated for 2 hours in rabbit anti-
mouse secondary antibodies conjugated to Alexa 594 (In-
vitrogen), rinsed and mounted in mowiol (Sigma). Fluores-
cence images were acquired by widefield microscopy.
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The relative intensities of fluorescence staining in stra-
tum pyramidale, stratum radiatum, and stratum oriens were
expressed as a “fluorescence distribution ratio”. For each
section a region of interest was defined that included stra-
tum pyramidale in CAl. The intensity in this region was
measured, as were the intensities in two neighboring regions
of identical size and shape in stratum radiatum and stratum
oriens. From these raw intensities we subtracted back-
ground fluorescence, measured from sections processed
with no primary antibody. We then divided the background-
subtracted intensity in stratum pyramidale by the mean of
the background-subtracted intensities of stratum radiatum
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and stratum oriens to yield the fluorescence distribution
ratio. For each mouse, intensities and distribution ratios
were measured for 3—6 sections and averaged.

3. Results

3.1. Time course of APP expression and plaque
deposition in CRNDS8 mice

Our aim was to determine the earliest changes in CAl
pyramidal neurons in CRND8 mice. Therefore we first
determined the time course of APP expression and plaque
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Fig. 1. 6E10 immunohistochemistry in CRNDS8 mice up to 6 months of age. (A) Example widefield images of 6E10 immunohistochemistry in hippocampi from
transgenic (Tg)+ and Tg— mice up to 6 months of age. Fixed sections 75 wm thick. (B) Hippocampal fluorescence (mean intensity of the entire image) as a function
of age. Each data point is the mean * standard error of the mean (SEM) of 3 regions per section from 12 sections from 2 mice. (C) Two-photon images of stratum
pyramidale in Tg+ and Tg— mice at 2 months of age, including control sections to which no primary (6E10) antibody was applied. (D) Ratio of fluorescence
intensity in stratum pyramidale to that in stratum radiatum. Each data point is the mean * SEM of 3 regions per section from 12 sections from 2 mice.
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Fig. 2. Plaque load quantified with thioflavin fluorescence. (A) Example
widefield images of thioflavin staining showing hippocampi from transgenic
(Tg)— and age-matched Tg+ CRNDS8 mice up to 15 months of age. Fixed
sections 75 um thick. (B) Plaque load as a function of age. Each data point is
the mean * standard error of the mean (SEM) of 4 sections from 2 mice.

formation in CRNDS8 mice. Af3 expression in CRND8 mice
was detected using a monoclonal 6E10 antibody, which
binds to human APP and to residues 1-16 of A, including
oligomeric and deposited forms of AB (Kim et al., 1988,
1990). Mean fluorescence in hippocampus was greater in
Tg+ than in Tg— mice at all ages examined and increased
with age (1-6 months; Fig. 1A and B). In Tg+ mice,
fluorescence was particularly intense in stratum pyramidale,
where 6E10 appeared to stain the cytoplasm in pyramidal
neurons (Fig. 1A-D). To visualize plaques we used Thio-
flavin-S, which binds to amyloid fibrils but not monomers
and gives a distinct spectral shift upon binding (Guntern et
al., 1992; LeVine, 1999). Thioflavin-S fluorescence was
negligible before 2-3 months of age and increased rapidly
after 4-5 months of age (Fig. 2, Supplementary Fig. sl),
consistent with previous reports (Chishti et al., 2001; Hyde
et al., 2005; Jolas et al., 2002). We therefore focused our
subsequent experiments on mice at 1-2 months of age, at
which age APP is expressed in CRNDS8 mice, but there are
no plaques.

3.2. Action potential waveform is narrower in Tg+
CRNDS8 mice from 1 month of age

We obtained whole-cell recordings from CA1 hippocam-
pal pyramidal neurons in acute slices. We measured a large
number of electrophysiological parameters, which together
reflect the overall health of CAl pyramidal neurons, com-
paring neurons in slices from CRNDS8 mice and wild-type
littermates. By examining neurons in young animals, we
aimed to identify which physiological parameters were the
first to be affected in CRND8 mice.

Subthreshold parameters (such as resting membrane po-
tential and input resistance) were similar in neurons from
Tg+ and Tg— mice at 2 months of age (no significant
differences in any parameters; Table 1). However, APs were
narrower in neurons from Tg+ than from Tg— mice: AP
halfwidth and decay time were both ~10% shorter in Tg+
mice (Fig. 3). The spiking pattern, voltage threshold, AP
amplitude, and rise time were similar in Tg+ and Tg— mice
(Fig. 3), suggesting that the difference in AP waveform is
attributable to a change in 1 or more of the currents under-
lying membrane potential repolarization.

Postspike potentials were unaffected (Table 1) and the
difference in AP waveform was preserved during a train of
10 APs. The difference in AP waveform was also observed
in 1-month-old mice, but not in 1-week-old mice (Fig. 3,
Supplementary Table sl and s2, supplementary Fig. S2),
indicating that this effect developed between 1 week and 1
month of age. Hence in CAl pyramidal neurons from
CRDNS mice there is a selective narrowing of the AP
waveform before changes in other electrophysiolgical pa-
rameters and several weeks or perhaps months before the
first plaques form.
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Table 1

Electrophysiolgical characteristics of CA1 pyramidal neurons from 2-month-old CRND8 mice

1615

Tg—

Tg+

Resting membrane potential (mV)
Resting input resistance (M{))
Input resistance at —90 mV (M)
Input resistance at —80 mV (M())
Input resistance at —70 mV (M{))
Input resistance at —60 mV (M)
Anomalous rectification (M{)/nA)
Sag (steady state/peak ratio)
Rheobase (pA)
Current threshold for 10 APs (pA)
fAHP amplitude (mV)
ADP amplitude (mV)
ADP latency (ms)
ADP decay time (ms)
Body weight (g)

—63.8 £ 0.4 (n=59)

124.8 + 3.7 (n=59)
92.4 + 3.8 (n=59)
103.9 = 3.7 (n=59)
120.0 + 3.7 (n=59)
143.1 = 5.5 (n=48)
64.3 = 4.1 (n=58)
0.85 = 0.007 (n=33)
81.8 + 4.9 (n=59)
180.5 + 8.7 (n=59)
7.3 = 0.92 (n=59)
11.8 + 0.66 (n=21)
2.8 + 0.1 (n=21)
19.8 = 1.3 (n=21)
28.3 + 0.8 (1=20)

—64.4 = 0.4 (n=49)
119.4 + 3.0 (n=49)
84.1 = 2.9 (n=49)
97.0 = 3.0 (1=49)
115.7 + 3.3 (1=49)
146.1 = 5.8 (n=44)
68.1 + 3.8 (1=49)

0.84 =+ 0.006 (1=35)
82.4 + 4.8 (n=49)
168.2 * 6.9 (1=49)
57+ 1.1 (n=48)

11.4 = 0.65 (1=20)
3.0 * 0.1 (n=20)
16.6 = 0.9 (n=20)
247 * 0.8 (1=19)

There was no significant difference in any of the above parameters (Mann-Whitney test, p > 0.05), except for body weight, which was significantly smaller

for transgenic (Tg)+ than for Tg— mice (p = 0.006).

Key: ADP, after-spike depolarization; APs, action potentials; fAHP, fast spike after-hyperpolarization; TG, transgenic.

3.3. Intracellular calcium signaling in 2 month-old
CRNDS8 mice

It is now widely accepted that AB causes dysfunction of
synaptic transmission and particularly in synaptic plasticity
(Small et al., 2001). Propagation of APs into the dendritic
tree and the resulting wave of calcium influx are essential in
the induction of some forms of synaptic plasticity (Waters et
al., 2008). A narrower AP would be expected to propagate
a shorter distance into the dendritic tree and evoke less
calcium influx and might therefore contribute to the deficit
in synaptic plasticity in CRNDS8 mice.

We therefore measured AP-evoked intracellular calcium
signals in CA1l pyramidal neurons, filling neurons with a
calcium indicator (100 uM OGB-1) and the calcium-insen-
sitive fluorophore Alexa 594 (Invitrogen) via the whole-cell
recording pipette and imaging the neuron with 2-photon
microscopy (Fig. 1). In awake mice, CAl pyramidal neu-
rons often fire in high-frequency bursts of several APs at
~100 Hz (e.g., Ranck, 1973). We therefore evoked 1-4
APs at 100 Hz by somatic current injection and monitored
the resulting calcium transients with line scans across the
apical dendrite 50, 100, 125, 150, 175, and 200 wm from the
soma.

The resting fluorescence of OGB-1 was ~25% higher in
neurons from 2-month-old Tg+ mice, relative to neurons
from Tg— littermates. OGB-1 fluorescence was elevated
throughout the apical dendrite (Fig. 4D). Hence the resting
intracellular calcium concentration was higher in the apical
dendrites of neurons from Tg+ than Tg— mice.

AP-evoked calcium transients measured in the proximal
apical dendrite, 50 wm from the soma, were not different in
neurons from Tg+ and Tg— mice (Fig. 4E). The calcium
transients evoked by APs summed linearly during a burst of
up to 4 APs (Fig. 4E), demonstrating that the indicator was

not nearing saturation in either Tg+ or Tg— mice, even
after 4APs.

In both Tg+ and Tg— mice, the amplitudes of calcium
signals evoked by a single AP declined with distance into
the apical dendrite, as described previously (Spruston et al.,
1995; Waters et al., 2005). This decline results from the
decrease in AP amplitude during propagation into the apical
dendrite, which causes the opening of fewer calcium chan-
nels in the distal than in the proximal dendrite (Spruston et
al., 1995; Waters et al., 2005). The decline in amplitude of
the calcium transient was greater in neurons from Tg+ than
from Tg— mice (Fig. 4G). For example, 175 wm from the
soma calcium signals evoked by 1, 2, 3, and 4 APs were all
of smaller amplitude in Tg+ than in Tg— mice (Fig. 4F). At
this location, calcium signals in response to a single AP
were detectable in Tg—, but not Tg+ mice. Hence AP-
evoked dendritic calcium signals are impaired in CA1 py-
ramidal neurons from 2-month-old Tg+ mice. This is con-
sistent with impaired propagation of the narrow AP into the
apical dendrite in Tg+ mice and is likely to affect synaptic
plasticity in these dendrites.

3.4. Cellular effects precede deficits in synaptic
transmission

To determine whether these changes in the AP waveform
and calcium metabolism precede or follow synaptic dys-
function in CRNDS8 mice, we characterized synaptic trans-
mission onto CAl pyramidal neurons. We examined three
common measures of synaptic transmission: the paired-
pulse ratio, the AMPA/NMDA ratio, and miniature EPSPs.

We delivered paired stimuli at frequencies of 5-40 Hz
(interstimulus intervals of 25-200 ms; Fig. 5A). As ex-
pected, we observed paired-pulse facilitation which in-
creased with paired-pulse frequency. The degree of facili-
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Fig. 3. Altered action potential (AP) waveforms in CA1 pyramidal neurons
from young transgenic (Tg)+ CRNDS mice. (A) Example of a train of 10
action potentials (APs) evoked by 300 ms current injection (200 pA) from
a CAl pyramidal neuron, 2-month-old mouse. (B) Examples of action
potentials from trains of 10 APs, overlaid to allow comparison of AP
waveforms of 2-month-old Tg+ (red) and Tg— (blue) mice. Dashed lines
denote —40 mV. (C) Mean =* standard error of the mean (SEM) interspike
interval (IST), AP threshold, AP amplitude, AP half width, 10%-90% rise
time, and 10%-90% decay time during trains of 10 APs in 2-month-old
Tg+ (red) and Tg— (blue) mice. n = 54 Tg— mice and 46 Tg+ mice. (D)
10%-90% decay times of APs during trains in CAl pyramidal neurons
from 1-month- and 1-week-old mice. n = 14 Tg— and 16 Tg+ mice at 1
month of age and 9 Tg— and 10 Tg+ mice at 1 week of age.

tation was no different in neurons from Tg+ and Tg— mice
at 2, 4, or 6 months of age (Fig. 5B).

Next we measured the AMPA/NMDA ratio in 2 and
4-month-old mice. The AMPA/NMDA ratio is likely to
change if Af has selective effects on synaptic AMPA or
NMDA receptors, as has been suggested in other mouse
models of APP overexpression and following application of
AP oligomers (Snyder et al., 2005). We measured AMPA
and NMDA receptor-mediated currents at —70 and +40

mV, respectively (Fig. 5C). The AMPA/NMDA ratio was
similar in neurons from Tg+ and Tg— mice at 2 and 4
months of age.

Finally we monitored miniature EPSCs (mEPSCs) at
—70 mV in 1 uM tetrodotoxin (Fig. 5F). There was no
difference in the frequency or amplitude of mEPSCs in
neurons from Tg+ and Tg— mice at 2, 3, or 4 months of age
(Fig. 5F).

Hence we observed no differences in synaptic transmis-
sion in mice up to 4 months old and conclude that the
changes in AP waveform and calcium metabolism in CAl
pyramidal neurons precede dysfunction of synaptic trans-
mission in the Schaeffer collateral pathway in CRNDS8
mice.

3.5. Pharmacological relief of the difference in action
potential waveform

In CA1 pyramidal neurons, the AP waveform is deter-
mined principally by sodium and potassium currents (Bean,
2007). It is likely, therefore, that the difference in AP
waveform between Tg+ and Tg— mice results from a
difference in one or more sodium or potassium currents.
There are at least four potassium currents that can affect AP
waveform in CAl pyramidal neurons, principally by in-
creasing its rate of decay (Bean, 2007): an A-type current
(I,; Kim et al., 2005; Martina et al., 1998), a D-type current
(Ip; Golding et al., 1999; Grissmer et al., 1994; Martina et
al., 1998; Wu and Barish, 1992), a 4-aminopyridine (4-AP)-
sensitive fast delayed rectifier current (I 4 5p; Martina et
al., 1998; Massengill et al., 1997), and a large-conductance
calcium-activated current (I ¢,; Shao et al., 1999). During
a train of APs, the relative levels of activation of these
potassium currents change as a result of their different
activation and inactivation characteristics. I, and Iy ¢,
inactivate during a train of APs, resulting in progressive
broadening of APs (Kim et al., 2005; Ma and Koester,
1995; Shao et al., 1999). Enhancing I, or Iy ¢, therefore
results in a narrow, rapidly decaying AP and enhanced
broadening and slowing of AP decay during a train. If I,
or Ig -, were enhanced in Tg+ mice, this would therefore
result in a convergence of AP half widths and decay
times during trains in Tg+ and Tg— mice. In contrast I,
and Iy 4 ,p display increasing activation during a train of
APs (Golding et al., 1999; Ma and Koester, 1995), re-
sulting in a narrow, rapidly decaying AP and decreased
broadening during a train. The difference between AP
width and decay time in Tg+ and Tg— mice increases
during trains of APs (Fig. 3), suggesting the likely in-
volvement of I, and/or Iy 4 sp.

To determine which of these currents might be altered in
CRNDS mice, we compared AP waveforms in neurons from
Tg+ and Tg— mice in the presence of blockers of these
currents (Fig. 6). The difference in AP waveform between
Tg+ and Tg— mice was eliminated by 300 uM tetraethyl-
ammonium ions (TEA), which block Iy 4 ,p and Iy ¢,. The
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Fig. 4. Altered calcium metabolism in the apical dendrites of 2-month-old transgenic (Tg)+ mice. (A) Maximum intensity projection of the apical dendritic
arbor of a CA1 pyramidal neuron filled with Oregon green BAPTA 488-1 (OGB-1) and Alexa 594 (Invitrogen, Carlsbad, CA, USA). Dashed line: locations
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(B) Example calcium transients evoked by a single action potential in the neuron in A. The left-most panel shows raw OGB-1 (green) and Alexa 594
(Invitrogen) (red) signals from a single trial, measured 50 wm from the soma. Fluorescence is shown on an arbitrary fluorescence scale, with a zero
fluorescence baseline. (C) Examples of action potential (AP)-evoked fluorescence transients in the neuron in A. Transients were evoked by a single AP.
Measurements 50, 100, and 150 wm from the soma are single trials. The 200-um measurement is the average of 13 trials. (D) Mean =* standard error of the
mean (SEM) resting G/R ratios from Tg+ and Tg— mice, measured in the apical dendrite 50 to 200 wm from the soma. n = 9 Tg— (blue) and 7 Tg+ (red)
neurons. (E) Peak amplitudes and decay time constants for calcium transients evoked by 1-4 APs, measured 50 uwm from the soma. n = 9 Tg— and 7 Tg+
neurons. (F) Peak amplitudes of calcium transients evoked by 1-4 APs, measured 175 wm from the soma. n = 8 Tg— and 6 Tg+ neurons. (G) Peak
amplitudes of calcium transients evoked by single APs as a function of distance from the soma. n = 9 Tg— and 7 Tg+ neurons.

difference was also eliminated by 100 uM 4-AP, which
blocks I 4 4p and I,. Dendrotoxin (100 nM), which blocks
I, failed to eliminate the difference in AP waveform. These
results suggest that a fast delayed rectifier might be respon-
sible for the difference in AP waveform between Tg+ and
Tg— mice.

3.6. Expression pattern of Kv 3.1b may be altered in 2-
month-old CRNDS8 mice

A narrowing in AP waveform via an effect on a fast
delayed rectifier might result from a change in the properties
or from increased expression of the current. Hence we next
examined levels of expression of several sodium and potas-
sium currents that might be involved in shaping the AP
waveform in CAl pyramidal neurons. We performed im-
munohistochemistry using primary antibodies against the
main genes expressed in CAl pyramidal neurons (Supple-

mentary Table s3), corresponding to a slow delayed rectifier
(Ix; Kv 1.1 and Kv 1.2), I 4 op (Kv 3.1 b), I, (Kv 4.2, Kv
4.3), Ix c, (SLOI), and two sodium currents (Nav 1.1 and
Nav 1.2).

For all of these antibodies, staining patterns for both
Tg+ and Tg— mice were similar to published results (Fig
7A). Overall immunofluorescence intensities were also sim-
ilar in sections from Tg+ and Tg— mice for all 8 antibodies
(Fig. 7B). However, there was a difference in the relative
intensities of anti-Kv 3.1b immunofluorescence in stratum
radiatum, oriens, and pyramidale. For each section, we
calculated a “fluorescence distribution ratio” by dividing the
immunofluorescence in stratum pyramidale by the mean
fluorescence of stratum oriens and stratum radiatum. This
ratio normalizes for any variation in staining between slices.
We found that the fluorescence distribution ratio for Kv 3.1b
was significantly greater in hippocampi from in Tg+ than
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Fig. 5. Synaptic transmission in young transgenic (Tg)+ and Tg— mice. (A) Four overlaid traces showing excitatory postsynaptic currents (EPSCs) recorded
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Tg— mice, while the distribution ratios were not different
for any of the other 8 channels. These results suggest that
there is a change in expression or accumulation of Kv 3.1b
in Tg+ mice. This change is selective in that no such
changes occur for the other channels examined. Hence our
immunohistochemistry results are consistent with a narrow-
ing of AP waveform as a result of increased expression or
redistribution of a Kv3-type fast delayed rectifier potassium
current in CAl hippocampal pyramidal neurons in Tg+
CRNDS mice.

4. Discussion

We have identified two intrinsic cellular properties of
CA1 hippocampal pyramidal neurons that differ between
Tg+ CRNDS mice and Tg— littermates: neurons from Tg+
mice have narrow action potentials, with a rapid decay, and
an elevated resting intracellular calcium concentration. Both
of these differences exist before plaque formation and be-
fore profound synaptic dysfunction. Of the many functional
parameters studied, only these two differences were ob-
served, suggesting that these two differences are probably
the earliest functional changes in pyramidal neurons.

Accumulation of A, following overexpression of hu-
man APP, is the principle distinctions between Tg+ and
Tg— CRNDS8 mice. Hence it is likely that these differences
in CAl pyramidal neurons result from exposure to Af.
Because these changes occur before plaque formation, the
narrowing of the action potential and increase in resting

intracellular calcium are likely to be effects of soluble forms
of AB.

4.1. Mechanism underlying narrow APs in CRNDS mice

Our pharmacology experiments suggest that changes in a
fast delayed rectifier current underlie the narrow action
potential in Tg+ CRNDS8 mice. However, these pharmacol-
ogy experiments do not conclusively identify the fast de-
layed rectifier as the responsible current. Although nonse-
lective at high concentrations, TEA and 4-AP are selective
blockers of Ig 4 Ap and Iy, and of Ig 4 4p. Ix, and Ip,
respectively, in CAl pyramidal neurons at the concentra-
tions employed here (Grissmer et al., 1994; Martina et al.,
1998; Rettig et al., 1992). However, blocking one ion chan-
nel can affect the roles of other ion channels involved in
repolarization after the AP (e.g., Ma and Koester, 1995,
1996). Hence it is possible that the effects of TEA and 4-AP
involve another ion current that participates in repolariza-
tion of the AP.

Our immunohistochemistry experiments support the sug-
gestion that expression of a fast delayed rectifier is altered in
Tg+ CRNDS8 mice. First we found that the expression
levels and patterns of many channels involved in repolar-
ization of the AP are similar in Tg+ and Tg— mice. Im-
munohistochemistry is probably only sensitive enough to
detect substantial changes in expression of these channels,
and we cannot therefore exclude some changes in other
channels. However, we found that the pattern of expression
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form. (A-C) Effects of potassium channel blockers on the 90%—-10% decay
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cation of blocker (right). (A) Effect of 300 uM tetraethylammonium chloride
(TEA-Cl); n = 5 Tg— and 6 Tg+ neurons. Decay times were significantly
different under control conditions (p < 0.05) and this difference was elimi-
nated by TEA (p > 0.05). (B) Effect of 100 uM 4-aminopyridine (4-AP); n =
7 Tg— and 6 Tg+ neurons. Decay times were significantly different under
control conditions (p < 0.05) and this difference was eliminated by 4-AP (p >
0.05). (C) No effect of 100 nM dendrotoxin (DTX); n = 10 Tg— and 10 Tg+
neurons. Decay times were significantly different under control conditions
(p < 0.05) and in DTX (p < 0.05).

of only Kv3.1b was significantly altered in CRND8 mice.
The Kv3 family is the principle family of fast delayed
rectifier potassium channels expressed in hippocampus
(Weiser et al., 1994). Kv3 channels are expressed in hip-
pocampal pyramidal neurons, although the current density is
lower than in interneurons, where Kv3-family currents contrib-
ute to rapid repolarization after the action potential (Martina et
al., 1998; Weiser et al., 1994). Hence Kv3 expression was not
limited to pyramidal neurons in our experiments and we were
unable to determine whether the altered pattern of expression
of Kv3.1b reflects expression by pyramidal neurons or other
cells within the hippocampus.

Together, our pharmacology and immunohistochemistry
results indicate that increased expression of Kv3 channels is
the likely mechanism underlying the narrow AP in CAl
hippocampal pyramidal neurons in Tg+ CRNDS mice.

4.2. Effects of AB on ion channels

There are many reports of effects of AB on plasma
membrane potassium channels. For example, AB can en-
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Fig. 7. Channel immunohistochemistry in 2-month-old CRNDS8 mice. (A)
Widefield images of hippocampi from 2-month-old transgenic (Tg)+ mice
stained for several potassium and sodium channels. Intensities were in-
verted for display purposes. (B) Fluorescence intensities in CA1 (arbitrary
intensity units). Intensities were averaged across stratum oriens, stratum
pyramidale and stratum radiatum. There was no significant difference in
intensity between 2-month-old Tg+ and Tg— mice immunostained with
any of the antibodies tested. Each bar is the mean * standard error of the
mean (SEM) of 3-7 mice, with 3-6 sections from each mouse. (C)
Immuofluorescence intensities in straum oriens and radiatum normalized to
the intensity in stratum pyramidale in CA1. Fluorescence intensity differed
between 2-month-old Tg+ and Tg— mice only for Kv3.1b (asterisk de-
notes p < 0.05, unpaired ¢ test).
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hance I, (Kerrigan et al., 2008; Plant et al., 2006), suppress
I, (Chen, 2005; Good et al., 1996), enhance I -, (Ye etal.,
2010), suppress Ig ¢, (Coles et al., 2008; Qi and Qiao,
2001), and enhance Kv3.4 currents (Angulo et al., 2004;
Pannaccione et al., 2007). How these effects depend on the
species and concentration of AB and the duration of expo-
sure to AB are unclear, making it difficult to assess which
ion channels are most sensitive to the various forms of Af3
and how these changes might relate to the different stages of
AD. Here we have described changes in potassium channels
in the hippocampus of an established mouse model of APP
overexpression. Our results suggest that, in CA1 hippocam-
pal pyramidal neurons, the Kv3 family of ion channels are
the first to be affected by prolonged exposure to a mixture
of AB species, as occurs in AD.

4.3. Effects of AB on calcium metabolism

The second difference we observed between Tg+ and
Tg— CRNDS mice is elevated resting calcium in Tg+ mice.
AP has long been associated with dysfunctional calcium
metabolism (Bezprozvanny and Mattson, 2008; Camandola
and Mattson, 2011; Green and LaFerla, 2008). Application
of AB can elevate intracellular calcium concentration in
neurons (Mattson et al., 1992) and resting intracellular cal-
cium may be elevated close to plaques in APP overexpress-
ing mice (Kuchibhotla et al., 2008). Presenilin mutations
have also been linked with dysregulation of calcium homeo-
stasis (Stutzmann, 2005).

CRNDS mice do not carry a presenilin mutation. Hence
the elevation in resting intracellular calcium in CAl pyra-
midal neurons in CNRDS8 mice, observed here, probably
results from A overexpression. Furthermore, in our exper-
iments resting calcium was elevated in young mice, before
plaque formation, implicating soluble A3 species in cal-
cium dysregulation.

The signaling pathways underlying Ap-mediated cal-
cium dysfunction are poorly understood but are thought to
involve oxidative stress pathways (Camandola and Mattson,
2011) or aberrant ryanodine receptor function (Supnet et al.,
2006). AB oligomers can also affect intracellular calcium
concentrations by forming calcium-permeable pores in the
plasma membrane (Zhu et al., 2000) and by modulating
influx through L-type calcium channels (Ekinci et al., 1999;
Ueda et al., 1997). Ryanodine receptor function is known to
be impaired in CRNDS8 mice (Supnet et al., 2006), but more
research will be required to determine whether other mech-
anisms are also involved in elevating the resting intracellu-
lar calcium concentration in CRNDS8 mice.

Are the narrow AP and elevated resting calcium linked?
We have demonstrated that one of the consequences of the
narrow AP is a reduction in dendritic calcium influx during
spiking. It is therefore tempting to speculate that the narrow
AP is a homeostatic mechanism to reduce the calcium load,
which occurs in response to the elevated resting calcium
concentration.

4.4. Physiological and pathological consequences of the
narrow AP

Whether or not the narrow AP is a compensatory mech-
anism, it is likely to have unfortunate consequences for the
hippocampal network. First, a narrow AP might be prone to
fail at branch points in the axonal tree (Goldstein and Rall,
1974) and when propagation occurs, a narrow AP may
evoke relatively little calcium influx and transmitter release
at presynaptic terminals. In CRNDS8 mice, the narrow AP
might weaken signaling from CA1 pyramidal cells to their
target neurons.

The narrow AP is also likely to affect dendritic function
in CA1 pyramidal neurons. APs propagating into the apical
dendritic tree, and the resulting calcium influx, play an
important role in the induction of long-term synaptic plas-
ticity, both long-term depression and long-term potentiation
(Sjostrom and Nelson, 2002; Waters et al., 2008). The
suppression of AP-evoked dendritic calcium influx, as
shown here, may contribute to the changes in long-term
potentiation and depression in CA1 pyramidal neurons, de-
scribed in CRND8 mice and many other APP-overexpress-
ing mouse lines (Brown et al., 2005; Chapman et al., 1999;
Dewachter et al., 2007; Jacobsen et al., 2006; Jolas et al.,
2002; Knobloch et al., 2007). Long-term potentiation and
depression are thought to be cellular substrates of learning
and memory and the hippocampus is intimately associated
with learning and memory and one of the early sites of
degeneration in AD. The narrow AP in CAl pyramidal
neurons and resulting dysfunctional synaptic plasticity in
hippocampus may therefore contribute to the learning and
memory deficits observed in APP-overexpressing mice and
in AD patients.

Here we have described changes in the intrinsic physi-
ology of CA1l hippocampal pyramidal neurons in CRNDS
mice. The changes we have described occur before plaque
formation and before overt changes in synaptic function.
Changes in synaptic function and the intrinsic properties of
neurons will both influence information flow through the
hippocampal network and our results therefore indicate that
the effects of A on CA1 pyramidal neurons are likely to
combine with the well-known effects of A on synaptic
transmission to disrupt hippocampal network function. In-
deed, because cellular changes precede synaptic dysfunc-
tion, the cellular effects may well be the primary basis of the
earliest effects of A on hippocampal networks.
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