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Abstract
Accumulations of β-amyloid (Aβ) contribute to neurological deficits associated with Alzheimer's
disease (AD). The effects of Aβ on basal neuronal excitability and learning-related AHP plasticity
were examined using whole-cell recordings from hippocampal neurons in the 5XFAD mouse
model of AD. A robust increase in Aβ42 (and elevated levels of Aβ38-40) in naïve 5XFAD mice
was associated with decreased basal neuronal excitability, evidenced by a select increase in Ca2+-
sensitive afterhyperpolarization (AHP). Moreover, trace fear deficits observed in a subset of
5XFAD weak-learner mice were associated with a greater enhancement of the AHP in neurons, as
compared to age-matched 5XFAD learner and 5XFAD naïve mice. Importantly, learning-related
plasticity of the AHP remained intact in a subset of 5XFAD mice that learned trace fear
conditioning to a set criterion. We show that APP-PS1 mutations enhance Aβ and disrupt basal
excitability via a Ca2+-dependent enhancement of the AHP, and suggest disruption to learning-
related modulation of intrinsic excitability resulted, in part, from altered cholinergic modulation of
the AHP in the 5XFAD mouse model of AD.
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1. Introduction
Alzheimer's disease is a progressive neurodegenerative disease that afflicts the elderly and is
characterized by the development of two proteinaceous aggregates, amyloid-rich plaques
and tau-rich neurofibrillary tangles (Selkoe, 2001). A large body of evidence suggests that
beta-amyloid (Aβ), regardless of the structure (Dodart, et al., 2002,Gong, et al., 2003,Hardy
and Selkoe, 2002,Hartley, et al., 1999,Lambert, et al., 1998,Selkoe and Schenk,

Please address correspondence to Catherine C. Kaczorowski (ckaczorowski@mcw.edu), Medical College of Wisconsin, Department
of Neurology, 9200 W. Wisconsin Avenue Milwaukee, WI 53226.
Disclosure Statement. The authors have no actual or potential conflicts of interest.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurobiol Aging. Author manuscript; available in PMC 2012 August 1.

Published in final edited form as:
Neurobiol Aging. 2011 August ; 32(8): 1452–1465. doi:10.1016/j.neurobiolaging.2009.09.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2003,Turner, et al., 2003) or location (Tseng, et al., 2004), plays a causal role in the
pathogenesis of the disease.

Production of Aβ occurs through the proteolytic processing of amyloid-precursor protein
(APP) by λ- and β-secretase (Selkoe, 2001,Sisodia, 1999,Vassar, 2004). Mutations in the
genes for APP, presenilin1 (PS1) and presenilin2 (PS2) that cause early-onset familial
Alzheimer's disease (FAD) drive the processing of APP toward the amyloidgenic pathway,
leading to an overproduction of Aβ (Scheuner, et al., 1996,Younkin, 1994). Moreover, the
inheritable FAD mutations preferentially increase the 42 amino acid species of Aβ (Aβ42)
that is considered the most toxic variant of Aβ (Hutton, et al., 1998,Sisodia, 1999,Younkin,
1998). Although most cases of AD are idiopathic, the robust association of Aβ42 with FAD
suggests a causative role for Aβ42 in the etiology of the disease. Therefore, the 5XFAD
mouse was generated in order to drive very high levels of Aβ42 in the brain (Oakley, et al.,
2006). This was accomplished by co-expressing five FAD mutations (altering both the APP
and PS1 genes).

The onset of Aβ toxicity is closely tied to alterations in Ca2+ homeostasis, making it difficult
to determine which event is the proximate cause of cognitive decline and neurodegeneration
in AD (LaFerla, 2002). Nevertheless, Aβ peptides (Goodman and Mattson, 1994,Mattson, et
al., 1992,Mattson, et al., 1993), and PS1 mutations (Duff, et al., 1996) and APP derivatives
(Selkoe, 2001) have been shown to alter cytosolic Ca2+ through multiple, and in some cases
concurrent, mechanisms (Arispe, et al., 1994,Bhatia, et al., 2000,Kawahara and Kuroda,
2000). The destabilization of intracellular calcium has been implicated as a cause of
cognitive deficits and neurodegeneration (Khachaturian, 1987,Mattson and Chan,
2003,Saito, et al., 1993).

Several lines of evidence support the hypothesis that Aβ-induced synaptic dysfunction
contributes to memory deficits observed in AD (Chang, et al., 2006,Jacobsen, et al.,
2006,Kamenetz, et al., 2003), in part through the alteration of Ca2+-regulated signaling
pathways (Thibault, et al., 2007,Xie, 2004). In addition, Aβ and/or the destabilization of
Ca2+ homeostasis has been posited to disrupt the modulation of intrinsic excitability that has
also been shown to be important for learning and memory (Disterhoft and Oh, 2006,Zhang
and Linden, 2003).

The present study examined the functional consequences of FAD mutations, and resulting
Aβ overproduction, on hippocampal neuronal excitability in the Tg6799 mouse model of
AD (5XFAD), and mechanisms underlying Aβ's action. Moreover, we explored the effects
of performance and retention of trace-fear conditioning on the intrinsic plasticity of CA1
neurons in the 5XFAD mouse.

2. Methods
2.1 Experimental procedures

The experimenters were kept blind to genotype, training status and retention status until
after all data were analyzed.

2.2 Animals
Transgenic mice (5XFAD) that co-overexpress the human APP695 with the Swedish
(K670N, M671L), Florida (I716V), London (V717I) mutations and human PS1 (M146L and
L286V) mutations were generated (Oakley, et al., 2006). Heterozygous 5XFAD were
intercrossed with B6/SJL mice (Taconic Farms Inc.) to generate the genotypes of interest.
Males were selected and genotyping was performed by PCR analysis of tail DNA. Negative
aged-matched littermates were used as wild type controls. Mice were generated and bred at
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Northwestern University and all animal procedures were approved by the Northwestern
University Animal Care and Use Committee.

2.3 Trace-fear conditioning paradigm
The basic protocol for trace fear conditioning has been described previously (Kaczorowski
and Disterhoft, 2009; Supplementary Figure 1). Adult male mice (2 and 4 mo) and middle-
aged mice (8 mo) were trained in a Plexiglas conditioning chamber with stainless steel floor
grid used for shock delivery. After the baseline period (150 s), mice received four pairings
of the CS (tone, 3 kHz, 85 dB) and US (shock 1 s, 0.7 mA). The CS and US were separated
by a 30-s empty trace interval and the intertrial interval was set at 210 s ± 10 s. The training
chamber was wiped with 95% ethyl alcohol, placed in the hood to provide white noise at 75
dB, and illuminated with a 10 W bulb with lights in the experimental room off in order to
make it distinct. Retention of the tone CS:US memory was tested 24 hours later in a novel
context that contrasted the training chamber (original context) in the following ways: floor
was lined with bedding rather than shock grid, chamber was reduced in size, chamber was
located across the room, background noise was reduced to 60 dB, room lights remained on
and the chamber was rinsed with water. Following a 150 s baseline, mice received 4
presentations of a 15-s tone trial with an intertrial interval set at 210 ± 10 s. Auditory trace
fear memory was assessed by scoring freezing behavior with automated procedures (Freeze
Frame) during the four 15-s CS and subsequent 30-s trace periods. One hour after testing in
the novel context, retention of the contextual CS:US memory was tested by placing mice
into the original context. Fear memory was tested for the entire 10 minute session. Mice
were trained and tested one at a time. After behavioral tests were completed, mice were
killed by decapitation under halothane anesthesia. Brains were removed and bisected down
the midline; the right hemibrain was used for electrophysiological experiments and the left
for either biochemical or histological assays.

2.4 ELISA quantification of brain Aβ42 levels
Hemibrains were snap-frozen to be used for sandwich ELISA assays of total Aβ42. The
hemibrains were homogenized in 1× phosphate buffered saline supplemented with 1×
AEBSF (Calbiochem protease inhibitor cocktail) (pH 8.0), and then extracted with 5 m
guanidine HCl, and centrifuged at 20 000 g for 20 min at 4 °C to remove insoluble material.
Supernata nt fractions were analyzed by sandwich ELISA using well-established human
Aβ42 Signal Select TM immunoassay kits (Biosource, Camarillo, CA, USA) to quantify
total levels of cerebral Aβ42. Detailed procedures were reported previously (Oakley, et al.,
2006).

2.5 Histology
Hemibrains were fixed in paraformaldehyde/PBS and transferred into 30% sucrose/PBS
containing 0.01% sodium azide, sectioned sagittally, and stained according to Oakley and
colleagues (Oakley et al., 2006). Plaque analyses were obtained on 3-7 sections per animal
and normalized to the area of CA1 for each section (Craft, et al., 2004). Plaque counts were
performed by manually counting all the plaques in CA1 region on each section by a blinded
experimenter, and the area of CA1 was determined by outlining the boundaries of all
plaques on each section using Image J Software (NIH public domain software) so that the
average density of plaques in CA1 was calculated. No obvious differences were observed in
the size of the plaques in age-matched 5XFAD learners versus weak-learners, and therefore
we did not measure total plaque area.
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2.6 Electrophysiology
Whole-cell current-clamp recordings were made from CA1 pyramidal neurons from mouse
dorsal hippocampal slices (300 μm) that were first incubated at 34°C in bubbled artificial
cerebral spinal fluid (aCSF, in mM): 125 NaCl, 25 glucose, 25 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 2 CaCl2, 1 MgCl2 (pH 7.5, bubbled with 95%O2/5%CO2) for 30 minutes, and
then incubated at room temperature in bubbled aCSF for 1-4 hours before use. Electrodes
prepared from thin-walled capillary glass were filled with 115 mM potassium methylsulfate
based internal solution that contained 20 KCl, 10 Na-PCr, 10 HEPES, 2 MgATP, 0.3
NaGTP and 0.10% Biocytin (pH to 7.3) and had a resistance of 4-5 MΩ. The effects of
KMeth internal solution on input resistance in CA1 mouse neurons has been shown to
provide a stable recording environment (Kaczorowski, et al., 2007). Unless otherwise stated,
chemicals were obtained from Sigma (St. Louis, MO). Potassium methylsulfate was
purchased from ICN (New York, NY). Slices were transferred to a recording chamber
mounted on a Zeiss Axioskop (Oberkochen, Germany) where they were submerged in
oxygenated aCSF at 33-34°C.

Neurons were visualized with infrared differential video interference microscopy. Cells were
evaluated and accepted for use only if they had a resting membrane potential < -58 mV,
access resistance (Rs) < 40 MΩ, input resistance (RN) > 30 MΩ, and an action potential
amplitude greater than 70 mV relative to action potential threshold. All recordings were
done in the current-clamp mode using a Dagan current-clamp amplifier; cells were held at
-66 mV by manually adjusting the holding current (< -100 pA). The electrode capacitance
and series resistance were monitored, compensated, and recorded. Data were transferred to a
computer using an ITC-16 digital-to-analog converter (InstruTech, Port Washington, NY).
IgorPro (Wavemetrics, Lake Oswego, OR) software was used for acquisition and analysis.
AHPs were triggered by a high-frequency train of action potentials that consisted of 25
action potentials at 50 Hz and were reported as an average of 2-4 sweeps per cell. The
somatic current injection was set at +1 nA to ensure faithful generation of action potentials
with reproducible timing. The AHP was defined as the membrane potential beginning at the
peak negative value (relative to the initial baseline) following the last spike and ending when
the voltage had decayed to 95% of that peak value. The integral of the AHP was calculated
and shown as the area relative to the initial baseline from the peak (0 s) out +10 s. The AHP
was then divided into bins of varying durations. In order to facilitate repeated-measures
statistical comparisons of AHPs obtained under different conditions, the fast repolarizing
component of the AHP (the first 1000 ms) was divided into bins of varying duration (y, in
milliseconds), according to the equation y=i*2(x+1), where i is the sample interval (0.05 ms
for 20 Hz sampling rate), 2(x+1) is the number of points being averaged, and x is the bin
number (beginning with x=0). This equation afforded us the ability to sample the early
component of the AHP at a very high rate, while gradually reducing the sampling rate as the
magnitude of the AHP decreased over time. Because the AHP slowly decays after 1 second,
the remainder of the AHP (> 1000 ms) values were averaged into bins of 1024 ms. The
value of the AHP in each bin was plotted versus time on a log scale beginning at 1 ms after
the AHP peak. The Ca2+-sensitve AHP (Ca2+-AHP) was identified based on the sensitivity
to divalent Ca2+ blockers (Cd2+ or Ni2+).

Single action potentials were elicited using a brief (2 ms) current step, the amplitude of
which was set to be within 20 pA of the threshold current (Ithreshold). The fast
afterdepolarization (fADP) amplitude measured following a single action potential was
reported as the average membrane potential, relative to the resting membrane potential, in
the first 10 ms after the fast repolarization phase of the action potential, as described
previously (Metz, et al., 2005). The total fADP was reported as the integral of the fADP
beginning after the fast repolarization phase of the action potential and terminating when
membrane potential returned to the resting value. Action potential threshold was defined as
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the voltage when dV/dt first exceeded 28 mV/ms and was confirmed by eye as
corresponding to the inflection point at which the action potential began. The action
potential amplitude (spike height) was defined as the change in voltage from action potential
threshold to the maximum voltage achieved during the action potential, as described
previously (Golding, et al., 2001). Membrane potentials were not corrected for the liquid
junction potential, which was calculated to be 8 mV.

2.7 Statistical analysis
Statistical tests were performed using SPSS software (SPSS Inc., Chicago, IL). Significance
was determined by repeated measures ANOVA or one-way ANOVA with post-hoc Fisher's
least significant difference t-tests where appropriate (unless otherwise noted). All results are
reported as mean ± SEM.

3. Results
3.1 Age-related increase in Aβ42, more so than plaque density, coincides with spatial
memory deficits in the 5XFAD mouse

We first set out to characterize the behavioral phenotype, and measure Aβ42 levels in male
5XFAD mice from 2, 4 and 8 mo of age. Mice used for behavioral experiments were 70
males; WT, 2 mo (n = 6), 4 mo (n = 8) and 8 mo (n = 25); 5XFAD, 2 mo (n = 5), 4 mo (n =
9) and 8 mo (n = 17). To assess hippocampal function, mice were trained on a trace fear
conditioning task followed by retention tests of the tone CS and contextual CS memory.

During training on trace fear conditioning, no effect of the transgene was observed on
measures of baseline freezing (F (1, 64) = 0.01, p = 0.9), the expression of freezing during
tone CS (F (1, 64) = 0.3, p = 0.6), or post-shock freezing (F (1, 64) = 2.5, p = 0.1) suggesting
that measures of anxiolysis or expression of behavioral freezing (measured index of fear) did
not differ between WT and 5XFAD mice (Figure A1, B1, C1). Retention of the tone CS:US
memory was tested 24 hours later in a novel context (see Methods). Data from two mice
were excluded due to video malfunction. Following a 150 s baseline, mice received 4
presentations of the tone CS alone (in the absence of foot shock). Neither baseline freezing
level (F (1, 62) = 0.5, p = 0.5), conditional freezing in response to the tone CS (F (1, 62) =
0.002, p = 0.95) or trace CS (F (1, 62) = 0.004, p = 0.95) differed between WT and 5XFAD
mice (Figure A2, B2, C2). Thus, retention of the tone CS:US memory following trace fear
conditioning was intact in 5XFAD compared to WT mice across all age groups.

In contrast, 5XFAD mice showed significantly less freezing (F (1, 62) = 4.5, p < 0.05)
compared to WTs when retention of the contextual CS:US memory was tested (Figure 2A).
Post-hoc analysis revealed middle-aged (8 mo) 5XFAD mice froze significantly less than
age-matched WT mice (p < 0.01). Behavioral impairments reported here in a subset of
5XFAD mice, similar to those reported elsewhere (Oakley, et al., 2006,Ohno, et al., 2006a),
mapped onto an increase in Aβ42 with age (F (2, 18) = 25.0, p < 0.001, Figure 2B) and such
impairments were correlated with Aβ42 in a subset of 8 mo learner and weak-learner
5XFAD mice (R2 = 0.61, p < 0.05). Although some previous reports have shown a
correlation between hippocampus-dependent memory and plaque burden (Chen, et al.,
2000,Hsiao, et al., 1996), we found only a weak correlation between plaque density and
degree of contextual fear (R2 = 0.23, p = 0.10) in a subset of 8 mo learner and weak-learner
5XFAD mice (Figure 2C, inset). Thus, our data are more consistent with reports showing
memory deficits independent of Aβ plaque burden in mouse models of AD (Holcomb, et al.,
1999,Jacobsen, et al., 2006,Koistinaho, et al., 2001) and in human AD patients (Neary, et al.,
1986,Terry, et al., 1991). Note that we observed an increase in the heterogeneity in the
performance of 5XFAD mice with increasing Aβ42 across the age groups (Figure 2C).
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The degree of impairment of contextual fear memory in each mouse was determined by
comparison to a reference group of young WT mice tested concurrently (figure 2C). Dashed
line indicates the criterion used to distinguish between learners and weak-learners, as shown
previously (Kaczorowski and Disterhoft, 2009). Weak-learners were characterized as those
mice whose performance on the contextual fear memory test fell below 3 SD of the mean
(91 ± 10%) of our control group, the young 2 mo old mice. Based on this criterion,
contextual memory deficits were first evident in a subset of 5XFAD 4 mo weak-learner
mice. An examination of retention of the contextual fear memory indicated that 2 of 8 (25%)
4 mo old 5XFAD were weak-learner mice, whereas all 4 mo old WT mice met the criterion
for learner status. An increase in the percentage of WT and 5XFAD weak-learners was
observed at 8 mo, where a subset of both WT and 5XFAD mice performed below criterion
(Figure 2C). Note that the percentage of 8 mo 5XFAD mice that were impaired on
contextual fear memory, and termed weak-learners, differed significantly from that of the
WT controls (WT, 30%; 5XFAD, 68%; Pearson chi-square χ2(1, N = 46) = 5.10, p < .05).

3.2 Intrinsic excitability reduced in neurons from 5XFAD mice
In order to examine the relationship between FAD mutations, memory deficits, and neuronal
excitability in hippocampal neurons, we selected two age groups for biophysical
characterization. The 2 mo group was selected because 5XFAD mice at this age were
unimpaired on trace fear conditioning, and are reported to have no detectable levels of Aβ40
and Aβ42 in the hippocampus (Oakley et al., 2006). We replicated this finding and showed
that no detectable levels of Aβ42 were observed in brains from 2 mo 5XFAD mice (Figure
2B); thus 2 mo 5XFAD mice served as our controls. The 8 mo group was selected because a
subset of 5XFAD mice (67%) at this age showed a significant impairment of contextual fear
memory, which corresponded to increased levels of Aβ42 reported herein (Figure 2B), and
elsewhere (Oakley et al., 2006).

Whole-cell current-clamp recordings were performed in dorsal CA1 pyramidal neurons from
naive 5XFAD and WT mice. The post-burst afterhyperpolarization (AHP) was elicited by
twenty-five action potentials at a frequency of 50 Hz (Figure 3A), a stimulus shown to
reliably evoke an AHP (Figure 3 C,D) of sizable - but not maximal - amplitude from
hippocampal neurons of mice (Kaczorowski and Disterhoft, 2009,Ohno, et al., 2006b).
Measurements of the AHP were used to assess neuronal excitability because AHPs have
been shown to be inversely related to increased firing in pyramidal neurons (Lancaster and
Nicoll, 1987,Madison and Nicoll, 1984,Sah, 1996,Storm, 1990). Neuronal excitability was
significantly reduced in CA1 neurons from naïve 8 mo old 5XFAD mice (F (1, 60) = 5.3, p
< 0.05) as evidenced by a increase in the mean amplitude of the AHP peak (AHP(peak) :
5XFAD, -4.4 ± 0.3 mV, n = 27cells; WT, -3.7 ± 0.2 mV, n = 35; p < 0.01) lasting 300 ms
(AHP(300 ms) : 5XFAD, -1.6 ± 0.2 mV, n = 27cells; WT, -1.2 ± 0.1 mV, n = 35; p < 0.01) in
neurons from 8 mo naïve 5XFAD mice compared to age-matched WTs (Figure 3). No
differences were observed in the amplitude of the AHP measured from 300 ms to 10 s in
neurons from 8 mo naïve 5XFAD compared to WT mice (p = 0.8). Note that no changes in
basic membrane properties were observed in neurons from 5XFAD compared to WT 8 mo
mice (Table 1).

In contrast to neurons from 8 mo naïve 5XFAD mice, the AHP from neurons of 2 mo naïve
5XFAD mice were not significantly different from age-matched WT controls measured from
1 ms to 10 s (F(1, 13) = 0.6, p = 0.4, Figure 4 A-D). Taken together, these data suggest that
FAD mutations coincident with elevated Aβ42 and/or plaque deposition (8 mo 5XFAD
mice), corresponded to decreased neuronal excitability in neurons from 5XFAD mice
evidenced by an increase in the AHP (300 ms).
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3.3 Selective enhancement of the Ca2+-sensitive AHP in neurons from 5XFAD mice
Based on the known effects FAD mutations, and Aβ peptides, on resting and evoked
intracellular Ca2+ levels (Goodman and Mattson, 1994,Mattson, et al., 1992,Mattson, et al.,
1993), we hypothesized that the enhancement of the AHP in neurons from 8 mo 5XFAD
mice resulted from an increase in the Ca2+-sensitive component of the AHP. In line with our
hypothesis, the AHP peak, AHP(300 ms), in CA1 neurons from 8 mo 5XFAD mice was
reduced by 73 ± 19% with bath application of either the divalent Ca2+-channel blocker Ni2+

(750 μM) or Cd2+ (200 μM), (Figure 5A). Divalent Ca2+-channel blockers (CCB) were also
effective in reducing the AHP in CA1 neurons from WT (Figure 5B) mice, albeit to a lesser
extent (51 ± 13%). As a control measure, the effects of bath application of Cd2+ on
suppression of EPSPs were monitored in a subset of neurons to verify efficacy of Ca2+-
channel blockers (data not shown, n = 5). Comparison of AHPs in neurons from 5XFAD and
WT mice in the presence of Ca2+-channel blockers showed that these AHPs were
indistinguishable, and no differences between groups were observed. Overall, blockade of
Ca2+ channels reduced the peak AHP (collectively driven by IAHP and sIAHP) in neurons
from 5XFAD to a greater extent than in WT mice (t (1,31) = 1.8, p < 0.05, one-tailed, Figure
5C, inset), thus restoring the level of excitability in 5XFAD neurons to that of WT mice
(Figure 5C). These data confirmed that the mechanism underlying the effects of FAD
mutations on enhancement of the AHP, in concert with over production of Aβ, is a Ca2+-
dependent one that has been shown previously to relate to learning and memory abilities
(Disterhoft and Oh, 2006).

3.4 Learning-related plasticity of the AHP is impaired in 5XFAD mice
Work from our laboratory, and others, have demonstrated reductions in the AHP in neurons
from animals that learn hippocampal-dependent spatial watermaze and trace eyeblink
conditioning (Disterhoft and Oh, 2006). Recently, our laboratory has demonstrated a similar
reduction in the AHP in CA1 neurons from mice (Kaczorowski, 2006; Kaczorowski and
Disterhoft, 2009) and rats (McKay, et al., 2009) that learned trace fear conditioning. We also
demonstrated that, during aging, animals that are impaired in hippocampal-dependent
learning tasks exhibit an increased AHP in pyramidal neurons. Given that the AHP is
enhanced in neurons of 8 mo naive 5XFAD mice, we hypothesized learning-related
modulation of the AHP (AHP plasticity) - shown previously in WT learner mice
(Kaczorowski and Disterhoft, 2009) - would be impaired in neurons from 5XFAD weak-
learner mice.

In order to examine this hypothesis, whole-cell current clamp recordings were performed on
CA1 neurons from a subset of 8 mo 5XFAD mice trained on trace fear conditioning. The
AHPs from trained 5XFAD mice were compared based on a criterion set for contextual fear
memory. Comparison of learner and weak-learner 5XFAD mice during acquisition of trace-
fear, as well as auditory and contextual fear memory tests were performed. Examination of
freezing behavior revealed no significant differences in measures of baseline freezing (F (1,
14) = 1.15, p = 0.3), the expression of freezing during tone CS (F (1, 14) = 0.7, p = 0.4),
trace CS (F (1, 14) = 0.3, p = 0.6), or post-shock freezing (F (1, 14) = 0.3, p = 0.6) during
training, and suggest that measures of anxiolysis or expression of behavioral freezing
(measured index of fear) did not differ in 5XFAD learners compared to weak-learners
(Figure 6A). Similarly, during testing of fear memory for the auditory and trace CS, no
difference in baseline freezing was observed (F (1, 14) = 0.1, p = 0.8). A meaningful
difference in mean % freezing to the tone CS (F (1, 14) = 6.3, p < 0.05), auditory trace CS
(F (1, 14) = 6.4, p < 0.05), and contextual CS (F (1, 14) = 55.0, p < 0.001) was observed
with a significant decrease in mean percent freezing exhibited by 5XFAD weak-learners
compared to 5XFAD learners (Figure 6B,C).
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Analysis of electrophysiological recordings from neurons in the CA1 pyramidal layer in
neurons from 5XFAD learners, 5XFAD weak-learners, and naïve 5XFAD mice revealed
that AHPs from 5XFAD learners were significantly reduced compared to both 5XFAD
weak-learners and 5XFAD naïve mice (F(2, 62) = 9.8, p < 0.001). Post-hoc students’ test
revealed that the membrane potential from the peak AHP lasting for 10 s -AHP(10 s) was
significantly reduced in neurons from 5XFAD learners compared to 5XFAD weak-learners
(Figure 7A). AHPs from 5XFAD learner mice were similarly reduced compared to
recordings from naïve 5XFAD mice (peak lasting 150 ms; 2 s – 10 s). The mean membrane
potential of the AHP from naive 5XFAD mice fell between that of 5XFAD learners and
5XFAD weak-learners (Supplementary Figure 2). A similar learning-related reduction in the
AHP was observed in neurons from WT learners compared to WT weak-learners
(Kaczorowski and Disterhoft, 2009). Interestingly, the AHPs from WT learners and 5XFAD
learners were virtually indistinguishable with no significant difference in the membrane
potential of the AHP at all time points (Figure 7B). Thus, although the amplitude of the
AHP in neurons from naïve 5XFAD mice is larger compared to naïve WTs, the learning-
related reduction of the AHP in neurons from both 5XFAD and WT learner mice reaches the
same amplitude. Taken together, these data suggest that FAD mutations – and increased Aβ
- disrupt learning-related modulation of neuronal excitability. The AHP is greatest in
neurons from weak-learners in our mouse model of AD. Compared to age-matched WTs, the
8 mo 5XFAD mice demonstrate more robust deficits on retention of spatial (contextual) and
temporal (trace) associative memory following trace fear conditioning. The degree of AHP
reduction in 5XFAD learners was greater compared to WT mice, thereby restoring the AHP
in 5XFAD mice to an equivalent level of excitability found in 8 mo WT learners.
Application of the mAChR agonist carbachol (10 μM) blocked the slow component of AHP
in neurons from 5XFAD mice (Supplementary figure 3), suggesting the learning-related
reduction of the AHP is sensitive to cholinergic modulation, as shown previously
(Kronforst-Collins, et al., 1997a,Ohno, et al., 2004,Weiss, et al., 2000).

4. Discussion
Our combined use of behavioral, electrophysiological and molecular assays to examine the
functional consequences of FAD mutations demonstrate that an increase in the Ca2+-
dependent AHP observed in naïve 8 mo 5XFAD mice corresponded to elevated Aβ42 levels,
and the onset of clear deficits in contextual fear memory. Thus, therapeutics aimed at
restoring intracellular Ca2+ dynamics and/or reducing Ca2+-activated K+ currents (IAHP and
sIAHP) that underlie the AHP may be efficacious in the treatment of AD. Second, the degree
of trace and contextual fear conditioning deficits in 8 mo 5XFAD mice relates to the
neuronal excitability of hippocampal neurons – the AHPs of neurons from 5XFAD weak-
learner mice were larger than that of 5XFAD learners, as well as the average of 5XFAD
naïve mice. This is the first demonstration of decreased excitability of hippocampal neurons
associated with impaired trace fear conditioning – evidenced by larger AHP in 5XFAD
weak-learners - in a mouse model of AD. This result may be driven by either an active
enhancement of the AHP, occurring during, or as a result of neural activity evoked by fear
conditioning procedures (albeit unsuccessful). Alternatively, this result may reflect the
extreme end of the heterogeneity in the AHP in 5XFAD mice where a subset of 5XFAD
mice have larger basal AHPs compared to the “average” naïve 5XFAD mice – such that
mice with largest basal AHP show highest degree of impairment on the trace fear task. The
latter is a less likely possibility given that we did not observe high degree of variation in the
AHP amplitude in neurons from naïve 5XFAD mice that would be expected if the basal
AHP in naïve 5XFAD mice were an average of two extremes.

Previous reports from our laboratory have shown that trace fear conditioning is a useful
assay to examine mechanisms underlying Aβ-dependent deficits in temporal associative
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memory (Ohno, et al., 2006a). Although this early work describes deficits on both
contextual and auditory trace fear memory in the 5XFAD mice as early as 4 mo of age, the
present report did not observe a global deficit in auditory trace fear memory of 5XFAD mice
compared to age-matched WTs at multiple age groups (2 mo, 4 mo, and 8 mo). This is likely
due to the degree of heterogeneity in retention of auditory trace-fear in our 4 mo and 8 mo
old 5XFAD mice. In support of this suggestion, deficits in both trace fear memory and
contextual fear memory were exposed in a subset of 8 mo 5XFAD mice (weak-learners)
whose performance did not reach established criterion for retention of conditioned fear.
Additionally, the inclusion of female 5XFAD mice in early reports, compared to our
exclusive use of males, may account for these differences as female 5XFAD mice show
accelerated onset and increased magnitude of Aβ42 expression compared to male 5XFAD
mice from 2-6 mo of age (Oakley, et al., 2006). Because the retention of contextual fear
(spatial associative learning) is more sensitive to hippocampal dysfunction than retention of
auditory trace fear (Chowdhury, et al., 2005,Kaczorowski, 2006,Kaczorowski and
Disterhoft, 2009,Moyer and Brown, 2006), the 5XFAD mouse is a good model of AD as it
recapitulates progressive, age-sensitive deficits in hippocampal-dependent memory
impairment that accompany an increase in Aβ and a decrease in neuronal excitability.
Importantly, the expression of freezing observed during training was unaltered in the
5XFAD compared to WT mice – indicative of a functional amygdala in 2-8 mo old 5XFAD
mice. With further aging, we expect more profound retention deficits, and eventually
acquisition deficits as the production of Aβ increases in the hippocampus, cortex and
amygdala - regions required for several variants of fear conditioning.

Age-related reductions in intrinsic excitability, evidenced by an increase in the AHP in
neurons from rat (Landfield and Pitler, 1984,Matthews, et al., 2009,Pitler and Landfield,
1990) and rabbit (Moyer, et al., 1992) hippocampal pyramidal neurons, correlate with
learning and memory deficits (Moyer, et al., 2000,Power, et al., 2002,Tombaugh, et al.,
2005). Moreover, AD-related enhancement of AHPs have been observed in response to
acute application of Aβ-peptides in granule cells (Yun, et al., 2006), as well as in CA3
neurons from mice with PS1 mutations (Barrow, et al., 2000). However, the Ca2+

dependence of these AHPs was not explored. Here we show APP/PS1 FAD mutations result
in a similar reduction in excitability that is evidenced by a selective increase in the Ca2+-
dependent AHP in neurons from naïve 8 mo 5XFAD mice. Previous work from our
laboratory failed to detect changes in the amplitude of the AHP in an alternative mouse
model, the Tg2576 mouse (Ohno, et al., 2004). Thus, FAD mutations restricted to the APP
transgene (e.g. Tg2576 model), in the absence of PS1 mutations, may not produce an
enhancement of the AHP. This contention is supported by a recent report showing PS1
mutations significantly enhance calcium signals in neurons compared to mouse models that
incorporate only APP mutations (Stutzmann, et al., 2006). Taken together, our work
parallels early work in aging studies. We observed increased Ca2+-dependent AHPs in
neurons from middle-aged (8 mo) 5XFAD mice that show clear hippocampal-dependent
memory deficits.

Moreover, we show AHPs from 5XFAD mice are sensitive to the application of the
cholinergic agonist, carbachol. This finding is significant because the selective muscarinic
acetylcholine receptor1 (mAChR1) agonist, AF267B, restores cognitive function in the 3x-
Tg mouse model of AD (Caccamo, et al., 2006). Thus, AF267B may facilitate learning and
memory through enhancement of neuronal excitability by reducing the Ca2+-dependent
AHP. Reductions in the AHP using the mAChR1 agonist CI-1017 (Weiss, et al., 2000) or
metrifonate (Oh, et al., 1999,Power, et al., 2001), a cholinesterase inhibitor, have been
shown previously to coincide with restored learning in aged rabbits (Kronforst-Collins, et
al., 1997a,Kronforst-Collins, et al., 1997b,Weiss, et al., 2000). It is important to note that
although we did not observe differences in the AHP lasting longer than 300 ms in naïve
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5XFAD compared to WTs, cholinergic function may still be disrupted in 5XFAD mice. In
fact, our laboratory has shown that although the AHP in naïve Tg2576 and WTs were
comparable, the ability of Tg2576 neurons to be modulated by low levels of mAChR
agonists was significantly impaired (Ohno, et al., 2004).

Previous work from our laboratory and others has shown that increased hippocampal
excitability, evidenced as a reduction in the AHP, is a cellular consequence of learning and
is acetylcholine dependent (Saar, et al., 2001,Weiss, et al., 2000). Learning a hippocampus-
dependent task in young and aged rabbits (Moyer, et al., 2000), rats (Kuo, 2004,Oh, et al.,
2003,Tombaugh, et al., 2005) and mice (Ohno, et al., 2006b) results in a reduction in the
AHP in CA1 pyramidal neurons. Here we found a similar and significant learning-related
reduction in the Ca2+-sensitive AHP in neurons from a subset of middle-aged 5XFAD
learners as compared to 5XFAD weak-learners and naïve 5XFAD mice. The amplitude of
the AHP in neurons from 5XFAD learners was comparable to that of age-matched WT
learners.

In conclusion, our data demonstrate that FAD mutations, and downstream targets, alter the
intrinsic excitability of CA1 hippocampal pyramidal neurons via two distinct mechanisms.
First, a FAD specific enhancement in the Ca2+-dependent AHP (1 – 300 ms) was observed
in neurons from naïve 8 mo 5XFAD mice, which correspond to the age of onset of memory
impairments. These data suggest that a general decrease in basal neuronal excitability
observed in neurons from naïve 8 mo 5XFAD mice contribute to learning and memory
impairments that emerge during middle-age. Second, the late AHP (1 - 10 s), shown to be
carbachol-sensitive, in neurons from 5XFAD weak-learner mice was increased in both
amplitude and duration compared to that observed in neurons from 5XFAD learners, but not
5XFAD naïve mice. Thus, neurons from 5XFAD weak-learners fail to express/undergo
learning-induced modulation of the late, carbachol-sensitive, AHP seen in neurons from
5XFAD learners. Importantly, such altered modulation of the carbachol-sensitive AHP
reported herein has recently been reported in neurons from middle-aged WT weak-learner
mice (Kaczorowski and Disterhoft, 2009).

Deficits in hippocampal synaptic transmission and long-term potentiation (LTP) have been
well characterized in a number of mouse models of AD (Fitzjohn, et al., 2001,Hsia, et al.,
1999,Jacobsen, et al., 2006,Nalbantoglu, et al., 1997). Given that changes in intrinsic
excitability can alter synaptic throughput (Zhang and Linden, 2003), the changes we see
here likely contribute to changes at the level of the synapse. In support of this idea,
manipulations that alter the AHP have also been shown to affect EPSP temporal summation
(Lancaster, et al., 2001) and LTP (Kramar, et al., 2004,Kumar and Foster, 2004,Le Ray, et
al., 2004,Murphy, et al., 2004,Sourdet, et al., 2003,Thibault, et al., 2001). Thus, our results,
in combination with previous work, suggest that FAD mutations and overproduction of Aβ
disrupt basal and learning-related changes in neuronal excitability, which underlie
hippocampal-learning and memory deficits observed in Alzheimer's disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acquisition and retention of auditory trace fear conditioning is comparable in wild-
type mice and the 5XFAD mouse model of Alzheimer's disease
A1, B1, C1, Baseline (BL) freezing, tone CS freezing, trace CS freezing, and post-shock
freezing (ISI) during training on trace fear conditioning was similar between young (2 mo
and 4 mo) and middle-aged (8 mo) WT and 5XFAD mice. A2, B2, C2, Baseline (BL)
freezing, retention of the tone CS memory (average of tone CS 1-4), and retention of the
trace CS memory (average of trace CS intervals1-4) was comparable in WT and 5XFAD
young (2 mo and 4 mo) and middle-aged (8 mo) mice.
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Figure 2. Age-related increase in Aβ42 coincides with deficits on retention of contextual fear in
the 5XFAD Alzheimer's disease mouse model
A, Significant decrease in mean % freezing during contextual fear retention test in 8 mo old
5XFAD (red) relative to WT mice (black) (* = p < 0.05). B, Age-related enhancement of
Aβ42 in 5XFAD mice. A significant elevation in Aβ42 was observed at 4 mo, and continued
to at 8 mo of age (p < 0.05). No detectable levels (ND) of Aβ42 were observed in brains of 2
mo old 5XFAD mice. C, Distribution of mice relative to their mean % freezing during
contextual fear retention testing, age (2, 4, and 8 mo) in WT and 5XFAD mice. Points below
black dashed line represent weak-learners, defined as mice with freezing levels < 3 SD from
the mean freezing in 2 mo WT mice (61%).
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Figure 3. Neuronal excitability is decreased in CA1 hippocampal neurons from 8 mo old 5XFAD
mice
A, Representative traces of the AHP measured in whole-cell current clamp mode from
neurons of 8 mo old 5XFAD (red) and WT (black) mice. AHPs were elicited by 25 brief
current injections to elicit 25 action potentials at 50 Hz. B, Summary plot of the AHP versus
time on a log scale for 8 mo old 5XFAD (red) and WT (black) mice. The AHP was averaged
into bins to give mean and SEM at multiple time points (see Methods). A significant
increase was observed in the mean AHP measured from the AHP peak (1 ms) out to 300 ms,
but not at any time point > 600 ms, in neurons from 5XFAD compared to WT mice (* p <
0.05). C,D, AHP on an expanded scale.
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Figure 4. Neuronal excitability is comparable in CA1 hippocampal neurons from 2 mo old WT
and 5XFAD mice
A, Representative traces of the AHP measured in whole-cell current clamp mode from
neurons of 2 mo old 5XFAD (red) and WT (black) mice. AHPs were elicited by 25 brief
current injections to elicit 25 action potentials at 50 Hz. B, Summary plot of the AHP versus
time on a log scale for 2 mo old 5XFAD (red) and WT (black) mice. The AHP was averaged
into bins to give mean and SEM at multiple time points (see Methods). No significant
differences in the mean AHP were observed in 5XFAD compared to WT mice at 2 mo of
age (p = 0.4). C,D, AHP on an expanded scale.
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Figure 5. FAD mutations selectively increase Ca2+-sensitive AHP in CA1 hippocampal neurons
from 8 mo old 5XFAD mice
A1, Plot shows mean AHP versus time on a log scale in neurons from 8 mo 5XFAD mice.
AHPs (1 ms – 300 ms) measured in artificial cerebral spinal fluid (aCSF) were significantly
reduced after bath application of the divalent Ca2+ channel blockers Cd2+ (200 μM) or Ni2+

(750 μM). A2, Representative traces of the AHP measured in whole-cell current clamp mode
from neurons of 8 mo old 5XFAD in ACSF (red) and following bath application of calcium
channel blockers (CCB; Cd2+ (200 μM) or Ni2+ (750 μM); grey). B, Plot shows mean AHP
versus time on a log scale in neurons from 8 mo WT mice. AHPs (1 ms – 300 ms) measured
in artificial cerebral spinal fluid (aCSF), which were significantly reduced after bath
application of the CCBs. C, Plot shows AHPs in presence of CCBs were equivalent in
neurons from WT and 5XFAD mice. Inset, Plot shows amplitude of peak AHP from
5XFAD mice was significantly reduced compared to WTs (p < 0.05).
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Figure 6. Fear memory deficits in subset of 8 mo old 5XFAD mice
A, Mean % freezing during the baseline (BL), tone CS, trace CS and post-shock period (ISI)
were comparable between 8 mo 5XFAD learners and weak-learners during training on trace
fear conditioning. B, Retention of fear –as indexed by behavioral freezing – to the auditory
tone CS (p < 0.05) and trace CS (p < 0.05) was significantly reduced in 8 mo old 5XFAD
weak-learner compared to learner mice. Inset shows mean freezing, averaged across 4 trails,
was reduced in response to tone CS presentations and trace CS in 5XFAD weak-learners
compared to learners. B, Retention of the contextual CS memory was similarly impaired in 8
mo 5XFAD weak-learners compared to learners, as evidenced by a significant reduction in
mean % freezing during a 10 minute presentation to the original training chamber (p <
0.001).
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Figure 7. Learning-related modulation of the AHP was impaired in CA1 hippocampal neurons
from 5XFAD weak-learner mice
A, Plot shows mean AHP versus time on a log scale in neurons from 5XFAD learners and
weak-learners. A significant increase in the mean amplitude of the late AHP (1 ms – 10 s),
was observed in neurons from weak-learner 5XFAD mice compared to learner 5XFAD mice
(p < 0.001). Right, representative traces of the AHP measured in neurons of 8 mo old
5XFAD learners (thin red) and weak-learners (thick red). B, Plot shows mean AHP versus
time on a log scale, which is comparable in 5XFAD learners (red) and WT learners (black).
Right, representative traces of the AHP measured in neurons of 8 mo old 5XFAD learners
(red) and WT learners (black).
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