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a b s t r a c t

The activation of a7 nAChRs has been shown to improve hippocampal-dependent learning and memory.
However, the molecular mechanism of a7 nAChRs' action remains elusive. We previously reported that
activation of a7 nAChRs induced a prolonged enhancement of glutamatergic synaptic transmission in a
PKA-dependent manner. Here, we investigated any connection between the activation of the a7 nAChR
and cAMP signaling in hippocampal neurons. To address this question, we employed a FRET-based
biosensor to measure the intracellular cAMP levels directly via live cell imaging. We found that appli-
cation of the a7 nAChR-selective agonist choline, in the presence of the a7 nAChR positive allosteric
modulator PNU-120596, induced a significant change in emission ratio of F535/F470, which indicated an
increase in intracellular cAMP levels. This choline-induced increase was abolished by the a7 nAChR
antagonist MLA and the calcium chelator BAPTA, suggesting that the cAMP increase depends on the a7
nAChR activation and subsequent intracellular calcium rise. The selective AC1 inhibitor CB-6673567 and
siRNA-mediated deletion of AC1 both blocked the choline-induced cAMP increase, suggesting that
calcium-dependent AC1 is required for choline's action. Furthermore, a7 nAChR activation stimulated the
phosphorylation of synapsin, which serves as a downstream effector to regulate neurotransmitter
release. Our findings provide the first direct evidence to link activation of a7 nAChRs to a cAMP rise via
AC1, which defines a new signaling pathway employed by a7 nAChRs. Our study sheds light into po-
tential molecular mechanisms of the positive cognitive actions of a7 nAChR agonists and development of
therapeutic treatments for cognitive impairments.

Published by Elsevier Ltd.
1. Introduction

The nicotinic ACh receptors (nAChRs) are in the superfamily of
cys-loop cationic pentameric channels comprised of six a (2e7) and
three b (2e4) nAChR subunits in themammalian brain (Nashmi and
Lester, 2006). They are activated by endogenous cholinergic inputs
and exogenous compounds like nicotine. The a7 nAChR is one of
most prevalent nAChR subtypes in the hippocampus (Jones et al.,
1999; Albuquerque et al., 2009). Physiological studies have shown
that a7 receptors have higher calcium permeability and lower af-
finity for acetylcholine than other nAChR subtypes (Albuquerque
et al., 2009). Besides evoking brief current responses, nAChR
adenosine monophosphate;
cyclase.
agonists also affect neuronal function in a long lasting fashion (Lena
and Changeux, 1997; Zhong et al., 2008, 2013). Activation of a7
nAChRs via rapid stimulation of cholinergic inputs or acetylcholine
application induced long-term potentiation (LTP) of synaptic
transmission from CA3 to CA1 (Ji et al., 2001; Ge and Dani, 2005; Gu
and Yakel, 2011). However how the a7 receptor is enhancing LTP,
and furthermore the signaling mechanisms downstream of nAChR
activation, remain elusive.

Recently, we found that activation of a7 nAChRs enhanced
mossy fiber transmission in a PKA-dependent manner (Cheng and
Yakel, 2014). In addition, inhibition of PKA in the dorsal hippo-
campus abolished nicotine's effect on learning (Gould et al., 2014).
It is well accepted that activation of adenylyl cyclases (ACs) can
increase glutamate release from hippocampal neurons (Chavez-
Noriega and Stevens, 1994; Leenders and Sheng, 2005; Moulder
et al., 2008). Moreover, a7 nAChRs were found to be physically
associated with AC1 within lipid rafts of airway epithelium
(Maouche et al., 2013). AC1 is one of the calcium- and calmodulin-
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activated ACs and highly expressed in the dendritic arbors of the
dentate gyrus and the mossy fiber projections (Nicol et al., 2005;
Conti et al., 2007). Based on these facts, we hypothesized that a7
nAChRs exert their long-term actions in part through the mobili-
zation of calcium and activation of calcium-dependent AC1. To test
this hypothesis, we directly monitored intracellular cAMP levels
through a FRET-based cAMP sensor TEpacVV in real time in indi-
vidual hippocampal neurons. We found that a7 nAChR activation
led to a robust increase in cAMP level, which was blocked by a7
nAChR antagonists, the calcium chelator BAPTA, an AC1 inhibitor,
and was reduced by siRNA against AC1. In addition, a7 nAChR
activation resulted in the phosphorylation of synapsin. Our data
suggest that the a7 nAChR employs the cAMP-PKA signaling
pathway to phosphorylate synapsin, thereby mediating its modu-
lation of synaptic transmission and positive actions on cognition.
Delineating the downstream signaling pathway after a7 nAChR
activation provides potential therapeutic targets, which could work
in conjunction with nAChR agonists to treat cognitive disorders.

2. Materials and methods

2.1. Hippocampal neuronal culture

All animal procedures were conducted in accordance with National Institutes of
Health animal welfare guidelines. Wild type C57Bl/6J mice were purchased from
Charles River. Postnatal day 0e2 pups of either sex were decapitated, and the
hippocampi were removed, treated with papain (Worthington), and serially tritu-
rated. The dissociated neurons were plated onto poly-D-lysine coated glass cover-
slips. Cells were first cultured in FBS containing Neurobasal-A medium (Life
technologies), and then switched to serum-free Neurobasal-A medium after 24 h.

2.2. Plasmids and siRNAs

We obtained a FRET-based cAMP sensor TEpacVV from Dr. Jalink (University of
Amsterdam, Netherlands) (Klarenbeek et al., 2011). The construct was confirmed by
sequence analysis. The rat a7 nAChR plasmid was obtained from Dr. James Patrick at
the Baylor College of Medicine (Houston, TX) (Seguela et al., 1993), and tested in a7
nAChR knockout mice (Gu et al., 2012). GCaMP3 was purchased from Addgene
(plasmid no. 22692). Neurons were co-transfected with the cAMP sensor and a7
nAChR plasmids, or the GCaMP3 plasmid, after 3e4 days in culture via Lipofect-
amine 2000 (Life technologies). Imaging experiments were performed 4e7 days
after transfection. Customized On-Target plus siRNA against mouse Adcy1 were
purchased from Dharmacon of GE Healthcare. Smart pool siRNA target sequences
are: UGGCAAGUUCGAUGAGUUA, GCUCAUGCUGCCGGAAA, GUACAAACAU-
GUCGAACGA, GGACUUGACAUGAUCGAUA. Non-targeting pool siRNA sequences are:
UGGUUUACA-UGCGACUAA, UGGUUUACA-UGUUGUGUGA, UGGUUUACAUGUUUU-
CUGA, UGGUUU-ACAUGUUUCCUA. For siRNA experiments, siRNA and plasmids
were co-transfected using DharmaFECT Duo Transfection reagent (Dharmacon of GE
healthcare).

2.3. FRET imaging and data analysis

Hippocampal neurons less than 15 mm in diameter were imaged with a Zeiss
LSM 510 META confocal microscope using a 63�, 1.1 NA water immersion objective.
Images were collected with Zen2009 software (Carl Zeiss). The sensor was excited at
458 nm by an Argon ion laser, and emitted signals were detected simultaneously
through 470e510 nm (F470) and 535e590 nm (F535) band-pass filters. Most FRET
experiments were done at 30e60% power of the 458 nm Argon laser (output at
7.5 mW). The images were captured every 6s automatically. Images were analyzed
with Zen2009 and OriginPro 8.5 (OriginLab Corporation). FRET ratio was expressed
as ratio of F535 to F470 signals, and calculated for each region of interest (ROI). Mean
FRET ratios were averaged from 8 to 12 ROIs selected randomly from peri-nuclear
soma and primary process of each neuron. The mean baseline FRET ratio was ob-
tained via averaging 1 min before the drug application. Choline-induced changes
were calculated by averaging the FRET ratios during 9e10th min drug application.
The effect of different chemicals was assessed by comparing the mean FRET ratios.
Data are plotted as the mean ± SEM. Statistical tests were performed either with
unpaired (for group comparison) or paired (for the same cell) Student's t tests.

The experiments were conducted at room temperature in extracellular solution
containing (mM): NaCl 140; KCl 3; MgCl2 2; CaCl2 2; HEPES 20; glucose 10; pH
adjusted to 7.3 with NaOH. To isolate the responses from nAChRs, the imaging ex-
periments were performed in the presence of CNQX and APV (to block glutamate
channels), and TTX (to block voltage-gated sodium channels). To amplify the cAMP
rise, 50 mM IBMX (PDE inhibitor) was added as well. For calcium-free condition, we
removed CaCl2 from extracellular solution, and pre-incubated the neurons with
20 mM BAPTA-AM (Life technology) in Ca-free condition for 30 min before imaging.
TTX, CNQX, APV, and PNU-120596 were purchased from Tocris. AC1 selective
inhibitor CB-6673567 were obtained from ChemBridge. All other compounds were
purchased from Sigma unless stated otherwise.

2.4. Immunocytochemistry

Cultured neurons were fixed in 4% paraformaldehyde in phosphate buffer for
15 min, permeabilized with 0.25% Triton X-100 for 15 min and blocked with 10%
normal goat serum for 1 h. Then neurons were incubated with primary antibody,
either rabbit anti-AC1 (1:500, Novus Biologicals, catalog # NBP1-19628) or rabbit
anti-p-synapsin Ia/Ib (ser 9) antibody (1:500, Santa Cruz, catalog # sc-135710), at
4 �C for overnight, and followed by secondary antibody goat anti-rabbit with DyLight
633 (1:1000, Novus Biologicals, catalog # NBP1-76077) at room temperature for 1 h.
After washing, coverslips were mounted in Vectashield anti-fade mounting medium
with Dapi (Vector laboratories). Images were acquired via Zeiss LSM 710 confocal
microscope with a 63�/oil immersion objective, and analyzed and processed using
MetaMorph (Molecular Devices) and Adobe Photoshop (Adobe system). For each
condition, we analyzed three coverslips from different neuronal cultures and 8e12
field of views. The phospho-synapsin puncta were selected using integrated
morphometric analysis after intensity thresholding. The morphometric parameter
for the size of area is 0.1e3 mm2.

3. Results

3.1. The cAMP sensor TEpacVV detects forskolin-induced rise of cAMP
in cultured hippocampal neurons

First, we examined the functional properties of the FRET-based
cAMP sensor TEpacVV in cultured mouse hippocampal neurons.
The sensor contains the cAMP-binding protein Epac1 (exchange
protein activated by cyclic AMP) and mTurquoise as donor and a
double acceptor consisting of a tandem of Venus and cp173Venus.
The increase of cellular cAMP levels leads to a conformational
change in Epac1 and a reduction of FRET between donor and
acceptor fluorescent proteins. We observed uniform cytosolic dis-
tribution of TEpacVV fluorescence in both the soma and processes of
hippocampal neurons (Fig. 1A). The sensor-expressing neurons
displayed normal morphology, even at high expression levels,
without any apparent adverse effects in these neurons. Next, we
tested if this sensor displayed a cAMP-dependent change of FRET
ratio with forskolin, an activator of most forms of adenylyl cyclases
(AC). To maximize the cAMP signal, IBMX (50 mM), a phosphodi-
esterase (PDE) inhibitor, was added to the bath solution to prevent
the breakdown of cAMP and maintain a sustained cAMP elevation.
The addition of forskolin (20 mM) increased the fluorescence in-
tensity of mTurquoise, along with the concomitant decrease of
Venus fluorescence intensity, in hippocampal neurons (Fig. 1B).
Accordingly, the ratio of Venus to mTurquoise fluorescence (F535/
F470) demonstrated a robust decrease (Fig. 1A and C) in all 6
neurons tested with forskolin (Fig. 1D). The averaged FRET ratio at
the 10th minute of forskolin application showed a significant
reduction of 19.6 ± 3.6% compared to control (2.4 ± 0.8%,
p ¼ 0.0008, n ¼ 6; Fig. 1E). The forskolin-induced FRET ratio
reduction was comparable in magnitude and latency to that seen
for this sensor in stable cell lines (Klarenbeek et al., 2011; Polito
et al., 2013). These results suggest that TEpacVV maintains its
function as a cAMP sensor in hippocampal neurons.

3.2. Activation of a7 nAChRs increases intracellular cAMP levels in
hippocampal neurons

Next, we tested if activation of a7 nAChRs could alter the cAMP
levels and thus change the FRET ratio of this sensor. To reduce the
variability of endogenous a7 nAChR expression levels in our
cultured hippocampal neurons (Zhang et al., 1998; Liu et al., 2001),
we routinely co-transfected the a7 nAChR with TEpacVV for our
experiments. The expression of a7 nAChRs did not change the
expression pattern of TEpacVV, and the basal FRET ratio was similar
throughout the soma and neuronal processes (Fig. 2A). We bath
applied choline (a7 nAChR-selective agonist, 2 mM) together with



Fig. 1. cAMP sensor maintains its function in cultured hippocampal neurons. (A) Fluorescent images of a representative hippocampal neuron expressing the cAMP sensor TEpacVV

excited with 458 nm laser and viewed with 470e510 nm emission spectrum (F470, left upper panel), or 535e590 nm emission spectrum (F535, middle upper panel), and overlay
(right upper panel). The lower panel displayed F535/F470 ratio images before (left) and during forskolin application (right) at 10 min time point. (B) The fluorescence intensity of red
circle outlined in the overlay panel of (A) in F470 (green) and F535 (red) spectrums were plotted against time of the bath application of forskolin (20 mM). (C) The FRET ratio (F535/
F470 spectrum) was plotted against the time of bath application of forskolin (20 mM). (D) FRET ratios of 6 tested neurons were plotted against listed conditions. (E) The histogram
shows forskolin-induced net decrease of normalized FRET ratio in listed conditions. Data shown are mean ± SEM; statistical significance was determined by Student's t-test (*
denotes p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Choline and PNU-120596 decreased FRET ratio in hippocampal neurons expressing cAMP sensor and a7 nAChRs is dependent on activation of a7 nAChRs. A) Fluorescent
images of a representative hippocampal neuron expressing the cAMP sensor TEpacVV and a7 nAChRs excited with 458 nm laser and viewed with 470e510 nm emission spectrum
(F470, left), or 535e590 nm emission spectrum (F535, middle), and overlay (right) (scale bar ¼ 20 mm). (B) F535/F470 ratio images before (left) and during choline and PNU-120596
(right) application at 10 min time point with color coded ROIs. FRET ratios of individual ROIs (C) and the averaged FRET ratio (D) were plotted against the time of bath application of
choline (2 mM) and PNU-120596 (5 mM) (from 0 to 10 min). The red line indicates the duration of choline and PNU-120596 perfusion. (E) and (H) FRET ratios of tested neurons were
plotted against listed conditions. (F) and (I) The histogram shows choline and PNU-120596-induced net decrease of normalized FRET ratio in listed conditions. (G) The averaged
FRET ratio of a representative neuron was plotted against the time before, during and after application of choline (2 mM) and PNU-120596 (5 mM) in the presence of MLA (40 nM)
Data shown are mean ± SEM; statistical significance was determined by Student's t-test (* denotes p < 0.05).
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PNU-120596 (an a7 nAChR positive allosteric modulator [PAM];
5 mM) to induce substantial and prolonged activation of a7 nAChRs.
After 3e5 min of choline and PNU-120596 application, we
observed an initial reduction in the FRET ratio among all selected
regions (soma and processes), which reached a maximum around
8e10 min after application (Fig. 2C, D). The slowness in response
initiation was due to slow bath perfusion, which was necessary to
prevent movement during imaging. The averaged FRET ratio at the
10th minute of forskolin application showed a significant reduction
of 14.9 ± 1.8% compared to control (4.8 ± 0.5%, p ¼ 0.02, n ¼ 20;
Fig. 2F). Therefore the choline and PNU-120596-induced FRET ratio
reduction indicated a significant increase in intracellular cAMP
levels. We further analyzed the FRET ratio data by separating FRET
signals into two groups: soma and neurite (neuronal processes at
least 10 mm away from cell bodies). We found that the basal FRET
ratio is very similar between the two groups (soma: 1.29 ± 0.03, and
neurites: 1.29 ± 0.16, t-test, p ¼ 0.96), however the neurite group
has a larger standard error due to its lower fluorescence intensity
(5.3 a.u. versus 32.5 a.u. for the soma). This data suggests that while
Fig. 3. Choline and PNU-120596 induced a robust intracellular calcium rise which was requi
of a representative hippocampal neuron expressing GCaMP3 were shown before (top) and
rescence intensity of GCaMP3 revealed calcium rise evoked by application of choline and PN
cAMP sensor TEpacVV and a7 nAChRs was plotted against the time before, during and after
FRET ratios of individual tested neurons were plotted against indicated conditions. (E) The his
in listed conditions. * denotes p < 0.05.
the cAMP level is similar throughout the neurons, the difference
between different compartments could not be differentiated by the
current cAMP sensor (with an EC50 value of about 14 mM) due to the
lower signal-to-noise ratio in the neurites. The treatment of choline
and PNU-120596 resulted in a significant FRET ratio change of
13.9 ± 1.5% in the soma group (compared to the control of
2.9 ± 0.7%), and 12.9 ± 1.7% in the neurite group (not statistically
different from control of 13.9 ± 1.2%). Though we noticed that the
FRET ratio did show a comparable degree of reduction for both the
soma and neurite groups, the measurement from neurites is
undermined by the low fluorescence intensity and inherent higher
noise level. Thereforewe could not gainmuch information from the
measurement derived from the neurites.

3.3. Choline-induced cAMP increase requires a7 nAChR activation
and subsequent calcium rise

To determine whether the choline and PNU-120596-induced
cAMP increase requires activation of a7 nAChRs, we measured
red for choline and PNU-120596-induced decrease of FRET ratio. (A) Fluorescent images
during the application of choline and PNU-120596 (bottom). (B) Time course of fluo-
U-120596. (C) The averaged FRET ratio of a representative neuron transfected with the
application of choline (2 mM) and PNU-120596 (5 mM) in calcium-free conditions. (D)
togram shows choline and PNU-120596-induced net decrease of normalized FRET ratio
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the FRET ratio in the presence of MLA (a selective a7 nAChR
antagonist). Application of MLA (40 nM) completely blocked the
choline and PNU-120596-induced FRET ratio change (2.6 ± 1.9%,
n ¼ 24, p ¼ 0.0006, Fig. 2GeI). Furthermore, choline and PNU-
120596 also failed to induce any FRET ratio change in neurons
transfected with the cAMP sensor alone (i.e. without the a7 nAChR)
at the age of 6 DIV (data not shown), when the endogenous
expression of a7 nAChRs could not be detected both electrophysi-
ologically and biochemically (Colon-Saez and Yakel, 2011). These
results suggested that the cAMP increase depends on a7 nAChR
activation.

Since the a7 nAChR is highly permeable to calcium, we tested
whether the choline and PNU-120596-induced FRET ratio change
depended on calcium. First, we confirmed that there was an in-
crease in cytoplasmic calcium levels induced by choline and PNU-
120596 using the genetic calcium indicator, GCaMP3. As ex-
pected, the fluorescence of GCaMP3 increased sharply upon choline
and PNU-120596 application, reaching a peak in 20e30 s, and
decreased back to baseline within 3e5 min (Fig. 3A, B). Next, we
removed calcium from the extracellular solution and incubated the
neurons with BAPTA-AM (20 mM) for 30 min before imaging. In this
calcium-free condition, choline and PNU-120596 failed to induce
any FRET ratio change (3.2 ± 1.3%, n ¼ 16, p ¼ 0.0002, Fig. 3CeE).
This data indicated that the choline and PNU-120596-induced
cAMP increase depends on the a7 nAChR-evoked intracellular
calcium rise.

3.4. Choline-induced cAMP increase requires AC1 activation

Based on our observation that activation of the a7 nAChR
induced increases in cytoplasmic levels of calcium and cAMP, and
that the latter depended on calcium, we hypothesized that the a7
nAChR-induced calcium rise may be activating a calcium-
dependent adenylyl cyclase (AC), which in turn led to the produc-
tion of cAMP. There are two known types of calcium-activated ACs
in hippocampal neurons, AC1 and AC8 (Hanoune and Defer, 2001;
Conti et al., 2007; Wang and Zhang, 2012). Our previous study
showed that the PKA-dependent enhancement of glutamate
release was mediated by activation of a7 nAChRs in the hippo-
campal mossy fiber terminals, which originated from dentate
granule cells. AC1 is highly expressed in both dentate granule cell
dendrites and mossy fiber axons (Conti et al., 2007). Therefore, we
asked if the choline and PNU-120596-induced cAMP rise required
the activity of AC1. To test this, we measured the FRET ratio change
in the presence of a selective AC1 inhibitor CB-6673567 (50 mM)
(Brand et al., 2013). The addition of CB-6673567 alone did not
change the basal FRET ratio, suggesting that the basal AC1 activity is
low. In the presence of CB-6673567, the choline and PNU-120596-
induced FRET ratio change was greatly reduced (3.1 ± 2.5%, n ¼ 14,
p ¼ 0.002, Figs. 4AeC), suggesting that calcium-dependent AC1 is
required for a7 nAChR's action.

Next we asked if the knockdown of AC1 would block choline's
action. To test this, we compared the effect of small interfering
RNAs (siRNAs) targeted against AC1 and a scrambled siRNA in
transfected neurons. To evaluate the efficiency of these siRNAs, we
measured the AC1 immunoreactivity from neurons 72 h after siRNA
and EPAC transfection. The EPAC expression was comparable
among control neurons, and neurons treated with either scrambled
siRNA, or siRNA against AC1 (47.9 ± 5.7 AU, 43.3 ± 4.4 AU and
45.6 ± 2.9 AU respectively, Fig. 4F). On the contrary, the immuno-
reactivity to AC1 of EPAC-expressing neurons was greatly reduced
after treatment of siRNA against AC1 (45.4 ± 3.3 AU, n ¼ 87)
compared to that of scrambled siRNA (75.2 ± 5.2 AU, n ¼ 73,
p < 0.01) (Fig. 4D, E). This data suggested that siRNA against AC1
successfully reduced the level of AC1. Then, we examined the
choline and PNU-120596-induced FRET ratio change in siRNA-
treated neurons. Choline and PNU-120596 failed to reduce the
FRET ratio in neurons treated with siRNA targeted against AC1
(Fig. 4H), while they reduced the FRET ratio in non-target scram-
bled siRNA treated neurons (Fig. 4G). The choline-induced FRET
ratio change in non-target scrambled siRNA treated neurons was
not significantly different from that of non-treated control neurons
(13.9 ± 2.6%, n ¼ 17, p ¼ 0.80, Fig. 4I), but in neurons treated with
siRNA targeted against AC1, the choline-induced FRET ratio change
was significantly smaller than that of control neurons (4.2 ± 1.5%,
n ¼ 21, p ¼ 0.017, Fig. 4I). These results suggested that AC1 is
required for the choline-induced cAMP rise in hippocampal
neurons.
3.5. a7 nAChR activation leads to the phosphorylation of synapsin

Lastly to identify possible downstream targets of the a7 nAChR-
AC1-PKA cascade, we examined the phosphorylation status of one
of the prominent PKA substrates at presynaptic terminals, synapsin
(Huttner and Greengard, 1979). To determine if the phosphoryla-
tion of synapsin occurred upon activation of a7 nAChRs, we stained
the hippocampal neurons with a phospho-specific antibody
directed against the PKA phosphorylation site (serine 9) of synapsin
I (Hilfiker et al., 2005). At the basal level, synapsin phosphorylation
at serine 9 was very sparse and only observed in a small subset of
terminals (Fig. 5A). Incubation with 20 mM forskolin resulted in the
widespread phosphorylation of synapsin as expected. Treatment of
choline and PNU-120596 for 4 min produced a similar effect to that
of forskolin. Quantitative measurements showed a significant in-
crease in the number of puncta containing phosphorylated syn-
apsin in either forskolin or choline and PNU-120596 treated
neurons (Fig. 5B). The size and fluorescence intensity of the puncta
also displayed significant increases for either forskolin or choline
and PNU-120596 treated neurons (Fig. 5C and D). These data sug-
gested that activation of a7 nAChRs leads to the phosphorylation of
synapsin at the PKA site.
4. Discussion

cAMP has long been thought of as a gating molecule to control
the expression of short-term plasticity and its conversion to long-
term plasticity (Kandel, 2012; Kandel et al., 2014). In this study,
we investigated its involvement in a7 nAChR-mediated signaling
mechanisms with a cAMP biosensor in live cultured mouse hip-
pocampal neurons. We found that activation of a7 nAChRs induced
an elevation in intracellular cAMP levels, which depended on the
rise of cytoplasmic calcium and activation of the calcium-activated
adenylyl cyclase, AC1.

In contrast to biochemical measurements, fluorescence sensors
allow us to study the dynamic change in cAMP levels in individual
live neurons. We employed the TEpacVV sensor (Klarenbeek et al.,
2011) for its brightness, reduced pKa value (less sensitive to pH
change), and large dynamic range. Even in the presence of IBMX,
we observed low basal cAMP levels in our cultured neurons, indi-
cating little basal AC activity, similar to the report from cortical
neurons (Yamashita et al., 1997). In addition, the intracellular cAMP
level in neurons can vary depending on cell types, preparations, and
developmental stages (Nikolaev et al., 2004; Willoughby and
Cooper, 2008; Castro et al., 2010). In contrast to the consistent
forskolin-induced cAMP increase, there was more variability in the
a7 nAChR-induced increase in cAMP levels; this could stem from
differential density of a7 nAChRs, calcium buffering capacity, and
distribution of calcium-dependent AC1 in cultured hippocampal
neurons.



Fig. 4. Either AC1 inhibitor or knockdown of AC1 with siRNA reduced choline and PNU-120596-induced decrease of FRET ratio. (A) The averaged FRET ratio of a representative
neuron was plotted against the time before, during and after application of choline (2 mM) and PNU-120596 (5 mM) in the presence of CB-6673567 (50 mM). (B) FRET ratios of
individual tested neurons were plotted against indicated conditions. (C) The histogram shows choline and PNU-120596-induced net decrease of normalized FRET ratio in listed
conditions. (D) Images of neurons transfected with EPAC and a7 nAChRs treated with either scrambled siRNA (upper panel) or siRNA against AC1 (lower panel) were shown with
DAPI staining (blue), EPAC fluorescence (green) and immunostaining against AC1 (red). Immunoreactivity against AC1 (E) but not fluorescence intensity of Venus (F) was decreased
for neurons treated with siRNA_AC1. The FRET ratios of individual tested neurons were plotted for scrambled siRNA (G) and siRNA against AC1 (H). (I) The histogram shows choline
and PNU-120596-induced net decrease of normalized FRET ratio in listed conditions. Data shown are mean ± SEM; statistical significance was determined by Student's t-test (*
denotes p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Here we have provided several lines of evidence suggesting that
the choline and PNU-120596-induced cAMP increase depended on
activation of the a7 nAChRs: 1) the cAMP increase was induced by
choline, the a7 nAChR-selective agonist, and PNU-120596, the a7
nAChR-selective PAM; 2) the cAMP increase was blocked by a low
concentration of MLA (40 nM), an a7 nAChR-selective antagonist;
and 3) the cAMP increase was present only in neurons co-
transfected with the cAMP sensor and the a7 nAChR subunit. The
a7 nAChRs have a high calcium permeability, comparable to that of
NMDA receptors (Uteshev, 2012), which confers an ability to



Fig. 5. Activation of a7 nAChR induces the phorphorylation of synapsin at PKA site. (A) Hippocampal neurons were stained against phospho-synapsin I (red) and DAPI (blue).
Stimulation with either forskolin (center) or choline and PNU-120596 (right) caused a big increase of immunofluorescence compared to control (left). (B)e(D) Histograms show the
changes of the size, fluorescence intensity, and number of phospho-synapsin puncta. Data shown are mean ± SEM; statistical significance was determined by Student's t-test (*
denotes p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Q. Cheng, J.L. Yakel / Neuropharmacology 95 (2015) 405e414412
transduce a brief ionic current to a long-lasting activation of
signaling molecules (Fagen et al., 2003; McKay et al., 2007). Indeed,
we observed a prominent calcium rise upon activation of a7
nAChRs via fluorescent imaging using the genetically-encoded
calcium sensor GCaMP3. The calcium rise could come from cal-
cium influx through opened a7 nAChRs, as well as the secondary
activation of voltage-gated calcium channels, or calcium-induced
calcium release from intracellular calcium stores (Sharma and
Vijayaraghavan, 2003; Dajas-Bailador and Wonnacott, 2004).
When we removed external calcium and chelated internal calcium
with BAPTA, activation of a7 nAChRs now failed to increase cAMP
levels, suggesting that a subsequent calcium rise following a7
nAChR activation is required for the cAMP increase. This also sug-
gests that there might not be a direct interaction between the a7
nAChR and ACs, but rather that calcium is the intermediate
signaling molecule to couple the activation of a7 nAChRs to the
cAMP pathway.

Traditionally, the calcium signaling cascade induced by a7
nAChRs is linked to the CaMKII pathway (Sharma et al., 2008),
although several studies have linked the activation of a7 nAChRs to
cAMP-dependent responses. In the perforant pathway to dentate
granule cells, the acute nAChR enhancement of LTP required acti-
vation of PKA (Welsby et al., 2009). In cultured hippocampal neu-
rons, nicotine increased the activity of ERK1/2 via a7 nAChR
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activation in a calcium- and PKA-dependent manner (Dajas-
Bailador et al., 2002). In addition, we recently reported that the
action of a7 nAChRs at mossy fiber terminals also depended on PKA
activity (Cheng and Yakel, 2014). AC1 and AC8 are the only two
calcium-dependent ACs in rodent hippocampus. During the early
development of the rodent brain, mRNA of AC1was very high in the
cerebral cortex, striatum, thalamus and brainstem, and decreased
considerably after third the postnatal week (Matsuoka et al., 1997;
Nicol et al., 2005). Conversely, AC8 has very low and limited
expression during development and begins to express strongly in
mature neurons (Nicol et al., 2005). AC1 plays a crucial role in the
refinement of axonal arbors in the somatosensory and visual sys-
tem in early development stages (Nicol et al., 2006, 2007; Dhande
et al., 2012). AC1 is concentrated in the mossy fiber tract in the
mature hippocampus (Conti et al., 2007), and deletion of AC1 led to
deficiencies in mossy fiber LTP (Villacres et al., 1998) and impaired
spatial memory (Wu et al., 1995). Moreover, calcium-stimulated
AC-dependent PKA activation in presynaptic terminals was
shown to be primarily driven by AC1, but not AC8, in hippocampus
(Conti et al., 2009). Lastly, the a7 nAChR and AC1 were reported to
associate physically and functionally in epithelium (Maouche et al.,
2013). Here we have shown that either the selective AC1 inhibitor,
or knockdown of AC1 with siRNA, blocked the a7 nAChR-mediated
cAMP increase, suggesting that the calcium-dependent AC1 is the
key signaling molecule for translating the short calcium rise to
cAMP signaling when the a7 nAChRs are activated. If activation of
a7 nAChRs, which increases the concentration of cAMP at presyn-
aptic terminals, is accompanied by another depolarization and
calcium influx, the strengthening of synaptic transmission would
be further enhanced (Gu and Yakel, 2011).

Recently, we found that nAChR activation also converged with
the cAMP-PKA signaling pathway to enhance neurotransmission at
mossy fiber terminals (Cheng and Yakel, 2014). The cAMP-PKA
pathway has long been shown to play a major role in synaptic
plasticity at mossy fiber terminals (Huang et al., 1994; Weisskopf
et al., 1994; Huang et al., 1995). However, the effectors down-
stream of this signaling pathway remain elusive. Evidence has
shown the PKA-dependent enhancement of synaptic efficacy
through the recruitment of synaptic vesicles (SVs) from the reserve
pool to the readily releasable pool of vesicles (Trudeau et al., 1996;
Kuromi and Kidokoro, 2000; Park et al., 2014). Synapsins, a prom-
inent PKA substrate (Huttner and Greengard, 1979), can regulate
neurotransmitter release via mobilization of SVs in the reserve pool
(Hilfiker et al., 1999) and alteration of the kinetics of SV fusion
(Hilfiker et al., 1998; Humeau et al., 2001; Samigullin et al., 2004;
Hilfiker et al., 2005). Additionally, PKA-mediated synapsin I phos-
phorylation served as a key modulator for calcium-dependent
synaptic plasticity (Menegon et al., 2006; Fiumara et al., 2007;
Cousin and Evans, 2011). This makes synapsin a suitable candi-
date to transduce the a7 nAChR-induced calcium and subsequent
cAMP rise into the enhancement of glutamate release. Indeed, we
found that the activation of a7 nAChRs leads to the widespread
increase of phosphorylated synapsin I (via its PKA site), similar to
the extent of direct AC activation by forskolin. The enhancement of
neurotransmitter release is most likely to involve other PKA sub-
strates besides synapsin. Among them, RIM1a is known to be
essential for PKA-dependent LTP in the cerebellum (Lonart et al.,
2003).

5. Conclusion

Activation of a7 nAChRs regulates the release of neurotrans-
mitter and synaptic plasticity (Ji et al., 2001; Ge and Dani, 2005; Gu
and Yakel, 2011; Cheng and Yakel, 2014), and promotes the matu-
ration of adult-born neurons (Campbell et al., 2010) and glutamate
synapse formation (Lozada et al., 2012); these various actions are
the result of triggering various signaling cascades. Our results
identify a cAMP-dependent pathway as one of the molecular
mechanisms employed by the a7 nAChR. Recent studies have
shown that targeting a7 nAChRs offers symptomatic improvement
of cognitive deficits in Alzheimer's disease, schizophrenia, and
Down syndrome (Levin et al., 2006; Thomsen et al., 2010; Deutsch
et al., 2013, 2014). Our finding provides insight for the development
of therapeutic treatments for these and possibly other neuronal
disorders. Future studies will determine which presynaptic pro-
teins are the substrates of the a7 nAChR-activated PKA, and how
they enhance the release of glutamate.
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