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Key points

� Protein kinases can modify the function of many proteins including ion channels.
� However, the role of protein kinase A in modifying nicotinic receptors in the CNS has never

been investigated.
� We showed through whole-cell recordings of layer 1 prefrontal cortical interneurons that α7

nicotinic responses are negatively modulated by protein kinase A.
� Furthermore, we show that stimulation of dopamine receptors can similarly attenuate α7

nicotinic responses through the activation of protein kinase A.
� These results suggest how the interaction of the cholinergic and dopaminergic systems may

influence neuronal excitability in the brain.

Abstract Phosphorylation of ion channels, including nicotinic acetylcholine receptors (nAChRs),
by protein kinases plays a key role in the modification of synaptic transmission and neuronal
excitability. α7 nAChRs are the second most prevalent nAChR subtype in the CNS following
α4β2. Serine 365 in the M3–M4 cytoplasmic loop of the α7 nAChR is a phosphorylation site for
protein kinase A (PKA). D1/D5 dopamine receptors signal through the adenylate cyclase–PKA
pathway and play a key role in working memory and attention in the prefrontal cortex. Thus, we
examined whether the dopaminergic system, mediated through PKA, functionally interacts with
the α7-dependent cholinergic neurotransmission. In layer 1 interneurons of mouse prefrontal
cortex,α7 nicotinic currents were decreased upon stimulation with 8-Br-cAMP, a PKA activator. In
HEK 293T cells, dominant negative PKA abolished 8-Br-cAMP’s effect of diminishing α7 nicotinic
currents, while a constitutively active PKA catalytic subunit decreased α7 currents. In brain slices,
the PKA inhibitor KT-5720 nullified 8-Br-cAMP’s effect of attenuating α7 nicotinic responses,
while applying a PKA catalytic subunit in the pipette solution decreased α7 currents. 8-Br-cAMP
stimulation reduced surface expression of α7 nAChRs, but there was no change in single-channel
conductance. The D1/D5 dopamine receptor agonist SKF 83822 similarly attenuated α7 nicotinic
currents from layer 1 interneurons and this attenuation of nicotinic current was prevented
by KT-5720. These results demonstrate that dopamine receptor-mediated activation of PKA
negatively modulates nicotinic neurotransmission in prefrontal cortical interneurons, which may
be a contributing mechanism of dopamine modulation of cognitive behaviours such as attention
or working memory.
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Introduction

Neuronal nicotinic acetylcholine receptors (nAChRs) are
widely distributed throughout the brain and play a key
role in mediating neurotransmission in the CNS. The
homopentameric α7 nAChR is the second most abundant
nAChR subtype in the brain after α4β2 (Clarke et al.
1985; Whiting et al. 1987; Perry et al. 2002; Nashmi &
Lester, 2006; Gotti et al. 2006). α7 nAChRs are known
to enhance cognitive behaviours such as attention (Levin,
2002; Young et al. 2007; Sydserff et al. 2009) and memory
(Thomsen et al. 2010; Castner et al. 2011; Yang et al.
2013). Dysfunction of α7 nAChRs has been implicated in
various nervous system disorders. Altered expression of α7
nAChRs has been found in smokers’ brains, as well as those
of people stricken with schizophrenia and Alzheimer’s
disease (Freedman et al. 1995; Wevers et al. 1999;
AhnAllen, 2012). Understanding how post-translational
modifications to α7 nAChRs alter their function and
expression in neurons will enhance our knowledge of
the mechanisms that α7 nAChRs contribute to normal
behaviours and pathological neural disorders.

Protein kinases play a major role in modifying
the activity of ion channels and ultimately neuronal
excitability (Porter et al. 1990; Astman et al. 1998; Man
et al. 2007; Liu & Murray, 2012; Komal et al. 2014). Protein
kinases catalyse the transfer of a phosphate group to the
side chain hydroxyl group of a tyrosine, serine or threonine
within a protein. Protein kinase A or cAMP-dependent
protein kinase (PKA) is a serine kinase (Maller et al. 1978),
which assembles as a tetrameric complex consisting of two
regulatory and two catalytic subunits (Naira et al. 1985).
In neurons, PKA has a wide range of substrates ranging
from ion channels to transcription factors (Meyer & Shen,
2000; Zhong et al. 2009). For example, PKA-mediated
phosphorylation of glutamate receptors has been shown
to affect multiple forms of synaptic plasticity (Esteban
et al. 2003). G protein-coupled receptors that couple
through Gαs, such as D1/D5 dopamine receptors, are
a major receptor system that activates PKA (Beaulieu &
Gainetdinov, 2011). Dopamine, which binds and activates
D1/D5 dopamine receptors, is released in the prefrontal
cortex where it plays a vital role in working memory,
motivation and attention (Phillips et al. 2008).

Like other nAChRs, α7 nAChRs are substrates of protein
kinases (Vijayaraghavan et al. 1990; Moss et al. 1996;
Komal et al. 2014). One major mechanism regulating the
function of α7 nAChRs and other nAChR subtypes is the
phosphorylation of the major cytoplasmic loop of the
receptor, which contains putative phosphorylation sites
for protein kinases including PKA and tyrosine kinase
(Moss et al. 1996; Charpantier et al. 2005). Electro-
physiological studies have shown that the Src family of
tyrosine kinases can negatively regulate the function of

α7 nAChRs (Cho et al. 2005; Charpantier et al. 2005;
Komal et al. 2014). In addition to phosphotyrosine,
there is a serine in the M3–M4 cytoplasmic loop of
both chick and rat α7 nAChRs that is phosphorylated
by PKA but not by CaMKII or protein kinases C or G
(Moss et al. 1996). Studies have examined the impact
of PKA on nAChR function mainly in the peripheral
nervous system (Margiotta et al. 1987) and in the muscle
(Green et al. 1991). Interestingly, activation of α7 nAChRs
themselves results in a signal transduction, which activates
PKA (Dajas-Bailador et al. 2002; Cheng & Yakel, 2014).
However, to date there has been no report on the effect of
PKA on modulating nAChR activity in the CNS.

In this study, we examined the mechanisms of how
PKA activation reduced α7 nAChR currents expressed
in cells of the human embryonic kidney cell line HEK
293T and in layer 1 interneurons of the mouse prefrontal
and frontal cortices (PFC and FC) using pharmacological
and molecular techniques and showed that PKA targets
serine 365 of α7 to reduce their surface expression.
Furthermore, activation of the D1/D5 dopamine receptors
similarly attenuated α7 nAChRs through a PKA-mediated
mechanism.

Methods

Ethical approval

All experiments on mice were performed in accordance
with the Canadian Council of Animal Care and approved
by the Animal Care Committee at the University of
Victoria.

cDNA constructs

Mouse α7 cDNA was kindly provided by Jerry Stitzel
(University of Colorado, Boulder, CO, USA). Venus
fluorescent protein cDNA was provided by Atsushi
Miyawaki (Riken Brain Science Institute, Tokyo, Japan)
(Nagai et al. 2002). Human RIC-3 cDNA was provided
by Neil Millar (University College London, UK) (Lansdell
et al. 2005). The cDNA for mouse α7 nAChR subunit
tagged with Venus fluorescent protein (α7-Venus) in the
M3–M4 cytoplasmic loop was generated previously in
the lab (Komal et al. 2014). In mutant α7(S365A) cDNA
the serine 365 codon (AGC) was mutated to the alanine
codon (GCA) by site-directed mutagenesis (Bio Basic Inc.;
Markham, Canada). A dominant negative mouse PKA
plasmid M7 pdnPKA-GFP cDNA (Ungar & Moon, 1996)
and PKA catalytic subunit α (PKA-Cα) cDNA (Uhler &
McKnight, 1987) were obtained from Addgene (cat. nos
16716 and 15310, respectively; Cambridge, USA).
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HEK 293T cell culture and transfection

HEK 293T cells were maintained in plating medium
consisting of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U ml−1 penicillin and
100 μg ml−1 streptomycin. For electrophysiology 5 mm
diameter round glass coverslips (Warner Instruments;
Hamden, USA) were placed inside 35 mm petri dishes and
coated with 1% gelatin type B (EMD Millipore; Etobicoke,
Canada) or 1 mg ml−1 poly-DL-lysine (Sigma-Aldrich; St.
Louis, USA) for 2 h. For confocal imaging, HEK 293T
cells were grown on glass coverslip bottom dishes (MatTek
Corporation; Ashland, USA) coated for 2 h with 1%
gelatin. Cells were maintained in a 5% CO2 incubator
at 37°C. Cells were grown to 40–50% confluency and
then transiently transfected with FuGENE Transfection
Reagent (Promega; Madison, USA). To each 35 mm dish,
2 μg cDNA of either α7, α7-Venus or their S365A mutant
versions, 2 μg cDNA of RIC-3 and 3 μl of FuGENE Trans-
fection Reagent (Promega) were mixed with 250 μl of
warmed incomplete medium, which is the plating medium
minus FBS. Venus cDNA (0.2 μg) was added to α7 to
visually identify transfected HEK 293T cells for whole-cell
patch-clamp recordings.

Drugs

8-Bromo-cAMP sodium salt, PHA543613 hydrochloride,
KT-5720, SKF 83822 and SKF 81297 were all from
Tocris Bioscience (Bristol, UK). Acetylcholine chloride
and CNQX disodium salt were from Sigma-Aldrich while
tetrodotoxin citrate was purchased from Alomone Labs
(Jerusalem, Israel). Protein kinase A catalytic subunit
protein, which was added to the pipette solution during
slice electrophysiology, was obtained from Sigma-Aldrich.

Whole-cell patch-clamp electrophysiology
from cultured cells

HEK 293T cells were visualized with differential inter-
ference contrast illumination using an upright microscope
(Nikon FN1; Mississauga, Canada) with a CFI APO 40×W
NIR objective (0.80 numerical aperture, 3.5 mm working
distance). We identified transfected cells with Venus
fluorescent protein using fluorescence illumination with
a mercury lamp. Whole-cell patch-clamp recordings were
performed using a Multiclamp 700B amplifier (Molecular
Devices; Sunnyvale, USA), low-pass filtered at 4 kHz,
digitized at 10 kHz with a Digidata 1440A (Molecular
Devices) and recorded using pCLAMP 10.2 acquisition
software (Molecular Devices).

During recordings, cells were perfused continuously
at 2 ml min−1 with extracellular solution containing
(in mM): 150 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 10

Hepes, and 10 D-glucose adjusted to pH 7.4. Extracellular
recording solution was maintained at 31°C using a
temperature controller (TC-344B, Warner Instruments)
and in-line heater (SH-27B, Warner Instruments).
Standard whole-cell patch-clamp recordings were
performed using patch pipettes pulled from borosilicate
glass electrodes (1.5 mm o.d. and 1.0 mm i.d., WPI)
on a P-97 Flaming/Brown micropipette puller (Sutter
Instruments). Patch electrodes had tip resistances between
6 and 11 M� and were filled with (in mM): 108 KH2PO4,
4.5 MgCl2, 0.9 EGTA, 9 Hepes, 0.4 CaCl2, 14 creatine
phosphate (Tris salt), 4 Mg-ATP, 0.3 GTP (Tris salt), pH 7.4
with KOH. The membrane potential was held at −60 mV
and corrected for liquid junction potential. Acetylcholine
(ACh, 1 mM) was applied rapidly for 1 s duration using
the two-barrel glass θ-tube valve-driven drug applicator
(Komal et al. 2011) positioned 300 μm away from the
recorded cell. Solution exchange rates were typically less
than 500 μs (10–90% peak time) as measured from open
tip junction potential changes using 10% extracellular
solution.

Whole-cell patch-clamp electrophysiology from brain
slices

Postnatal day (P) 10–20 C57BL/6J mice (stock no. 000664,
The Jackson Laboratory; Sacramento, USA) of either
sex were used for all our electrophysiology experiments.
Mice were deeply anaesthetized with isofluorane and
decapitated. Brains were removed and placed in ice-cold
slicing solution containing (in mM): 250 sucrose, 2.5
KCl, 1.2 NaH2PO4, 1.3 MgCl2, 2.4 CaCl2, 26 NaHCO3

and 11 D-glucose. Coronal slices (320 μm thick) were
cut with a vibratome (Leica 1000S; Concord, Canada)
from prefrontal and frontal cortices and transferred to an
extracellular recording solution-filled incubation chamber
in a 31°C water bath for at least 45 min before being
transferred to the recording chamber. During recordings,
slices were perfused continuously at 2 ml min−1 with
extracellular solution containing (in mM): 125 NaCl, 2.5
KCl, 1.2 NaH2PO4, 1.3 MgCl2, 2.4 CaCl2, 26 NaHCO3, and
11 D-glucose, aerated with 95% O2 and 5% CO2 during
incubation and recording. Layer 1 interneurons of the
medial prefrontal and frontal cortices were visualized and
targeted for whole-cell recordings using an upright micro-
scope (Nikon FN1) with a CFI APO 40× W NIR objective
(0.80 numerical aperture, 3.5 mm working distance)
and equipped with infra-red video-assisted differential
interference contrast illumination. Patch electrodes had
tip resistances between 6 and 11 M� and were filled
with pipette solution containing (in mM): 130 potassium
gluconate, 5 EGTA, 0.5 CaCl2, 2 MgCl2, 10 Hepes,
3 Mg-ATP, 0.2 GTP, and 5 phosphocreatine Tris, pH
adjusted to 7.4 with KOH, osmolarity adjusted to
300 mosmol l−1 with sucrose. Whole-cell voltage-clamp
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recordings were performed at 31°C using a temperature
controller (TC-344B, Warner Instruments) and in-line
heater (SH-27B, Warner Instruments), with a MultiClamp
700B amplifier (Molecular Devices) and pCLAMP 10.2
software (Molecular Devices). Data were low-pass filtered
at 4 kHz and sampled at 10 kHz with a Digidata
1440A data acquisition system (Molecular Devices). The
membrane potential was corrected for liquid junction
potential, and series resistance was monitored throughout
the experiment. Neurons were held at −60 mV. A
specific agonist for α7 nAChRs, PHA543613 hydro-
chloride (100 μM) was applied for 1 s every 60 s using
a valve-driven θ-tube drug applicator system (Komal et al.
2011) positioned 600 μm from the recorded cell. To isolate
nicotinic responses sodium dependent action potentials
were blocked with tetrodotoxin (0.5 μM) and AMPA
and kainate glutamatergic responses were inhibited with
CNQX (10 μM).

Current fluctuation analysis to estimate
single-channel conductance

Single-channel conductance of α7 nAChRs was deter-
mined by performing non-stationary current fluctuation
analysis on whole-cell mediated α7 nAChR responses from
brain slices, elicited via application of 100 μM PHA543613
hydrochloride, at −60 mV. This technique has been pre-
viously described by others (Sigworth, 1980; Brown et al.
1998; Komal et al. 2014). We used Clampfit 10.2 software
(Molecular Devices) to conduct fluctuation analysis on
the whole-cell current traces. In brief, an ensemble of α7
nAChR responses was aligned by the point of maximal rise
and averaged. The mean responses was scaled to the peak
and substracted from individual responses. The variance
of the current at each sample point of each trace was
plotted against the mean current of the averaged traces
at the same sample point in time. Then a linear fit was
performed through the sampled points. The slope of the
fit estimated the unitary current, i, of the nicotinic ion
channel. The single-channel conductance was calculated
using the equation γ = i/(Vh − Erev) where Vh is the
holding potential (−60 mV) and Erev is the reversal
potential for α7 nAChRs, determined experimentally as
(−0.7 mV).

Alexa Fluor 647 α-bungarotoxin labelling of surface
α7 nAChRs in HEK 293T cells

We utilized Venus fluorescent protein-tagged α7 nicotinic
receptor (α7-Venus) cDNA construct tagged with Venus
fluorophore (α7-Venus) and haemagglutinin epitope pre-
sent in the long intracellular cytoplasmic loop spanning
third and fourth transmembrane domains. HEK 293T
cells plated on coverslip bottom 35 mm culture dishes
were transiently transfected (per dish) with 2 μg each

α7-Venus, RIC-3 and 3 μl of FuGENE. On the second day
of post-transfection, cells were treated with control 1/1000
volume sterile H2O diluted in cell culture plating medium
or 1/1000 volume of 100 mM 8-Br-cAMP stock solution
diluted in cell culture plating medium (final concentration
100 μM 8-Br-cAMP) and incubated at 37ºC for 30 min.
Cells were washed once with ice-cold PBS (pH 7.4)
and then labelled with Alexa Fluor 647 α-bungarotoxin
(Fl-BTx, 1 mg ml−1, Life Technologies; Burlington,
Canada) at 1:200 dilution for 1 h at 4°C. Subsequently
cells were washed and fixed with 2% paraformaldehyde
for 10 min at 4°C and washed twice again before imaging.
Surface expression of Fl-BTx-labelled α7-Venus receptors
vs. mutant α7-Venus (α7(S365A)-Venus) receptors were
examined with a Nikon C1si spectral confocal microscope
system using a Plan Apo VC 60× 1.4 NA oil immersion
objective (0.13 mm working distance). A lambda stack
of X–Y images were collected simultaneously with each
laser sweep onto an array of 32 photomultiplier tubes and
averaged over four laser sweeps. The Venus fluorophore
was excited by the 488 nm argon laser line at 5% maximal
intensity and imaged between 496.5 and 656.5 nm at
5 nm wavelength intervals. Fl-BTx was excited with a
638 nm laser line at 20% maximal intensity and wave-
length emissions were collected between 590 and 750 nm
at 5 nm wavelength intervals, averaged over four laser
sweeps and Fl-BTx was analysed at the peak emission of
Alexa Fluor 647 (670 nm). Images were acquired over
a 50 μm × 50 μm field of view at 512 pixels × 512
pixels digital resolution, and 12 bit intensity resolution.
The pixel dwell time was set at 5.52 μs and the pinhole
was set to medium (60 μm diameter). A single optical
slice was imaged through the centre of the cell for the
Alexa Fluor 647 α-bungarotoxin image and the α7-Venus
image. Using ImageJ v1.43r, software images were analysed
for mean signal intensity of Fl-BTx per cell and normalized
to the mean Venus intensity per cell to quantify surface
expression of α7-Venus nAChRs for both control and
8-Br-cAMP-treated cells.

Alexa Fluor 647 α-bungarotoxin labelling of surface
α7 nAChRs on layer 1 interneurons of brain slices

To examine surface α7 nAChR expression in layer 1 inter-
neurons of the medial prefrontal cortex, C57BL/6J mice
(P15 and P18) were deeply anaesthetized with isoflurane
and decapitated. The brain was removed and embedded in
3% agar. The agar block encompassing the brain was glued
on the sectioning platform and submerged in ice-cold
NMDG-based slicing solution that contained (in mM): 92
NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 Hepes,
25 D-glucose, 5 sodium ascorbate, 3 sodium pyruvate,
0.5 CaCl2, and 10 MgSO4. Coronal slices from the pre-
frontal cortex were sectioned at 250 μm thickness with
a vibratome (Leica 1000S). Brain slices were transferred
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and incubated for 30 min at room temperature in a
Hepes-based holding solution which contained (in mM):
92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 Hepes,
25 D-glucose, 5 sodium ascorbate, 3 sodium pyruvate,
2 mM CaCl2 and 2 MgSO4. Half the number of slices
were incubated for 30 min at 36°C in control extracellular
solution which contained (in mM): 119 NaCl, 2.5 KCl,
1.25 NaH2PO4, 24 NaHCO3, 12.5 D-glucose, 2 CaCl2 and
2 MgSO4. The remaining slices were incubated for 30 min
at 36°C in 8-Br-cAMP solution which consisted of 100 μM

8-Br-cAMP added to extracellular solution.
The slices were then fixed in 4% paraformaldehyde

for 24 h, rinsed two times in PBS and then floating
brain sections were labelled with Alexa Fluor 647
α-bungarotoxin (1 mg ml−1, Fl-BTx, Life Technologies)
at 1:200 in PBS and NeuroTrace 435/455 Blue Fluorescent
Nissl Stain (Life Technologies) at 1:300 in PBS. Brain
sections were washed twice with PBS, mounted on coated
slides (Superfrost Plus Gold, Fisher Scientific; Ottawa,
Canada) and coverslipped with Vectashield Mounting
Medium (Vector Laboratories; Burlington, Canada).

z-stacks of images were acquired with a Nikon C1si
spectral confocal microscope using a 60× oil objective
(1.4 NA). Images were acquired at 100 μm × 100 μm
field of view and digitized at 512 pixels × 512 pixels with a
medium sized pinhole (60 μm diameter) setting. A z-stack
of 29 optically sectioned images at 1 μm intervals were
gathered over 28 μm closest to the most superficial surface
of the brain section. Spectral gain was at 220 and pixel
dwell time at 5.52 μs. NeuroTrace 435/455 was excited
with the 405 nm laser diode at 1% maximal transmission
and the emission was collected between 400 and 560 nm at
5 nm resolution with an average of two sweeps per optical
slice, while Fl-BTx was excited with a 560 nm laser diode
at 25% maximal transmission and the emission collected
between 590 and 750 nm at 5 nm wavelength intervals and
an average of four sweeps per optical slice. NeuroTrace
and Fl-BTx images were spectrally unmixed and analysed
with ImageJ by tracing neuronal cell bodies as regions of
interest (ROIs) for every second optical section of each
z-stack of the NeuroTrace images. Then the ROIs were
transferred to the Fl-BTx stacks of images and the mean
fluorescence intensity was calculated for each ROI for the
corresponding Fl-BTx z-stack.

Statistics

All data are presented as means ± SEM. Significant
difference (P < 0.05) between two groups of data were
determined using a t test for continuous data meeting
parametric assumptions of equal variances and normality.
Otherwise, a Wilcoxon rank sum test was performed
for non-parametric data. Comparisons between three or
more groups were analysed using an analysis of variance
(ANOVA) for parametric data followed by post hoc

multiple pairwise analysis using either Tukey’s HSD tests
or Bonferroni corrected t tests. For non-parametric data
involving comparison of three or more groups of data a
Kruskal–Wallis rank sum test was performed followed by
pairwise analyses using Wilcoxon rank sum tests. We also
performed two-way ANOVAs on data with more than one
treatment group that was repeated over time. All statistical
analyses were performed using the R statistical computing
language (www.R-project.org).

Results

8-Br-cAMP decreases α7 nicotinic receptor currents
in HEK 293T cells

Catalytic PKA is activated when cAMP binds to the
PKA regulatory subunits. To test whether activation
of PKA can modulate α7 nAChR function, we used
8-Br-cAMP, a cell membrane-permeable analogue of
cAMP. 8-Br-cAMP, rather than cAMP, was used because
8-Br-cAMP is resistant to hydrolysis by endogenous
phosphodiesterases, which normally terminate cAMP
signalling. The PKA signalling pathway was triggered
by incorporating 8-Br-cAMP in the recording pipette
solution. Since previous studies have shown a dose
dependent (100 μM to 1 mM) effect of cAMP on other
nAChR subtypes in insect ganglionic neurons (Courjaret
& Lapied, 2001), in the present study we used a 100 μM

concentration of 8-Br-cAMP to examine the effect of
activated PKA on α7 nAChRs. We examined the effect
of 8-Br-cAMP on α7 nicotinic receptor function by
performing whole-cell recordings from HEK 293T cells
transiently transfected with mouseα7 nAChRs. Controlα7
nAChR responses recorded from HEK 293T cells showed a
mean current amplitude of 603 ± 100 pA (n = 21) elicited
by 1 mM ACh (1 s) that maintained a steady amplitude
with repeated ACh applications (1 min intervals) (Fig. 1A,
C and D). The α7 nAChR responses showed a significant
and progressive attenuation in the peak current over
repeated ACh applications when 8-Br-cAMP was pre-
sent in the micropipette solution, decreasing to a mean
current response of 269 ± 82 pA (n = 15) (P = 0.004,
Wilcoxon rank sum test) (Fig. 1B, C and D) (P = 0.0006,
8-Br-cAMP treatment factor, two-way ANOVA) (Fig. 1D).
8-Br-cAMP stimulation resulted in a time dependent
decrease in α7 nAChR mediated peak response amplitude
over repeated ACh applications with a mean exponential
decay time constant of 5.4 ± 1.8 min. This indicates that
the 8-Br-cAMP’s effect on decreasing α7 nAChR responses
was not instantaneous but occurred on a time scale in the
order of minutes.

We next examined the effect of 8-Br-cAMP on α7
nAChR gating kinetics by fitting the time course of α7
current decay during ACh application to the sum of two
exponential functions. The time course of α7 nAChR

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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decay kinetics recorded from HEK 293T cells showed no
significant difference in either the fast (control: 54±10 ms,
n = 18 vs. 8-Br-cAMP: 65 ± 19 ms, n = 21) (P = 0.9,
Wilcoxon rank sum test) or the slow time constants
(control: 351 ± 92 ms, n = 18 vs. 8-Br-cAMP: 238 ± 39 ms,
n = 15) (P = 0.8, Wilcoxon rank sum test) between control
and 8-Br-cAMP treated cells (Fig. 1E). We also found
no significant difference in the percentage composition
of the fast and the slow decay components of the α7
nicotinic responses between control (amplitude coefficient
τfast: 22 ± 5%, n = 18; τslow: 78 ± 5%, n = 18) and
8-Br-cAMP stimulated cells (amplitude coefficient τfast:
21 ± 3%, n = 15; τslow: 79 ± 3%, n = 15) (P = 0.6,
Wilcoxon rank sum tests for both τslow and τfast) (Fig. 1F).
These data indicate that PKA activation via 8-Br-cAMP
decreases α7 nAChR function without affecting channel
gating kinetics.

8-Br-cAMP stimulation inhibits α7 nicotinic receptor
currents in layer 1 cortical interneurons

Layer 1 neurons of the prefrontal cortex are predominantly
GABAergic and the majority of these interneurons exhibit
robust α7 nicotinic receptor currents (Christophe et al.
2002; Charpantier et al. 2005; Komal et al. 2014). Since
we found that in cell lines 8-Br-cAMP activation of
PKA attenuates α7 nicotinic receptor function we asked
whether the same modulation occurs for α7 nAChRs end-
ogenously expressed in CNS neurons. Accordingly, we
targeted layer 1 medial prefrontal cortical neurons for
whole-cell recordings. Recordings were performed in the
presence of TTX (0.5 μM) and CNQX (10 μM) to block
action potential dependent release of neurotransmitters
and AMPA and kainate receptors. We examined α7
nAChR responses elicited by the rapid application of α7
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Figure 1. 8-Br-cAMP stimulation attenuates
α7 nAChR currents in HEK 293T cells
Acetylcholine (1 mM) evoked α7 nAChR
whole-cell currents; traces for control (A) and
8-Br-cAMP (100 μM) treated cells showing a
decline in α7 currents in the 8-Br-cAMP treated
cells (B). C, the mean current amplitude of α7
nAChRs from control (n = 21) differed
significantly from 8-Br-cAMP stimulated cells
(n = 15) (P = 0.004, Wilcoxon rank sum test). For
all the figures, bars represent means ± SEM of
responses with each measured cell represented as
a circle. D, mean current amplitude of
ACh-mediated α7 whole-cell currents at 1 min
time intervals for 8-Br-cAMP-stimulated cells was
significantly attenuated as compared to control
(P = 0.0006, two-way ANOVA). E, decay kinetics
of α7 nAChR currents during ACh application
showed no change in fast and slow decay time
constant for control (n = 18) and 8-Br-cAMP
(n = 21) (P = 0.9 for τ fast, P = 0.8 for τ slow,
Wilcoxon rank sum tests) stimulated cells. F, no
difference in the percentage composition of
amplitude coefficients (AC) is observed for fast
and slow decay time components of α7 nAChRs
responses for control (n = 18) and 8-Br-cAMP
stimulated neurons (n = 15) (P = 0.6, Wilcoxon
rank sum tests for both τ fast and τ slow
components). Note that for all figures n
represents the total number of cells.
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nAChR selective agonist PHA543613 (100 μM for 1 s
duration, every 1 min) from control and 8-Br-cAMP
stimulated neurons, in which the intracellular pipette
solution contained 100 μM 8-Br-cAMP. The average peak
current of the α7 nAChR responses of the 8-Br-cAMP
stimulated neurons (67 ± 4 pA, n = 26) was significantly
reduced as compared to theα7 nAChR responses of control
treated neurons (104 ± 9 pA, n = 18) (P = 0.008,
t test) (Fig. 2A–C). Moreover, neurons stimulated with
8-Br-cAMP showed a significantly greater progressive
time-dependent decrease in α7 mediated whole-cell
currents (n = 13) as compared to α7 nAChR currents
recorded from control treated neurons (n = 17) (P = 0.03,

8-Br-cAMP treatment factor, two-way ANOVA), which
showed no decrement in amplitude of α7 nAChR currents
over time (Fig. 2D). The time course of the progressive
inhibition of α7 nAChR current responses mediated by
8-Br-cAMP in layer 1 cortical neurons occurred with
an exponential decay time constant of 2.2 ± 0.6 min.
These results indicate that 8-Br-cAMP mediated negative
modulation of α7 nicotinic receptor activity in neurons,
just like in HEK cells, occurred on a time scale of minutes,
which is more consistent with 8-Br-cAMP targeting PKA
and eliciting signal transduction actions of PKA, rather
than 8-Br-cAMP non-specifically inhibiting α7 nAChRs
directly, which would have occurred almost immediately.
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Figure 2. 8-Br-cAMP diminishes α7
nAChR currents in layer 1 PFC
interneurons
A and B, example traces of PHA543613
(100 μM) activated whole-cell α7 nicotinic
responses for control and 8-Br-cAMP
dialysed layer 1 interneurons both shown
for the 5 min time point. C, there was a
significant decrease in the mean current
amplitude of α7 nAChRs of 8-Br-cAMP
(100 μM) (n = 26)-treated interneurons as
compared to control (n = 18) (P = 0.008,
Wilcoxon rank sum test). D, time
dependent reduction of α7 nAChR
responses with 8-Br-cAMP (n = 13) as
compared to control (n = 17) (P = 0.03,
two-way ANOVA). E, there was no change
in desensitization decay kinetics of α7
nAChR currents for fast and slow decay
time constants for control (n = 20) and
8-Br-cAMP (n = 20) (P = 0.4 for τ fast,
P = 0.1 for τ slow, Wilcoxon rank sum
tests) administered interneurons. F, no
difference in the percentage composition
of amplitude coefficients (AC) is observed
for fast and slow decay time components
of α7 nAChR responses for control
(n = 20) and 8-Br-cAMP stimulated
neurons (n = 20) (P = 0.4 and P = 0.6, for
τ fast and τ slow components, respectively,
Wilcoxon rank sum tests).
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To examine whether 8-Br-cAMP altered the gating
kinetics of α7 nAChRs expressed in neurons, we analysed
the current decay kinetics of α7 during the 1 s PHA543613
application by fitting the decay current to a function of
two exponentials. There was no significant difference in
the fast (control τfast: 20 ± 4 ms, n = 20 vs. 8-Br-cAMP τfast:
26 ± 5 ms, n = 20) (P = 0.4, Wilcoxon rank sum test) or
slow decay kinetics (control τslow: 165 ± 42 ms, n = 20 vs.
8-Br-cAMP τslow: 194 ± 36 ms, n = 20) (P = 0.1, Wilcoxon
rank sum test) of α7 nicotinic responses recorded from
brain slices (Fig. 2E). Also, the percentage composition of
the fast (control τfast: 45 ± 6%, n = 20 vs. 8-Br-cAMP
τfast: 44 ± 5%, n = 20) and slow decay components
(control τslow: 55 ± 6%, n = 20 vs. 8-Br-cAMP τslow:
57 ± 5%, n = 20) of the α7 nicotinic responses from
layer 1 interneurons, calculated as amplitude coefficients,
was not different between control and 8-Br-cAMP treated
neurons (P = 0.4 and P = 0.6, t tests for slow and fast
τ components, respectively) (Fig. 2F). These observations
indicate that the 8-Br-cAMP stimulated decrease of α7
nicotinic currents in layer 1 interneurons was not due to
alterations in receptor gating kinetics.

In HEK 293T cells 8-Br-cAMP activates PKA to inhibit
α7 nAChR function

We further investigated whether 8-Br-cAMP modified
α7 nAChR currents through the activation of PKA by
performing experiments using a dominant negative form
of PKA (PKA-DN) and, alternatively, PKA catalytic sub-
unit α (PKA-Cα), which is a constitutively active form
of PKA. The dominant negative form of PKA has a
single mutation in one of the cAMP binding sites of
the regulatory domain of the enzyme thus resulting in
a loss of PKA function. In HEK 293T cells transfected
with only α7 nAChRs and recorded using control patch
pipette solution, application of ACh (1 mM) elicited an
average α7 nAChR response of 564 ± 84 pA (n = 16).
With 8-Br-cAMP (100 μM) in the micropipette, there
was a significant attenuation of α7 receptor responses
to 270 ± 49 pA (n = 26) (P = 0.004, Kruskal–Wallis
rank sum test; P = 0.002, Wilcoxon rank sum test post
hoc analysis) (Fig. 3). In contrast, 8-Br-cAMP was unable
to alter α7 nicotinic responses in HEK 293T cells in
which α7 nAChRs were co-transfected with the dominant
negative form of PKA (390 ± 36 pA, n = 11) as compared
to control responses (P = 0.29, Wilcoxon rank sum
test). However, the mean α7 nAChR whole-cell currents
recorded from PKA-DN expressing cells that were treated
with 8-Br-cAMP (390 ± 36 pA, n = 11) was significantly
greater than cells only expressing α7 nAChRs and exposed
to 8-Br-cAMP (270 ± 49 pA, n = 26) (P = 0.03, Wilcoxon
rank sum test) (Fig. 3). These results provide additional

supporting evidence that 8-Br-cAMP inhibits α7 function
through activation of PKA.

To further support that PKA is negatively modulating
α7 nAChR function we used an alternative approach to
the previous set of experiments. We co-transfected mouse
PKA-Cα cDNA with α7 nAChRs in HEK 293T cells. By
over-expressing PKA-Cα via transient transfection, we are
essentially creating a constitutively active form of PKA
since the catalytic subunits would greatly outnumber
the PKA regulatory subunits. ACh (1 mM)-mediated
whole-cell currents for α7 nicotinic receptor responses
co-transfected with PKA-Cα showed a significant decrease
in the average peak current amplitude (416 ± 76 pA, n = 9)
as compared to control cells having only α7 receptors
(702 ± 73 pA, n = 12) (P = 0.01, t test) (Fig. 3C–E).
Unlike previous experiments in which 8-Br-cAMP in
the recording pipette started at an α7 current amplitude
equal to control but diminished progressively more than
the steady α7 current of the control cells, the PKA-Cα

expressing cells (n = 9) already started at a significantly
smaller α7 nAChR current and remained steady at the
same diminished current amplitude as compared to the
control cells (n = 12) (P < 0.001, PKA-Cα treatment
factor, two-way ANOVA) (Fig. 3F). We also found no
difference in the channel gating kinetics by fitting the decay
current as a function of two exponentials (data not shown).
These results strongly indicate that over-stimulation of
PKA activity in cells strongly attenuates α7 nAChR
function.

PKA activation inhibits α7 nicotinic currents
in layer 1 PFC neurons

To confirm that activation of PKA in neurons would also
inhibit α7 nicotinic currents we performed whole-cell
recordings from layer 1 PFC interneurons in brain slices.
The PKA catalytic subunit (200 U ml−1) was included
in the patch electrode solution during the recording of
PHA543613 (100 μM)-elicited α7 responses. We found
that neurons dialysed with the active form of the PKA
catalytic subunit caused a significant decrease in the α7
nicotinic responses (56 ± 6.7 pA, n = 15) from layer 1
interneurons as compared to responses recorded with
control patch electrode solutions (101 ± 9 pA, n = 30)
(P = 0.003, Kruskal–Wallis rank sum test; P = 0.002,
Wilcoxon rank sum test, post hoc analysis) (Fig. 4). The
decrease in α7 nAChR current responses with catalytic
PKA (56 ± 7 pA, n = 15) (P = 0.002, Wilcoxon rank
sum test) was similar to that of 8-Br-cAMP (100 μM)
stimulation (62 ± 3 pA, n = 23). However, having the PKA
blocker KT-5720 (200 nM) in the patch recording solution
(111 ± 15 pA, n = 14) (P = 0.7, Wilcoxon rank sum
test) abrogated any decrease with 8-Br-cAMP application.
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These observations suggest that endogenous PKA in CNS
neurons plays an important role in regulating cholinergic
synaptic transmission by inhibiting α7 nicotinic responses
in layer 1 cortical neurons.

PKA activation does not alter α7 nAChR
single-channel conductance

A possible mechanism for the PKA mediated inhibition
of α7 nAChR responses could be decreased intrinsic

channel activity. To evaluate if 8-Br-cAMP affected α7
nAChR single-channel conductance, we performed ionic
current fluctuation analysis on whole-cell recorded α7
nicotinic currents from HEK 293T cells and brain slices.
Non-stationary current fluctuation analysis provides a
good estimate of single-channel conductance of ion
channels (Sigworth, 1980, 1981; Gill et al. 1995; Komal
et al. 2014). We tested whether in HEK 293T cells and
cortical interneurons 8-Br-cAMP mediated stimulation
of PKA decreased α7 nAChR single-channel conductance.

Figure 3. PKA inhibits α7 nAChR responses in HEK 293T cells
A, example waveforms of ACh (1 mM) evoked α7 nAChR responses from HEK 293T cells under three conditions
including: control treatment, 8-Br-cAMP treatment and 8-Br-cAMP treatment with co-transfected dominant
negative PKA (PKA-DN). B, 8-Br-cAMP (100 μM) (n = 26) stimulation resulted in a signficant attenuation of the
mean α7 nAChR current as compared to control (n = 16) (P = 0.002, Wilcoxon rank sum test). Cells cotransfected
with PKA-DN did not display a significant attenuation in nAChR current with 8-Br-cAMP as compared to cells
only expressing α7 nAChRs (n = 11) (P = 0.29, Wilcoxon rank sum test). However, 8-Br-cAMP stimulation in
α7-only transfected cells significantly attenuated α7 receptor currents as compared to cells co-transfected with
PKA-DN (P = 0.03, Wilcoxon rank sum test). Sample traces of ACh (1 mM) evoked α7 nAChR responses from HEK
293T cells transiently expressing only α7 nAChRs (C) and α7 receptors co-expressed with PKA catalytic subunit
α (PKA-Cα) (D). E, a significant decrease in the mean current amplitude of α7 nAChRs was observed in cells
co-expressing PKA-Cα (n = 9) as compared to control (cells expressing only α7 nAChRs) (n = 12) (P = 0.01, t test).
F, PKA-Cα and α7 nAChR co-transfected cells consistently showed reduced α7 nicotinic responses with repeated
ACh applications as compared to control (α7 nAChRs only) (∗∗∗P < 0.001, two-way ANOVA).
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The variance of the current fluctuations of ACh (1 mM)
mediated α7 whole-current responses was plotted against
the mean current of the whole-cell current at each time
point. The slope of the relationship gives the unitary
current and the single-channel conductance (γ) was
calculated as the unitary current divided by the electro-
chemical driving force. Example current fluctuation
analyses are shown for control (γ = 57 pS) and 8-Br-cAMP

Figure 4. PKA activation and inhibition have opposing effects
on modulating α7 nAChR currents in PFC interneurons
A, example traces of PHA543613 (100 μM) evoked α7 nAChR
whole-cell current responses from layer 1 interneurons for control,
8-Br-cAMP (100 μM), combined KT-5702 (200 nM, PKA inhibitor)
with 8-Br-cAMP, and PKA catalytic subunit (200 U ml−1). B, plot
illustrating differences in the mean current amplitude for the four
test conditions. α7 receptor responses were significantly attenuated
with 8-Br-cAMP (n = 23) as compared to control responses (n = 30)
(P = 0.002, Wilcoxon rank sum test). Dialysing neurons with PKA
catalytic subunit in the patch pipette (n = 15) similarly diminished α7
current responses (P = 0.002, Wilcoxon rank sum test). The effect of
8-Br-cAMP in inhibiting α7 nAChR responses was abolished with the
PKA inhibitor KT-5702 (n = 14), which showed α7 responses that
were significantly greater than 8-Br-cAMP (P = 0.04, Wilcoxon rank
sum test) and the PKA catalytic subunit-activated neurons (P = 0.02,
Wilcoxon rank sum test).

(γ = 58 pS) treated PFC interneurons from brain slices
(Fig. 5A and B). On average there was no significant
difference in α7 nAChR single-channel conductance of
control treated (43 ± 9 pS, n = 18) vs. 8-Br-cAMP
treated layer 1 interneurons (34 ± 10 pS, n = 11)
(P = 0.6, Wilcoxon rank sum test) (Fig. 5C). Also, we
found no significant difference in the mean single-channel
conductance of α7 receptor responses recorded from
HEK 293T cells between control (63 ± 16 pS, n = 15)
and 8-Br-cAMP treatment (74 ± 16 pS, n = 15)
(P = 0.6, Wilcoxon rank sum test) (Fig. 5D). Therefore,
the 8-Br-cAMP mediated decrease in α7 nAChR
mediated whole-cell currents is not due to alterations in
single-channel conductance.

PKA targets serine 365 in the M3–M4 cytoplasmic
loop of α7 nAChRs to modulate α7 nAChR function

A previous study showed that a serine residue
located in the chick and rat neuronal α7 nAChR is
phosphorylated only by protein kinase A and not by
protein kinase C, cGMP-dependent protein kinase, or
calcium/calmodulin-dependent protein kinase (Moss et al.
1996). Through PROSITE analysis of the mouseα7 nAChR
cDNA we found a single putative PKA phosphorylation
site at serine 365. Therefore, in order to examine whether
PKA targets serine 365 directly to modulate α7 nAChR
function we produced a mutant form of the α7 nAChR
cDNA, in which we mutated serine 365 to alanine
(α7(S365A)). Therefore, in HEK 293T cells expressing
mutant α7(S365A) receptors we compared the effects of
control solution vs. 8-Br-cAMP on α7 nAChR mediated
whole-cell currents elicited by 1 mM ACh application.
Unlike previous results with wild-type α7 nAChRs, for
the mutant α7(S365A) receptors there was no significant
attenuation of the nicotinic currents from 8-Br-cAMP
stimulated cells (809 ± 134 pA, n = 12) as compared to
control treatment (826 ± 123 pA, n = 15) (P = 0.5, t test)
(Fig. 6A–C). Repeated application of ACh (every 1 min)
showed a consistent amplitude of mutant α7(S365A)
receptor currents over 10 min that were not significantly
different between recordings performed with 8-Br-cAMP
in the patch electrode solution and control patch solutions
(P = 0.7, 8-Br-cAMP treatment factor, two-way ANOVA)
(Fig. 6D). These results imply that serine 365 in the
M3–M4 cytoplasmic loop of α7 nAChRs forms the
major regulatory site for PKA in modulating α7 receptor
function.

PKA targets serine 365 to decrease α7 nicotinic
receptor surface expression

Since our results ruled out the possibility that PKA
modulation of α7 was due to changes in single-channel
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conductance or gating kinetics, we explored whether
a potential mechanism of the negative regulation of
α7 nAChR function may be due to decreased surface
receptor expression following PKA stimulation. We
performed surface labelling of fluorescent protein tagged
α7 nAChRs (α7-Venus) transfected in HEK 293T cells
using Alexa Fluor 647 α-bungarotoxin (Fl-BTx) labelling
under non-permeabilized conditions. Spectral confocal
images were obtained and the mean intensity of Fl-BTx
labelling was normalized to the mean intensity of Venus
fluorescence on a per cell basis to calculate the amount
of surface expression of α7 nAChRs. We found that
8-Br-cAMP (100 μM for 30 min)-stimulated HEK 293T
cells transiently transfected with α7-Venus nAChRs
showed significantly less Fl-BTx labelling of surface α7
nAChRs (0.21 ± 0.03, n = 31) as compared to control
(0.37 ± 0.05, n = 28) (P = 0.01, Wilcoxon rank sum test)
(Fig. 7A–F and M). The total cellular Venus fluorophore

intensity remained the same for control and 8-Br-cAMP
treated dishes (data not shown).

Next we tested whether PKA mediates its effect of
diminishing surface receptor expression by targeting
serine 365 of the α7 nAChR. Using the mutant receptor,
α7(S365A)-Venus, transfected in HEK 293T cells we
found no significant difference in the surface expression
of mutant α7(S365A)-Venus nAChRs with 30 min
control treatment (0.06 ± 0.01, n = 25) and mutant
α7(S365A)-Venus nAChRs with 30 min of 100 μM

8-Br-cAMP incubation (0.07 ± 0.02, n = 13) (P = 0.5,
Wilcoxon rank sum test) (Fig. 7G–L and N). These results
indicate that PKA targets serine 365 of the M3–M4 cyto-
plasmic loop of α7 nAChRs to down-regulate the surface
expression of receptors.

To examine whether stimulation of PKA also diminishes
α7 nAChR surface expression in neurons we performed
Alexa Fluor 647 α-bungarotoxin labelling of surface α7
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Figure 5. 8-Br-cAMP stimulation does not alter α7 nAChR single-channel conductance
A, non-stationary current fluctuation analyses depicting mean current–variance relationship performed with
PHA543613 (100 μM) elicited α7 nAChR responses from layer 1 interneurons for control and (B) 8-Br-cAMP
(100 μM, in the recording pipette) stimulated interneurons. Inset shows whole-cell recorded α7 nicotinic current
waveforms and their respective AC filtered waveforms for both control and 8-Br-cAMP stimulation. C, no significant
change in the mean single-channel conductance is observed for α7 responses between control (n = 18) and
8-Br-cAMP treated cortical interneurons (n = 11) (P = 0.6, Wilcoxon rank sum test). D, no significant difference
in the mean single-channel conductance for α7 responses is observed between control (n = 11) and 8-Br-cAMP
treated HEK 293T cells (n = 15) (P = 0.6, Wilcoxon rank sum test).
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nAChRs in layer 1 medial prefrontal cortical neurons
of brain slices prepared similarly to those for electro-
physiological recordings. Brain slices were incubated for
30 min at 36°C either in control bubbled extracellular
solution or 100 μM 8-Br-cAMP in bubbled extracellular
solution. Alexa Fluor 647 α-bungarotoxin labelled surface
α7 nAChRs, while NeuroTrace 435/455 labelled neurons,
under non-permeabilized conditions of fixed brain slices.
z-stacks of spectral confocal images were obtained from
layer 1 of the medial prefrontal cortex (Fig. 7O–T). There
was a significant decrease in Fl-BTx labelling of surface
α7 nAChRs in layer 1 NeuroTrace labelled interneurons
of slices incubated in 8-Br-cAMP (27.8 ± 0.3%, n = 897
ROIs, 190 neurons, 2 mice) treated solutions as compared
to control (100.0 ± 1.2%, n = 912 ROIs, 214 neurons, 2
mice) (P < 0.0001, Wilcoxon rank sum test) (Fig. 7O–U).

Endogenous activation of PKA pathway via D1/D5
dopamine receptor stimulation decreases α7 nAChR
currents in layer 1 interneurons

Although we have used pharmacological and molecular
techniques to directly activate PKA, we wanted to
determine whether an endogenous signalling pathway in
the CNS can activate PKA in layer 1 interneurons of the
prefrontal cortex. Furthermore, we sought to determine
whether stimulation of that endogenous signal trans-
duction system would display the same type of modulation
of α7 nAChR currents as witnessed via direct stimulation
of PKA using exogenous pharmacology. G protein coupled
receptors that couple to Gαs stimulate the adenylate
cyclase–PKA signal transduction pathway. Specifically D1
and D5 subtypes of G protein coupled dopamine receptors
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Figure 6. PKA targets serine 365 of α7 nAChRs to modulate channel function
A, whole-cell current traces of α7 nAChRs with the serine 365 to alanine mutation (α7(S–A)) show no alterations
in the amplitude of the ACh (1 mM) elicited nicotinic currents with 8-Br-cAMP stimulation of HEK 293T cells (B).
C, there was no significant difference in ACh mediated mutant α7(S–A) responses between control (n = 15) and
8-Br-cAMP stimulated cells (n = 12) (P = 0.5, t test). D, repeated applications of ACh with 1 min intervals showed
no time-dependent effect of 8-Br-cAMP stimulation on mutant α7(S–A) nAChR responses (n = 12) as compared
to control (n = 15) (P = 0.7, two-way ANOVA).
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signal through Gαs. Thus, we investigated whether these
dopamine receptors are a likely modulator of neuronal
function through the actions of PKA.

To determine if native α7 nAChR activity can be
modulated by D1/D5 dopamine receptors, we utilized
the D1/D5 dopamine receptor specific agonist SKF

83822 (10 μM) in the bath and monitored PHA543613
(100 μM)-mediated α7 peak current responses from layer 1
interneurons of the prefrontal or frontal cortical slices,
in the presence of TTX (0.5 μM) and CNQX (10 μM).
Following stimulation of dopamine D1/D5 receptors, we
found that α7 nicotinic currents were significantly reduced
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Figure 7. PKA stimulation decreases surface expression of α7 nAChRs
A–F, confocal images of HEK 293T cells transfected with α7-Venus. Surface labelling of α7-Venus was performed
with Alexa Fluor 647 α-bungarotoxin (Fl-BTx) under non-permeabilizing conditions. M, 8-Br-cAMP stimulation
(100 μM for 30 min) (n = 31) resulted in a significant decrease in the amount of Fl-BTx labelled surface α7-Venus
receptors as compared to control treatment (n = 28) (P = 0.01, Wilcoxon rank sum test). G–L, confocal images
of HEK 293T cells transfected with mutant α7-Venus in which the putative PKA phosphorylated site (S365)
was mutated to alanine (α7(S–A)-Venus). N, 8-Br-cAMP stimulation (100 μM for 30 min) (n = 13) showed no
significant change in Fl-BTx bound surface mutant α7-Venus nAChRs as compared to control treatment (n = 25)
(P = 0.5, Wilcoxon rank sum test). O–T, confocal images of surface Fl-BTx labelled (red) α7 nAChRs on layer 1
interneurons (blue NeuroTrace) from medial prefrontal cortex. U, interneurons from brain slices treated with
100 μM 8-Br-cAMP (n = 897 ROIs, 190 neurons, 2 mice) showed significantly diminished surface Fl-BTx labelling
than control (n = 912 ROIs, 214 neurons, 2 mice) (P < 0.0001, Wilcoxon rank sum test).
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as compared to control responses (without SKF in the
bath) (control: 107 ± 17 pA, n = 8 vs. SKF 83822:
55 ± 12 pA, n = 7) (P = 0.04, ANOVA; P = 0.03, t test
with Bonferroni correction post hoc analysis) (Fig. 8B).
To validate that the effect of the D1/D5 agonist was
due to activation of the cAMP–PKA pathway, the PKA
inhibitor KT-5720 (200 nM) was included in the recording
pipette before the application of SKF 83822 in the
bath. Under these conditions of combined KT-5720 and
SKF 83822 the α7 responses (95 ± 12 pA, n = 6)
were significantly elevated from SKF 83822 stimulated

responses (55 ± 12 pA, n = 7) (P = 0.04, t test with
Bonferroni correction) but were comparable to that of
control (107 ± 17 pA, n = 8) (Fig. 8B). To further support
that the effect witnessed with SKF 83822 was due to
activation of dopaminergic receptors, we used another
dopamine D1/D5 receptor specific agonist SKF 81297
(8 μM) in the bath and found a similar attenuation in
the α7 nicotinic responses (control: 129 ± 17 pA, n = 16
vs. SKF 81297: 78 ± 10 pA, n = 19) (P = 0.02, Wilcoxon
rank sum test) (Fig. 8C). To rule out the possibility that
the effect of the D1/D5 agonists was due to non-specific
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Figure 8. Activation of D1/D5 dopamine receptors inhibits α7 nAChR activity in PFC interneurons
A, example traces of α7 nAChR responses elicited by PHA543613 (100 μM) in PFC layer 1 cortical neurons showing
responses under control, SKF 83822 and combined SKF 83822 and KT-5720 conditions. B, there was a significant
decrease in α7 nAChR responses in neurons treated with the D1/D5 dopamine receptor agonist SKF 83822 (n = 7)
as compared to control (n = 8) (P = 0.03, t test with Bonferroni correction). Meanwhile the PKA inhibitor KT-5720,
when co-applied with SKF 83822, blocked any effect of the SKF compound so that the α7 nAChR responses with
KT-5720 (n = 6) were significantly elevated as compared to SKF 83822 alone (n = 7) (P = 0.04, t test with
Bonferroni correction). C, we verified our results using another D1/D5 dopamine receptor agonist. The D1/D5
dopamine receptor agonist SKF 81297 (n = 19) also resulted in a significant inhibition of α7 nAChR currents as
compared to control (n = 16) (P = 0.02, Wilcoxon rank sum test).
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off-target effects on α7 nicotinic receptor function, we
performed whole-cell recording from HEK 293T cells
transfected only with α7 nAChRs and found no difference
in the peak current amplitude of α7 nAChR responses
in the presence of either D1/D5 agonists SKF 83822 or
SKF 81297, as compared to control solution (data not
shown). These results indicate that dopamine receptor
stimulation down-regulates α7 nAChR function in CNS
neurons through activation of the cAMP–PKA signalling
pathway.

Discussion

We have shown in mouse layer 1 cortical neurons that
α7 nAChR function is negatively modulated by cAMP
dependent protein kinase through activation of D1/D5
dopamine receptors. 8-Br-cAMP attenuated α7 nAChR
currents but did not change the desensitization kinetics
nor the single-channel conductance of α7 nAChRs.
Serine 365 in the cytoplasmic M3–M4 domain of the
α7 nAChR is a key molecular target of PKA, since
8-Br-cAMP treatment of HEK 293T cells expressing
mutant α7(S365A) no longer resulted in a decrease of
nicotinic current as was the case with wild-type α7
nAChRs. We also provide evidence that PKA activation
inhibits α7 nAChR function. Co-transfecting dominant
negative PKA with α7 or preincubating the recorded
neurons with PKA antagonist KT-5720 abrogated the
effects of 8-Br-cAMP, while transfecting PKA catalytic sub-
unit in cells or inclusion in the recording pipette attenuated
α7 nAChR currents in cell lines and in cortical inter-
neurons, respectively. Fl-αBTx labelling showed that the
PKA mediated down-regulation of α7 nicotinic currents
is due to a decrease in surface expression of α7 nAChRs
following PKA targeting serine 365 of α7 nAChRs. Finally,
we demonstrated that activation of the dopaminergic
neurotransmitter system, specifically D1/D5 dopamine
receptors, can similarly inhibit α7 nicotinic responses via
activation of PKA downstream to the activation of the
D1/D5 receptors.

Mechanism of attenuation of α7 nAChR function
by PKA

To our knowledge this is the first study that has
demonstrated a direct effect of the cAMP–PKA pathway
on modulating nAChR function in CNS neurons.
Although dopamine receptors have previously been
shown to modulate ion channel function, neuronal
excitability and synaptic plasticity (Zhou & Hablitz, 1999;
Trantham-Davidson et al. 2004; Yang & Dani, 2014), this
is the first study to show that activation of dopamine
receptors can modify nAChR activity.

Previous studies have investigated the effect of
8-Br-cAMP on nAChR function in bovine adrenal
chromaffin cells and chick ganglionic neuronal culture
(Margiotta et al. 1987; Dubin et al. 1992). Dubin
and colleagues (1992) found no effect of 8-Br-cAMP
on nAChR responses, though Margiotta and colleagues
(1987) found potentiation of nicotinic responses following
6 h treatment of 8-Br-cAMP on cultured chick ganglionic
neurons. The discrepancy among the results could be due
to the differences in the nAChR subunit composition,
concentration of 8-Br-cAMP and time scale of 8-Br-cAMP
incubation. α3β4 nAChRs constitute the main nAChR
subtype found in adrenal chromaffin cells and chick
ganglionic neurons (Sala et al. 2008), and α7 nAChRs
do not contribute to catecholamine secretion from
chromaffin cells (Sala et al. 2008). Moreover, both of these
studies used a 20-fold higher concentration of 8-Br-cAMP
(2 mM) and monitored nAChR responses on a longer
time scale ranging from 6 to 48 h. We have examined
the effects of 8-Br-cAMP on an acute time scale of
minutes. Under physiological conditions the level of PKA
activation determines the net effect on receptor function
as demonstrated in the case of GABAA receptors (Cai
et al. 2002). It could be that different concentrations
of 8-Br-cAMP could have opposing effects on receptor
function. In our study, we monitored the modulation
of α7 nAChR function directly in CNS neurons using
100 μM 8-Br-cAMP. Even though we do not know the end-
ogenous concentration of cAMP in layer 1 cortical neurons
during stimulation of the adenylate cyclase pathway, our
experiments with the D1/D5 dopamine receptor agonists
addresses this issue since the D1/D5 dopamine receptor
signals through the Gαs, cAMP and PKA signal trans-
duction pathway. By using the D1/D5 dopamine receptor
agonists SKF 83822 and SKF 81297 we would stimulate
the neurons to produce physiological levels of cytoplasmic
cAMP. The activation of the dopaminergic system with
SKF compounds resulted in the same effect of attenuation
of α7 nAChR currents as did pharmacological stimulation
of PKA with 8-Br-cAMP or our molecular approaches
in targeting PKA. This reinforces our conclusion that the
endogenous activation of PKA negatively modulates α7
nAChR activity.

We found that the mechanism of attenuation of α7
responses with PKA activation was solely due to a loss
of surface expression of α7 receptors, with no change
in single-channel conductance. This is in contrast to
Margiotta and colleagues (Margiotta et al. 1987), who
showed an increase in nicotinic current in chick ganglionic
neurons that was not due to alterations in expression of
surface receptors, single-channel conductance or gating
kinetics. The difference, again, is probably due to the
difference in nAChR subunit composition in ganglionic
neurons as compared to layer 1 cortical neurons.
Furthermore, they studied more prolonged effects of
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8-Br-cAMP (3–48 h), while we observed the brief effects
of 8-Br-cAMP over several minutes.

Unlike in our previous study in which we found
that tyrosine phosphorylation of α7 nAChRs resulted
in decreased single-channel conductance and reduced
surface receptor expression (Komal et al. 2014), we
found that PKA stimulation did not alter single-channel
conductance or gating kinetics of α7 nAChRs but only
decreased surface receptor expression. One reason for
the lack of effect of 8-Br-cAMP-mediated PKA activation
on single-channel conductance could be due to the fact
that the putative PKA phosphorylation site, serine 365,
lies close to the M3 transmembrane domain in the
M3–M4 cytoplasmic loop of the channel, which is remote
from the pore-lining amphipathic helix situated close to
the M4 transmembrane domain. The amphipathic helix
lines the cytoplasmic side portals of Cys-loop receptors
and forms part of the ion permeation pathway (Unwin,
2005; Hales et al. 2006). This is unlike tyrosine 442,
which is situated within the cytoplasmic amphipathic
helix pre-M4, and therefore could potentially sterically
hinder ion flow. Thus, it appears that PKA, as well as
tyrosine kinases, can decrease α7 nAChR function in CNS
neurons, although through slightly different mechanisms.
Our electrophysiology data (Fig. 6) and Fl-αBTx labelling
of surface receptors (Fig. 7) of mutant α7(S365A) nAChRs
clearly demonstrate that the serine 365 residue forms the
major target of PKA to modulate nAChR function by
altering surface expression of the receptor.

Neurotransmitters such as dopamine, noradrenaline
(norepinephrine) and serotonin target G protein coupled
receptors and signal through cAMP mediated PKA
pathways (Seamans et al. 2001; Cai et al. 2002; Yan, 2002;
Seamans & Yang, 2004). We have shown that activation of
the D1/D5 subclass of dopamine receptors can negatively
modulate α7 nAChR function in layer 1 prefrontal and
frontal cortical interneurons. The agonists used are not
selective enough to distinguish between D1 and D5
receptors though both receptor subtypes are found in the
prefrontal cortex (Gensat Brain Atlas; www.gensat.org).
These different neurotransmitter modulators have been
shown to regulate other ionotropic receptors such as
GABAA and glutamate receptors, thereby modulating
neurotransmission (Flores-Hernandez et al. 2000; Wang &
O’Donnell, 2001). In pyramidal neurons of the prefrontal
cortex serotonin was shown to modulate post-synaptic
GABAA receptors depending on the strength of the PKA
activation level (Cai et al. 2002). In addition, neuronal
activity itself is considered one potent mechanism of PKA
activation (Dunn et al. 2006). It is reasonable to speculate
that the other neuromodulators in addition to dopamine,
such as noradrenaline or serotonin, would also have a
net impact on α7 nAChR function under physiological
conditions.

Physiological relevance of PKA in neurotransmission
and synaptic plasticity

Dopamine receptor regulation of α7 nAChR function
in CNS neurons through activation of PKA may
have further physiological ramifications. Postsynaptic
α7 nAChRs are involved in fast synaptic transmission
where they modulate the firing properties of neurons
(Frazier et al. 1998; Jones & Wonnacott, 2004; Komal
et al. 2014). Therefore, it is crucial to understand the
cellular mechanisms of ion channel regulation in order
to have a better understanding of neural function and
excitability in the brain (Alkondon et al. 1998). It is well
documented that PKA activation in neurons contributes
to long-term potentiation (LTP) in the dentate gyrus of
the hippocampus (Nguyen & Kandel, 1996; Wu et al.
2006). Since α7 nAChRs have been shown to contribute
towards LTP (Mansvelder & McGehee, 2000; Matsuyama
et al. 2000; Ondrejcak et al. 2012), a cellular mechanism
for learning and memory, PKA modulation of α7 nAChR
function may influence synaptic plasticity and memory
formation in different brain regions.

Layer 1 cortical interneurons can influence layer
2/3 pyramidal neuronal excitability by either inhibiting
pyramidal neurons directly via GABAergic neuro-
transmission or, conversely, by increasing pyramidal
neuronal excitability through disynaptic disinhibition
(Christophe et al. 2002; Arroyo et al. 2012). Similarly,
layer 1 cortical interneurons can also directly inhibit or
disinhibit layer 5 pyramidal neuronal firing depending
on the layer 1 interneuronal subtype (Jiang et al. 2013).
The elongated neurogliaform interneurons of layer 1
form inhibitory synapses to greater than 60% of layer 5
pyramidal neurons in the cortex (Jiang et al. 2013). If we
assume a monosynaptic inhibition of pyramidal neurons,
then the action of PKA on inhibiting α7 nAChR activity
would putatively lead to an overall increase in pyramidal
neuronal excitability. One mechanism of PKA stimulation
is through activation of G protein coupled receptors that
signal through the cAMP–adenylate cyclase pathway such
as the D1/D5 dopamine receptors. Dopamine signalling
in the prefrontal cortex is known to play an important
role in executive cognitive function such as motivation
and working memory (Phillips et al. 2008). We have
shown that stimulation of the D1/D5 dopamine receptors
and the downstream activation of PKA attenuate α7
nAChR currents on layer 1 prefrontal cortical inter-
neurons. As we have previously shown (Komal et al. 2014),
a decrease in α7 activity would decrease excitability of
layer 1 interneurons. We predict that this would result in
less inhibitory input onto pyramidal neurons and enhance
pyramidal neuronal excitability. It was also shown that
dopamine release through ventral tegmental area afferents
in the PFC results in ‘up states’ of pyramidal neuronal
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excitability (Lewis & O’Donnell, 2000). These ‘up states’
are plateau depolarizations of the membrane potential
that result in burst firing. Perhaps PKA modulation of α7
nAChRs through dopamine receptor activation could be
a contributing mechanism of these ‘up states’ of neuronal
excitability.

Through the action of dopamine, α7 nAChRs may be an
important regulator of working memory and motivation.
Previous studies have portrayed a critical role for α7
nAChRs in behavioural tasks involving attention (Young
et al. 2004; Hoyle et al. 2006). Although in our study
we examined postsynaptic α7 nAChRs, α7 receptors are
also located presynaptically, where they facilitate neuro-
transmitter release (Mansvelder & McGehee, 2000; Zhou
et al. 2001; Jones & Wonnacott, 2004; Cheng & Yakel,
2014). The attenuation of α7 nAChR function by PKA
activation could also potentially affect the release of
neurotransmitters such as dopamine and glutamate as
shown in the rat prefrontal cortex (Livingstone et al.
2010) and modulate postsynaptic excitability. However,
due to multiple isoforms of PKA expressed in neurons
and the difference in their subcellular localization, it
remains unclear which isoform combination of regulatory
and catalytic subunits of PKA has the major effect of
modulating α7 nAChRs as well as other ion channels
(Meinkoth et al. 1990).

These data indicate how PKA activation via D1/D5
dopamine receptors can attenuate α7 nicotinic responses
in PFC layer 1 neurons. This has important implications
with regard to how the interaction of two neurotransmitter
systems, namely ACh and dopamine, may converge to alter
not only neuronal excitability but ultimately cognitive
behaviours such as motivation, attention and working
memory.
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