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Impaired Cholinergic Excitation of Prefrontal Attention
Circuitry in the TgCRND8 Model of Alzheimer’s Disease
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Attention deficits in Alzheimer’s disease can exacerbate its other cognitive symptoms, yet relevant disruptions of key prefrontal circuitry
are not well understood. Here, in the TgCRND8 mouse model of this neurological disorder, we demonstrate and characterize a disruption
of cholinergic excitation in the major corticothalamic layer of the prefrontal cortex, in which modulation by acetylcholine is essential for
optimal attentional function. Using electrophysiology with concurrent multiphoton imaging, we show that layer 6 pyramidal cells are
unable to sustain cholinergic excitation to the same extent as their nontransgenic littermate controls, as a result of the excessive activation
of calcium-activated hyperpolarizing conductances. We report that cholinergic excitation can be improved in TgCRND8 cortex by
pharmacological blockade of SK channels, suggesting a novel target for the treatment of cognitive dysfunction in Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder that
constitutes the main cause of dementia. It is associated with pro-
found cognitive impairments that include severe memory loss
and early attention deficits (Grady et al., 1988; Perry and Hodges,
1999; Baddeley et al., 2001; Romberg et al., 2013a). Impaired
attention negatively affects the day-to-day life of AD patients,
contributing to distraction, confusion, and poor executive con-
trol (Perry and Hodges, 1999). It is likely that disruptions in
attention further exacerbate the memory deficits that constitute
a telltale sign of the disease: if you can’t attend, you can’t
encode (Romberg et al., 2013a,b). However, little is under-

stood of the cellular mechanisms that underlie the non-
mnemonic deficits of executive function in AD and their
contribution to the disease.

To date, acetylcholinesterase inhibitors constitute the stan-
dard of care for AD (Citron, 2010), although loss of cholinergic
cells is an end-stage manifestation of the disease that is unlikely to
account for cognitive deficits that may arise much earlier (Davis
et al., 1999; Terry and Buccafusco, 2003). We now know that the
cholinergic modulation of the prefrontal cortex (PFC) is essential
for optimal attentional performance (Dalley et al., 2004; Parikh et
al., 2007; Bailey et al., 2010; Guillem et al., 2011; Proulx et al.,
2014a). Acetylcholine (ACh) is released in the PFC during atten-
tion tasks (Parikh et al., 2007), in which it exerts robust direct
excitation of the deep cortical layers (Kassam et al., 2008; Poor-
thuis et al., 2013; Proulx et al., 2014b). The powerful and pro-
longed activation of layer 6 pyramidal neurons by ACh is
consistent with the sustained firing necessary for attention and
other executive functions (Funahashi et al., 1989; Hasselmo and
Sarter, 2011; Ikkai and Curtis, 2011; Zhou et al., 2011) and de-
pends on a complex interplay of nicotinic- and muscarinic-
mediated signaling (Bailey et al., 2010; Tian et al., 2011).
Manifestations of AD in people and animal models have long
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Significance Statement

Alzheimer’s disease is accompanied by attention deficits that exacerbate its other cognitive symptoms. In brain slices of a mouse
model of this neurological disorder, we demonstrate, characterize, and rescue impaired cholinergic excitation of neurons essential
for optimal attentional performance. In particular, we show that the excessive activation of a calcium-activated potassium con-
ductance disrupts the acetylcholine excitation of prefrontal layer 6 pyramidal neurons and that its blockade normalizes responses.
These findings point to a novel potential target for the treatment of cognitive dysfunction in Alzheimer’s disease.
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been linked to aberrations in cholinergic enzymatic activity (Da-
vies and Maloney, 1976; Perry et al., 1978; Henke and Lang, 1983;
Zubenko et al., 1989; Davis et al., 1999; Selkoe, 2001; Auld et al.,
2002; DeKosky et al., 2002), nicotinic receptor binding (Nord-
berg et al., 1988; Whitehouse et al., 1988; Marutle et al., 1999;
Nordberg, 2001; O’Brien et al., 2007; Kendziorra et al., 2011), and
cholinergic signaling pathways (Kelly et al., 1996; Jope et al., 1997;
Jope, 1999; Liu et al., 2001; Pettit et al., 2001; Auld et al., 2002).
How do these broad changes affect the activation and sustained
firing of prefrontal layer 6 attention circuitry?

To address this question, we examined cholinergic signaling
in prefrontal attention circuitry of a well characterized animal
model of AD. The TgCRND8 mouse model is used widely in
Alzheimer’s research and encodes both the Swedish and Indiana
mutations of amyloid precursor protein (APP) found in inher-
ited familial AD (Chishti et al., 2001). Here, we report significant
impairments in the cholinergic excitation of layer 6 prefrontal
neurons of TgCRND8 mice by 3– 4 months of age and show that
these deficits can be rescued pharmacologically.

Materials and Methods
Animals. All experiments were approved by the University of Toronto
Animal Care Committee. We used adult male and female TgCRND8
mice on a mixed C57BL/6 –C3H background, as reported previously
(Chishti et al., 2001), along with their nontransgenic littermate siblings
[wild type (WT)] as controls (mean � SEM age: WT, 109 � 2 d, n � 20
animals; TgCRND8, 109 � 2 d, n � 26 animals).

Brain slice preparation and recording conditions. Each brain was cooled
as rapidly as possible with 4°C oxygenated sucrose artificial CSF (ACSF;
254 mM sucrose substituted for NaCl). Coronal slices (400 �m thick) of
the PFC were cut on a Dosaka Pro-7 Linear Slicer (SciMedia) and were
transferred to 30°C oxygenated ACSF (in mM: 128 NaCl, 10 D-glucose, 26
NaHCO3, 2 CaCl2, 2 MgSO4, 3 KCl, and 1.25 NaH2PO4, pH 7.4) in a
prechamber (Automate Scientific) and allowed to recover for at least
1.5 h before the beginning of an experiment. Slices were placed in a
chamber on the stage of an upright microscope for whole-cell recordings.
ACSF was bubbled with 95% oxygen and 5% carbon dioxide and flowed
over the slice at 30°C with a rate of 3– 4 ml/min.

Electrophysiological recordings. Layer 6 pyramidal neurons were
patched under visual control using infrared differential interference
contrast microscopy in the cingulate and prelimbic regions of the PFC.
Intracellular patch solution contained the following (in mM): 120
K-gluconate, 5 KCl, 2 MgCl2, 4 K-ATP, 0.4 Na2-GTP, 10 Na2-
phosphocreatine, and 10 HEPES buffer, adjusted to pH 7.33 with KOH.
Data were acquired and low-pass filtered at 20 kHz with an Axopatch
200b amplifier (Molecular Devices) and Digidata1440 digitizer/
pClamp10.2 software (Molecular Devices). Intrinsic cellular properties
were assessed in current-clamp mode and did not differ significantly
between genotypes (Table 1; mean � SEM; sample size for this analysis,
n � 49 WT neurons; n � 58 TgCRND8 neurons).

All drugs were bath applied. ACh chloride and atropine were obtained
from Sigma, apamin from Alomone Labs, dihydro-�-erythroidine hy-
drobromide (DH�E) and AP-5 from R&D Systems, and cadmium chlo-
ride from Emerald BioSystems.

Calcium imaging. The calcium dye Oregon Green BAPTA-1
(OGB-1; 100 �M) was included in the pipette in a subset of cells, along

with Alexa Fluor-594 hydrazide (20 �M), to aid in the visualization of
the neuron. Multiphoton imaging was performed using a titanium:
sapphire laser (Newport) tuned to wavelength 800 nm and an Olym-
pus Fluoview FV1000 microscope with a 60� water-immersion 0.90
numerical aperture objective. The emitted fluorescence was separated
into green (OGB-1 signal) and red (Alexa Fluor-594 signal) channels
with a dichroic mirror at 570 nm and filtered (green, barrier filter
495–540; red, barrier filter 570 – 620) before detection. Images were
acquired at a rate of �10 frames/s and analyzed with Fluoview soft-
ware. A pan-somatic area of interest was selected for analysis, and
green fluorescence increases were calculated relative to baseline fluo-
rescence (dF/F ). The green/red fluorescence (G/R) ratio was calcu-
lated by dividing the green signal by that of the red channel for the
purpose of evaluating potential differences in basal calcium levels
between genotypes.

Statistical analyses. Results are expressed as mean � SEM, and all
statistical comparisons were made at a significance level of 0.05 (Prism
versions 5.0d/6.0; GraphPad Software). Average traces of postburst po-
tentials and fluorescent increases were generated with Axograph X. For
the purpose of quantifying ACh-elicited firing, input– output curves and
postburst afterhyperpolarization potentials (AHPs), action potentials
were detected automatically with a derivative threshold of 20 mV/ms. To
assess the ability of cells to sustain near-maximal firing in response to
ACh, the cumulative probability of the instantaneous firing frequency of
individual action potentials was normalized to the maximum instanta-
neous firing frequency within each ACh-elicited train of action poten-
tials. By normalizing to maximum instantaneous frequency within the
cell, neurons with a greater number of spikes will not unduly skew the
cumulative probability distribution. This analysis further provides
insight about the extent to which each spike train can sustain near-
maximal firing. Genotype and treatment differences of cumulative
probabilities were assessed with Kolmogorov–Smirnov (K–S) tests.
The peak and area under the curve (AUC) of postburst potentials
were measured from the peak of the last action potential in each burst
up to 1 s post-burst.

Results
TgCRND8 mice cannot sustain peak excitation by ACh in
prefrontal layer 6
Because there is a panoply of cholinergic-related deficits in AD,
we investigated the effects of known concentrations of bath-
applied ACh on brain slices from littermate WT and TgCRND8
mice at an age when attention deficits may be developing. In layer
6 pyramidal neurons of the PFC, ACh elicited cellular depolar-
ization in a concentration-dependent manner in both WT and
TgCRND8 mice (Fig. 1). Spiking was elicited in fewer cells in
TgCRND8 than WT mice (Fig. 1A; three-way contingency test,
Gdf � 7

2 � 70.72, p � 0.0001). Furthermore, in cells in which ACh
(1 mM) elicited suprathreshold depolarizations, ACh-elicited fir-
ing patterns were revealed to be distinct. The distribution of in-
stantaneous frequency measurements for individual action
potentials were significantly different between groups (Fig. 1B;
p � 0.004, Mann–Whitney test), and individual TgCRND8 neu-
rons failed to sustain near-maximal firing frequencies to the same
extent as WT cells (Fig. 1C): the cumulative probability of action
potential frequency—normalized to maximal instantaneous fre-
quency within each cell—was reduced dramatically in TgCRND8
neurons (K–S test, p � 0.00001). However, the maximal instan-
taneous firing frequency (WT, 9 � 1 Hz, n � 17; TgCRND8, 11 �
3 Hz, n � 15; t test, p � 0.4) and duration of spiking (WT, 47 �
11 s, n � 17; TgCRND8, 42 � 9 s, n � 15; t test, p � 0.7) achieved
were similar between genotypes. The depolarization elicited by
ACh was not significantly different between genotypes as re-
vealed by two-way repeated-measures ANOVA (Fig. 1D; effect of
genotype, F(1,40) � 0.29, p � 0.6). Additional probes of the elec-

Table 1. Electrophysiological properties of PFC layer 6 pyramidal neurons of
TgCRND8 mice and littermate WT controls

WT TgCRND8 P

Capacitance (pF) 72 � 2 71 � 2 0.5
Input resistance (M�) 313 � 18 285 � 16 0.2
Membrane potential (mV) �83 � 1 �85 � 1 0.3
Spike threshold (mV) �52 � 0.4 �51 � 0.5 0.4
Spike amplitude (mV) 79 � 1 80 � 1 0.5
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Figure 1. Impaired excitation in response to ACh in layer 6 PFC of TgCRND8 mice. Bath application of ACh elicits cellular depolarization from resting membrane potential in a concentration-
dependent manner in both WT and TgCRND8 neurons. ACh was applied at 10 �M, 100 �M, and 1 mM in WT (n � 19 matched pairs) and TgCRND8 (n � 23 matched pairs). A, Representative example
of responses in a WT cell (top, blue traces) and a TgCRND8 neuron (bottom, red traces). Pie charts depict the proportion of cells in which ACh elicited depolarizations that led to spiking. ACh elicited
spiking in 0 of 19 cells in WT and 0 of 23 cells in TgCRND8 when applied at 10 �M, in 10 of 19 (53%) cells in WT and 8 of 23 (35%) cells in TgCRND8 at 100 �M, and in 17 of 19 (89%) cells in WT and
15 of 23 (65%) cells in TgCRND8 mice when applied at 1 mM (three-way contingency test, G 2

df � 7 � 70.72, p � 0.0001). B, Frequency histograms of instantaneous firing frequencies elicited by ACh
(1 mM) in all cells ( p � 0.004, Mann–Whitney test). C, The cumulative probability of action potential firing frequency elicited by 1 mM ACh [normalized to maximal instantaneous frequency (Finst)
within each cell] reveals that TgCRND8 neurons fail to sustain near maximal firing frequencies to the same extent as WT cells (K–S test, p � 0.00001). Note that the distribution is left-skewed in
TgCRND8 neurons, with a greater number of observations falling below half-maximal frequency values. D, Mean depolarization was 7 � 1 mV in WT and 5 � 1 mV in TgCRND8 at 10 �M, 17 � 2
mV in WT and 15 � 2 mV in TgCRND8 at 100 �M, and 21 � 2 mV in WT and 22 � 1 mV in TgCRND8 at 1 mM ACh. The depolarization achieved was not significantly different between genotypes
as revealed by two-way repeated-measures ANOVA (effect of genotype, F(1,40) � 0.29, p � 0.6).

Proulx et al. • Impaired ACh Firing in Layer 6 PFC of TgCRND8 J. Neurosci., September 16, 2015 • 35(37):12779 –12791 • 12781



trophysiological effects of ACh in layer 6 pyramidal cells in volt-
age clamp found that, near resting membrane potential (Vhold �
�75 mV), ACh currents were modestly but significantly smaller
in TgCRND8 mice (WT, �121 � 8 pA, n � 23; TgCRND8,
�92 � 9 pA, n � 28; p � 0.02). However, pharmacological
dissection of these current revealed similar nicotinic (WTatropine,
�83 � 12 pA, n � 7; TgCRND8atropine, �86 � 12 pA, n � 9; p � 0.9)
and muscarinic (WTDHBE, �33 � 7 pA, n � 8; TgCRND8DHBE,
�22 � 6 pA, n � 7; p � 0.3) contributions, suggesting that the
ACh current may be decreased in the TgCRND8 mice through an
interaction of nicotinic and muscarinic signaling. Therefore, to
compensate for any potential differences in the cholinergic
drive toward threshold between the genotypes, we applied
current to the cells to elicit baseline firing at 1–3 Hz. Under
these conditions, TgCRND8 neurons also failed to achieve
equivalent levels of peak firing (maximal instantaneous fre-
quency: WT, 21 � 2 Hz, n � 10 cells; TgCRND8, 15 � 2 Hz,
n � 13 cells; p � 0.05; cumulative probability of action poten-
tial instantaneous frequencies, K–S test, p � 0.00001; data not
shown). Altogether, these data suggest that the deficit in layer
6 neurons at this early stage in TgCRND8 mice appears to be
selectively limited to a marked impairment in the ability to
maintain peak excitation to ACh.

Probing mechanisms of altered excitability in TgCRND8
prefrontal layer 6 neurons
Given the observed differences in sustaining ACh-elicited peak
firing, we investigated whether there were differences in intrinsic
excitability in prefrontal layer 6 pyramidal neurons. We gen-
erated input– output curves by applying depolarizing current
steps of 500 ms duration in 50 pA increments. A clear differ-
ence between genotypes was evident in the layer 6 neurons at
stronger depolarizations, with fewer action potentials elicited in
TgCRND8 mice (Fig. 2; effect of genotype, two-way ANOVA,
F(1,253) � 8.12, p � 0.005). However, at rheobase, there were no
significant differences in action potential amplitude (WT, 79 � 3
mV, n � 13; TgCRND8, 77 � 2, n � 12; p � 0.5), rise time (WT,
282 � 12 �s, n � 13; TgCRND8, 289 � 11 �s, n � 12; p � 0.7),
half-width (WT, 1 � 0.03 ms, n � 13; TgCRND8, 1 � 0.03 ms,
n � 12; p � 0.4), or current applied (WT, 66 � 10 pA, n � 13;
TgCRND8, 84 � 11 pA, n � 12; p � 0.2) in the same subset of
cells.

The neuronal ability to sustain repetitive spike firing is depen-
dent on the electrophysiological phenomenon known as the AHP
(Kandel and Spencer, 1961; Sah, 1996; Disterhoft and Oh, 2006;
Bean, 2007), which constitutes the undershoot of the action
potential and results from hyperpolarizing conductances acti-
vated during spiking. Accordingly, we examined systematically
whether there were genotype differences in the AHP that occurs
in response to the identical numbers of action potentials in
TgCRND8 cells and WT controls. Action potentials were elicited
by applying brief depolarizing current pulses (2 nA, 2 ms) at 50
Hz from a membrane potential of �70 mV (Fig. 3). Both the peak
AHP and postburst area were significantly greater in TgCRND8
mice as revealed by two-way ANOVA (Fig. 3B,C; effect of geno-
type, peak AHP, F(1,259) � 8.35, p � 0.004; postburst area, F(1,222) �
18.53, p � 0.0001). A more detailed analysis further revealed
that the greatest differences were observed between 100 and
500 ms after burst (data not shown), suggesting differences in
what is considered the medium AHP (Sah, 1996; Faber and
Sah, 2003).

Because several components of the AHP exhibit calcium de-
pendence (Sah, 1996; Faber and Sah, 2003), we sought to deter-
mine whether enhanced postburst AHPs were correlated with
increased calcium responses in layer 6 TgCRND8 neurons. Ac-
cordingly, this subset of our AHP experiments were performed
with concurrent multiphoton imaging of the intracellular cal-
cium indicator OGB-1 (100 �M) in the recorded layer 6 pyrami-
dal neurons. The spike burst protocols elicited changes in
intracellular calcium levels, as measured by changes in fluores-
cence with respect to baseline levels (dF/F). These changes de-
pended on the number of spikes in both genotypes (effect of
number of spikes, peak dF/F, F(5,222) � 93.06, p � 0.0001; dF/F
area, F(5,122) � 80.48, p � 0.0001) but were significantly greater in
layer 6 TgCRND8 neurons (Fig. 4; peak dF/F, effect of genotype,
F(1,222) � 11.82, p � 0.0007; dF/F area, effect of genotype, F(1,122) �
12.61, p � 0.0005). Baseline fluorescence was not different be-
tween genotypes, as assessed by the G/R ratio (WT, 233 � 13
units, n � 16; TgCRND8, 230 � 15 units, n � 23; p � 0.9).
Moreover, the linear regression of mean peak AHP against mean
peak dF/F in WT and TgCRND8 neurons were similar between
genotypes, suggesting that AHPs are enhanced in TgCRND8
mice as a result of enhanced calcium increases (slopes of the
linear regressions, p � 0.2).
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Figure 2. Reduced intrinsic excitability in layer 6 prefrontal pyramidal neurons of TgCRND8 mice. Input– output curves were generated by applying depolarizing current steps of 500 ms duration
in 50 pA increments from resting membrane potential. A, Representative example of a train of action potentials elicited by a 250 pA current step in WT (top, blue trace) and TgCRND8 (bottom, red
trace) neurons. Bottom, A schematic representation of the current injection. B, Input– output curves in WT cells (blue, n � 13) and TgCRND8 cells (red, n � 12 cells). Data points represent mean �
SEM. Effect of genotype is significant as revealed by two-way ANOVA (F(1,253) � 8.12, p � 0.005).
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One candidate channel for a calcium-dependent medium
AHP is the small-conductance calcium-activated potassium
channel known as SK (Sah, 1996; Faber and Sah, 2003). We found
that, in WT layer 6 PFC pyramidal neurons, the postburst AHP
was reduced by the SK-specific toxin apamin, particularly be-
tween 50 and 100 ms after the burst (Fig. 5). In TgCRND8 layer 6
neurons, the postburst AHP was also reduced by apamin
(TgCRND8control vs TgCRND8apamin, peak AHP, F(1,258) � 39.14,
p � 0.0001; AUC, F(1,258) � 33.59, p � 0.0001). Moreover, be-
tween 100 and 500 ms—at which the genotype difference was
most pronounced— differences were abolished in the presence of
apamin (Fig. 6; WTapamin vs TgCRND8apamin, peak AHP100–500 ms,
F(1,234) � 0.04, p � 0.84; AUC100 –500 ms, F(1,234) � 0.40, p � 0.53),
suggesting that the enhanced AHPs in TgCRND8 mice result
from a greater SK contribution. Interestingly, the apamin exper-
iments did reveal a residual, apamin-resistant early AHP in
TgCRND8 neurons (one to four spikes). Overall, however, the SK
inhibitor apamin restored AHP area to WT control levels in
TgCRND8 neurons (WTcontrol vs TgCRND8apamin, two-way
ANOVA, F(1,216) � 1.03, p � 0.3) and also abolished genotype
differences in intrinsic excitability as assessed by input– output
curves (WTcontrol vs TgCRND8apamin, two-way ANOVA, F(1,168) �
0.01, p � 0.9).

Enhanced suprathreshold calcium flux underlies aberrations
in the cholinergic excitation of layer 6 pyramidal neurons of
TgCRND8 animals
Cholinergic stimulation of layer 6 pyramidal neurons has the
potential to raise intracellular calcium levels substantially. Not

only does ACh bring the majority of these neurons to spiking—
thereby permitting the activation of voltage-sensitive channels
that flux calcium (i.e., NMDA receptors, voltage-gated calcium
channels)— but the ACh receptors themselves are poised to con-
tribute to intracellular calcium increases. Indeed, in layer 6 PFC,
ACh stimulates an unusual subtype of nicotinic receptor (Bailey
et al., 2010) known to have high calcium flux (Tapia et al., 2007)
and stimulates excitatory muscarinic receptors (Tian et al., 2011),
which can also release calcium from intracellular stores in pre-
frontal neurons (Gulledge and Stuart, 2005; Gulledge et al., 2009;
Proulx et al., 2014b). Thus, given the observation that cholinergic
firing is impaired in TgCRND8 neurons and that calcium-
dependent AHPs are enhanced in these same cells, we next inves-
tigated whether ACh-elicited spiking is accompanied by greater
calcium responses in the TgCRND8 neurons. ACh (1 mM, 15 s)
elicited spiking in eight of nine cells in WT and six of seven cells in
TgCRND8 mice with calcium increases that were significantly
greater in the TgCRND8, as detected by the calcium-sensitive dye
OGB-1 (100 �M; Fig. 7; peak dF/F: WT, 50 � 9%, n � 8;
TgCRND8, 78 � 7%, n � 6, p � 0.04; area of dF/F: WT, 1090 �
240% � s, n � 8, TgCRND8, 1950 � 500% � s, n � 6, p � 0.1).
Furthermore, in this independent replication, we also observed
that TgCRND8 cells failed to sustain firing frequencies to the
same extent as WT neurons (cumulative probabilities of normal-
ized instantaneous frequency, K–S test, p � 0.00001). Thus, im-
pairments in cholinergic firing in the TgCRND8 neurons were
accompanied by increased calcium responses.

Because multiple sources of calcium may contribute to these
cholinergic calcium responses in layer 6 neurons of PFC, we ex-
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Figure 3. The AHP is enhanced in layer 6 pyramidal neurons of TgCRND8 mice. Action potentials were elicited by applying brief depolarizing current pulses (2 nA, 2 ms) at 50 Hz from a membrane
potential of �70 mV. A depicts the overlay of the average responses in WT (blue, n � 16 cells) and TgCRND8 (red, n � 23 cells). A schematic of the spike burst protocol is shown below. B, Peak AHP
in WT and TgCRND8 (two-way ANOVA, effect of genotype, F(1,259) � 8.35, p � 0.004). C, Mean postburst AUC in WT and TgCRND8 (two-way ANOVA, effect of genotype, F(1,222) � 18.53, p �
0.0001). Data represented in B and C are mean � SEM.
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amined genotype differences in both subthreshold and suprath-
reshold sources of calcium ion flux. In voltage clamp, to prevent
spiking and the opening of voltage-gated channels, calcium re-
sponses elicited by ACh were not different between genotypes
when the membrane potential was clamped at �75 mV (peak
dF/F: WT, 46 � 6%, n � 16; TgCRND8, 48 � 7%, n � 18; p � 0.8;
area of dF/F: WT, 638 � 110% � s, n � 16; TgCRND8, 606 � 65%
� s, n � 18, p � 0.8). These data suggest that cholinergic stimu-
lation greatly enhances cellular calcium increases in the
TgCRND8 mice only when coincident with trains of action po-
tentials. To probe these genotype differences in suprathreshold
calcium influx, we next examined ACh calcium responses in cur-
rent clamp in the presence of the NMDA receptor channel antag-
onist AP-5 (50 �M) or in the presence of the voltage-gated
calcium channel blocker CdCl2 (100 �M). We found that ACh-
elicited calcium responses were significantly reduced with respect
to ACSF control in the TgCRND8 neurons but not in WT cells, in
either AP-5 (peak dF/F: WTAP-5, 68 � 9, n � 7, p � 0.2;
TgCRND8AP-5, 38 � 7%, n � 7, p � 0.002) or CdCl2 (peak dF/F:
WTCdCl2, 32 � 9%, n � 5, p � 0.2; TgCdCl2, 15 � 4%, n � 7, p �
0.0001). In addition, each manipulation could improve the abil-
ity of TgCRND8 neurons to sustain cholinergic firing (K–S tests,
TgCRND8control vs TgCRND8AP5, p � 0.0005; TgCRND8control vs
TgCRND8CdCl2, p � 0.00001), consistent with the interpretation
that the dysregulation of a calcium-sensitive conductance un-
derlies impairments in the cholinergic excitation of TgCRND8
neurons.

Inhibition of SK channels improves cholinergic excitability of
TgCRND8 neurons
Because the layer 6 TgCRND8 neurons show reduced ability to
maintain peak firing, elevated calcium levels in response to ACh,
and enhanced apamin-sensitive AHPs, we sought to determine
whether the inhibition of SK channels could help improve cho-
linergic excitability in layer 6 PFC of TgCRND8 mice. In the
presence of apamin, an SK-antagonist, 1 mM ACh elicited spiking
in 8 of 12 (67%) cells, and, under these conditions, higher-
frequency spiking could now be sustained to a significantly
greater extent, leading to a rightward shift of the cumulative
probability distribution of ACh-elicited firing frequency in
TgCRND8 neurons (Fig. 8B; K–S test, p � 0.00001). These data
support strongly the hypothesis that impairments in cholinergic
excitability arise from enhanced activity of calcium-activated SK
channels in layer 6 of the TgCRND8 mice.

Together, our findings demonstrate early disruption of cho-
linergic excitation of layer 6 PFC neurons in an animal model of
AD, identify mechanisms underlying this disruption, and use this
information to restore the maintenance of peak cholinergic ex-
citability in a critical component of attention circuitry.

Discussion
We have found that layer 6 pyramidal neurons of the PFC are
susceptible to disruptions of cellular excitability in the TgCRND8
brain. In particular, we show that these cells are unable to sustain
cholinergic excitation to the same extent as nontransgenic litter-
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mate mice as a result of the excessive activation of calcium-
activated hyperpolarizing conductances. Cholinergic excitation
can be improved in layer 6 pyramidal cells of TgCRND8 mice by
pharmacological blockade of SK channels, suggesting a novel tar-
get for the treatment of attentional impairments in AD.

The TgCRND8 mouse model is a widely used model of disease
that recapitulates several key neuropathological and cognitive
features of AD (Chishti et al., 2001; Webster et al., 2014), includ-
ing attention deficits (Romberg et al., 2013b). Because TgCRND8
mice harbor APP mutations without disruptions to other genetic
loci of AD vulnerability, namely the tau and presenilin genes
(Selkoe, 2001; Goedert and Spillantini, 2006), these previously
documented attentional impairments appear related to the over-
expression of APP, aberrant APP processing, and/or the produc-
tion of �-amyloid (A�) pathology. The disruption of the
cholinergic excitation of PFC layer 6 neurons described here is a
plausible proximate cause for the attention deficits observed in
TgCRND8 mice. These animals display impairments on the five-

choice serial reaction time task (for review, see Bari et al., 2008;
Romberg et al., 2013b), an attentional task that requires cholin-
ergic modulation of the deep layer PFC neurons for optimal per-
formance (Bailey et al., 2010; Guillem et al., 2011). The PFC
constitutes an important hub for higher cognitive function
(Duncan and Owen, 2000; Buckner et al., 2009; Cole et al., 2013;
Sporns, 2014), and its neuromodulation exerts powerful influ-
ences on the brain as a whole. The ACh released in the PFC during
attention tasks (Parikh et al., 2007) robustly and directly excites
the deep cortical layers (Kassam et al., 2008; Poorthuis et al.,
2013; Proulx et al., 2014a) in a manner consistent with the sus-
tained firing necessary for attention and other executive func-
tions (Funahashi, 2001; Hasselmo and Sarter, 2011; Ikkai and
Curtis, 2011; Zhou et al., 2011). The cholinergic modulation of
PFC layer 6 would be especially important in this regard given its
dense corticothalamic feedback projections and local influ-
ence over the activity of the cortical column (Thomson, 2010;
Olsen et al., 2012; Kim et al., 2014; Proulx et al., 2014a). It will
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F(1,198) � 39.62, p � 0.0001) and postburst area (two-way ANOVA, treatment effect, F(1,198) � 10.70, p � 0.001).
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be most interesting in future work to determine whether and
how the targeted modulation of prefrontal layer 6 pyramidal
cell excitability by SK channels can impinge on cognitive
performance.

The impairments in cholinergic excitability we document
would be exacerbated by previously described cholinergic changes
that accompany the progression of AD. Such deficits include the
neurodegeneration of the cholinergic cells of the basal forebrain
(Davies and Maloney, 1976; Whitehouse et al., 1982), as well as a
decrease in the enzymatic activity related to the synthesis and
breakdown of ACh (Davies and Maloney, 1976; Perry et al., 1978;
Henke and Lang, 1983; Zubenko et al., 1989; Davis et al., 1999;
Selkoe, 2001; Auld et al., 2002; DeKosky et al., 2002). In the
current study, however, bath application of ACh would circum-
vent potential differences in endogenous ACh levels between the
genotypes, indicating that significant differences in cholinergic
responses are observed in the TgCRND8 neurons independently
of the disruptions in ACh levels that accompany disease progres-
sion. Significant reductions in nicotinic receptor binding have
also been documented in the AD brain, and this holds particu-
larly true for the �4�2 � nicotinic receptor subtype (Nordberg et
al., 1988; Whitehouse et al., 1988; Marutle et al., 1999; Nordberg,
2001; O’Brien et al., 2007; Kendziorra et al., 2011) that is ex-
pressed highly in layer 6 PFC (Wada et al., 1989, 1990; Kassam et
al., 2008; Alves et al., 2010). There is also some evidence of dis-
rupted functional coupling of excitatory muscarinic receptors to
downstream cellular effectors (Jope et al., 1997; Jope, 1999). Fur-

thermore, A� peptides can impair both muscarinic (Kelly et al.,
1996) and nicotinic (Liu et al., 2001; Pettit et al., 2001) receptor
function and indeed interfere with the cholinergic system as a
whole (for review, see Auld et al., 2002). It is striking that we
found only modest reductions in TgCRND8 ACh currents near
resting membrane potential and neither differences in musca-
rinic or nicotinic currents between the genotypes nor in the level
of depolarization achieved. Instead, the greatest difference rested
in the degree to which layer 6 cells could sustain firing in response
to ACh. The extent to which nicotinic and muscarinic receptors
contribute to this threshold effect will be critical to elucidate in
future work, particularly in view of the accompanying suprath-
reshold calcium differences that are reported here.

Cholinergic signaling can alter intracellular calcium levels in a
multitude of ways. The subtype of nicotinic receptors that play a
prominent role in the excitation of PFC layer 6 cells (Kassam et
al., 2008; Tian et al., 2011; Poorthuis et al., 2013) are character-
ized by unusual calcium permeability (Fucile, 2004; Tapia et al.,
2007). Although the M1 muscarinic receptors contribute only
modestly to the depolarization of PFC layer 6 cells (Tian et al.,
2014), they can trigger the release of calcium from intracellular
stores (Berridge and Irvine, 1984; Neher et al., 1988; Gulledge and
Stuart, 2005; Proulx et al., 2014b). Disruptions in intracellular
calcium have been documented in several models of AD (Stutz-
mann et al., 2004; Stutzmann, 2006; Wykes et al., 2012; Chak-
roborty and Stutzmann, 2014). Potential contributors suggested
to be perturbed in models of AD include calcium-permeable nic-
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effect of genotype, F(1,234) � 5.94, p � 0.02). Apamin was most effective at normalizing the post-burst AHP in TgCRND8 in which the genotype difference was most pronounced (WTapamin vs
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otinic receptors (Liu et al., 2001; Pettit et al., 2001), excitatory
muscarinic receptors (Kelly et al., 1996), voltage-gated calcium
channels (Wang and Mattson, 2014), calcium-induced calcium
release (Stutzmann et al., 2004; Stutzmann, 2006), and extra-
sensitive NMDA receptors (Shah and Haylett, 2002; Goussakov
et al., 2010; Romberg et al., 2012; Wang and Mattson, 2014). Here
we find that layer 6 neurons in the TgCRND8 mice do not have
aberrant calcium levels at baseline and show only moderate ele-

vation in response to strong depolarizing stimuli and, indeed, to
cholinergic stimulation below threshold. Instead, the combina-
tion of cholinergic stimuli and depolarization is required to bring
about strongly elevated intracellular calcium levels. Our data in-
dicate that aberrations in voltage-gated calcium channel and
NMDA receptor function may contribute to this suprathreshold
effect. It is interesting to note that calcium flux through both
voltage-gated calcium channels and NMDA receptors can couple
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to SK channels (Marrion and Tavalin 1998; Wolfart and Roeper,
2002; Ngo-Anh et al., 2005; Giessel and Sabatini, 2010), which
could account for the impairments in cholinergic firing of layer 6
TgCRND8 neurons that are documented in the current study.
However, much additional work will be necessary to determine
the cellular mechanisms underlying suprathreshold calcium re-
sponses in the TgCRND8 mice and its subsequent dysregulation
of cholinergic firing and whether such an interaction is specific to

the cholinergic system remains an open question. Nonetheless, it
is clear that the cholinergic stimulation of layer 6 pyramidal cells
of the PFC can be regarded as a highly relevant physiological
stimulus essential to optimal attentional performance (Bailey et
al., 2010; Guillem et al., 2011; Proulx et al., 2014a).

In the major corticothalamic layer, in which modulation by
ACh is essential for optimal attentional function, we have found
that there is impaired cholinergic excitability in a mouse model of
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AD. Furthermore, we have found that blockade of the SK class of
calcium-activated potassium ion channels significantly restores
persistent cholinergic excitability in PFC of TgCRND8. Consis-
tent with this finding, local PFC administration of an SK blocker
has been shown to improve executive function (Brennan et al.,
2008). Of note, the SK-mediated AHP is modifiable by experi-
ence (Disterhoft and Oh, 2006), a modulatory control that ap-
pears to be essential for learning. However, the dynamic control
of its magnitude, and even its calcium sensitivity, is complex
(Bildl et al., 2004; Kramár et al., 2004; Ren et al., 2006; Allen et al.,
2007; Giessel and Sabatini, 2010; El-Hassar et al., 2014). Regula-
tion of the SK-mediated AHP by BDNF points to a potential
locus of disruption in AD and the TgCRND8 model that
would be correlated with early cognitive decline (Peng et al.,
2005; Francis et al., 2012). Understanding the regulation of per-
sistent cholinergic excitation in PFC attention circuits is a key
step in understanding normal control of executive function and
its vulnerability to disruption in AD.
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