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Microtubule dynamics at the growth cone are mediated
by �7 nicotinic receptor activation of a G�q and IP3

receptor pathway
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ABSTRACT The �7 nicotinic receptor (�7) plays an
important role in neuronal growth and structural plas-
ticity in the developing brain. We have recently charac-
terized a G-protein-signaling pathway regulated by �7
that directs the growth of neurites in developing neural
cells. Now we show that choline activation of �7
promotes a rise in intracellular calcium from local ER
stores via G�q signaling, leading to IP3 receptor (IP3R)
activation at the growth cone of differentiating PC12
cells. A mutant �7 significantly attenuated in calcium
conductance (D44A; P<0.001) was found to be unable
to promote IP3R signaling and calcium store release. In
addition, calcium elevation via �7 correlates with a
significant attenuation in the rate of microtubule inva-
sion of the growth cone (P<0.001). This process was
also attenuated in the D44A mutant and blocked by an
inhibitor of the IP3R, suggesting that calcium flow
through the �7 channel and activation of the G�q
pathway are necessary for growth. Taken together, the
findings reveal an inhibitory mechanism of �7 on
cytoskeletal growth via the intracellular calcium activity
of the receptor channel and the G�q signaling pathway
at the growth cone.—Nordman, J. C., Kabbani, N.
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Acetylcholine (ACH) and its receptors play an
important role in modulating neuronal growth and
synapse formation in the brain (1, 2). Several nicotinic
ACh receptors (nAChRs) are expressed early in ner-
vous system development, thereby contributing to the
formation of synaptic circuits (3). The �-bungarotoxin
(Bgtx)-sensitive �7 nAChR (�7) is abundant in the
developing brain and can play an important role in the
maturation of axons and dendrites (1, 4). This recep-
tor, which is localized to regions of cellular remodeling
and growth, including axon growth cones (GCs) and
dendritic spines (2, 4), has been shown to modulate
cytoskeletal assembly (5). For example, in �7-knockout
(KO; �7�/�) mice, newly born neurons of the dentate
gyrus exhibit noticeable deficits in synaptic integration
into CA3 due to deficits in dendritic branching (1).
These developmental deficits may underlie memory
and cognitive impairment observed in adult �7�/�

mice (6, 7).
On activation by ligands such as ACh, its membrane

derivative choline, or the nAChR agonist nicotine, �7
channels conduct a sharp calcium current into the cell
(8). In axons of hippocampal neurons, �7 activation
has been linked to oscillatory increases in intracellular
calcium underlying neurotransmitter release (9). This
rise in intracellular calcium, which can persist for up to
30 min in brain slices and considerably less in cultured
neurons (10, 11), is blocked by Bgtx and not detected
in neurons of �7�/� mice (9). Studies indicate that
these persistent calcium fluctuations are driven by
calcium flow through the �7 and downstream longer-
lived changes in calcium-induced calcium release
(CICR). This property of �7 appears to be dependent
on the activation of inositol triphosphate receptors
(IP3Rs) in the endoplasmic reticulum (ER) (9).

In this study, we demonstrate a mechanism by which
�7 mediates intracellular calcium release in growing
neurites of differentiating neural cells. We show that
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interaction with heterotrimeric G-protein subunit �q
(G�q) and activation of phosphatidylinositol-4,5-bis-
phosphate (PIP2) enables �7-mediated CICR via IP3Rs
in the GC. This �7 pathway depends on calcium flow
through the receptor channel and signaling through G
proteins, thereby linking localized changes in calcium
with the movement of the microtubule cytoskeleton.

MATERIALS AND METHODS

Cell culture

Pheocromocytoma line 12 (PC12) cell cultures were prepared
as described previously (12), with minor modifications. In
brief, 10-cm Petri dishes (Thermo Fisher Scientific, Waltham,
MA, USA), 96 glass-bottom well culture plates (Life Technol-
ogies, Carlsbad, CA, USA), or 1.0 glass coverslips (Sigma, St.
Louis, MO, USA) were precoated with poly-d-lysine (PDL; 100
�g/ml). PC12 cells were maintained in dMEM containing
10% horse serum, 5% FBS, and 1% penicillin-streptomycin
(pen-strep) antibiotic (Life Technologies) at 37°C in a 5%
CO2-95% O2 chamber. Cells were differentiated by the addi-
tion of 100 nM 2.5S nerve growth factor (NGF) at 3 d after
plating or at 50% growth confluence (Life Technologies).

For transfections, mammalian expression vectors encoding
the calcium sensor protein GCaMP5G (Addgene, Cambridge,
MA, USA), the PIP2 sensor PH-mCherry (Addgene), and the
microtubule-capping protein end-binding protein 3–red flu-
orescent protein (EB3-RFP; Peter Baas, Drexel University,
Philadelphia, PA, USA) were used as described previously
(13–15). A mutant �7 (in pcDNA3.1) with a point mutation
from aspartate to alanine at amino acid position 44 (D44A),
which has been shown to significantly reduce calcium perme-
ability of the channel, was used (16). Cells were transfected
with Lipofectamine 2000 (Life Technologies) in serum-free
medium for 6 h, 18 h after plating. Transfection medium was
then replaced with dMEM containing NGF, as described
above. Imaging experiments were performed 3 d after trans-
fection. An empty pcDNA3.1 vector was used as a transfection
control.

Drug treatment

Drug concentrations were determined on the basis of pub-
lished studies and assessed in pilot experiments for effects on
cell health using trypan blue (EMD, Darmstadt, Germany).
For �7 activation, the selective receptor agonist choline
(0.1–10 mM) was used (17). dMEM (11965-092; Life Tech-
nologies) is supplemented with 30 �M choline by the manu-
facturer, which has been shown necessary to maintain cell
health and promote cell growth by contributing to stabiliza-
tion of the plasma membrane. This concentration of choline,
however, is presumed insufficient to activate �7, which is
activated by much higher levels of choline (EC50 1.6 mM; ref.
18). Intracellular calcium release, IP3Rs, ryanodine receptors
(RyRs), and G�q were all inhibited by treating PC12 cells with
thapsigargin (1 �M; Sigma), xestospongin C (Xest C; 1 �M;
Tocris, Bristol, UK), ryanodine (Ry; 30 �M; Tocris), and
[d-Trp7,9,10]-substance P (SP; 1 �M; Tocris), for 30 min,
respectively (14). Experiments were performed in triplicate,
and the data presented represent average values.

Immunocytochemistry

Cells were fixed in 1� PEM (80 mM PES, 5 mM EGTA, and
1 mM MgCl2, pH 6.8) containing 0.3% glutaraldehyde at

room temperature for 30 min (19). Cells were permeabilized
in 0.05% Triton-X 100 prior to glutaraldehyde quenching
with 10 mg/ml sodium borohydride, then blocked in 10
mg/ml BSA and 10% goat serum (Life Technologies) prior to
antibody (Ab) or ligand staining. Immunocytochemistry was
performed by adding the following primary Abs (1 �g/ml)
overnight at 4°C: �-tubulin (Sigma), G�q (Abcam, Cam-
bridge, UK), and pIP3R (Abcam). The addition of the follow-
ing secondary Abs (4 �g/ml) was performed at room tem-
perature for 1 h: carbocyanine (Cy) 2, Dylight 488, Dylight
560, and Alexa Fluor 647 (Jackson ImmunoResearch, West
Grove, PA, USA). �7s were visualized using Alexa Fluor 647
fluorescein-conjugated Bgtx (fBgtx; Life Technologies). Fila-
mentous actin (F-actin) was visualized using rhodamine phal-
loidin (Cytoskeleton, Denver, CO, USA). Fluorescence imag-
ing was performed using a Nikon Eclipse 80i confocal
microscope fitted with a Nikon C1 charge-coupled device
camera (Nikon, Tokyo, Japan). Green, red, and deep red
signals were visualized using 488-, 555-, and 641-nm excitation
lasers, respectively. Images were captured using the EZ-C1
software (Nikon, Tokyo, Japan) and processed in ImageJ
[U.S. National Institutes of Health (NIH), Bethesda, MD,
USA].

Protein analysis

PC12 cell lysates were obtained by solubilizing proteins with a
nondenaturing lysis buffer solution (1% Triton X-100, 137
mM NaCl, 2 mM EDTA, and 20 mM Tris HCl, pH 8)
supplemented with protease and phosphatase inhibitors
(Roche, Penzberg, Germany) at 4°C for 1 h. This solution has
been shown to be effective in isolating �7s and their interac-
tors from the plasma membrane (12). Isolation or immuno-
precipitation of protein complexes from cells was conducted
as described previously (20). In brief, 500 �g of cell lysate was
layered over streptavidin-coated or protein G Dynabeads (Life
Technologies) conjugated to biotin-�-Bgtx (Life Technolo-
gies), anti-G�q polyclonal Abs (Abcam), or purified immuno-
globulin G (IgG) Ab (Cell Signaling, Danvers, MA, USA) as
an immunopreciptation control. Protein complexes were
separated by gel electrophoresis on a 4–12% Bis-Tris gradient
gel (Invitrogen) for Western blot analysis using the following
Abs at 1 �g/ml: mAb 306 (21); G�q, growth-associated
protein 43 (GAP-43), IP3R, and pIP3R (Abcam); and GAPDH
(Cell Signaling). Species-specific peroxidase-conjugated sec-
ondary Abs (Jackson ImmunoResearch) were used at a con-
centration of 0.4 �g/ml. Signals were detected using a
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific). SeeBlue and MagicMark (Life Technolo-
gies) were used as molecular weight standards. Blots were
imaged using a Gel Doc imaging system (Bio-Rad, Hercules,
CA, USA). Band density analysis was performed using ImageJ
(NIH). All Western blot values are based on averages from 3
separate experiments.

Cellular calcium imaging

We used GCaMP5G for the visualization of rapid calcium
fluctuations in PC12 cells (13). Imaging experiments were
performed 3 d after transfection with GCaMP5G and/or a
second vector. For drug treatment, cells were incubated with
Xest C, SP, or BAPTA (30 �M) for 30 min prior to imaging.
All imaging experiments were performed in an HBSS solu-
tion supplemented with 10 mM HEPES and warmed to 37°C.
Calcium transients and dynamics were detected at an acqui-
sition rate of 1 frame every 70 ms for 2 min at 2 � 2 binning
on a Zeiss Axio Observer Z.1 with an attached mRM camera
(Carl Zeiss, Oberkochen, Germany). Phototoxicity and pho-
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tobleaching were minimized using neutral density and low-
wavelength light filters as reported previously (4). Choline
(0.1–10 mM) or choline and Bgtx (50 nM) prepared in HBSS
were applied to the recording chamber at a flow rate of 1
ml/s via a gravity-fed perfusion system after 5 s (70 frames) of
a baseline recording. HBSS alone was used as the vehicle
control. Regions of interest (ROIs) were analyzed using
ImageJ (NIH) and normalized as �F/F0. ROIs were averaged
over conditions. The data presented have been normalized to
HBSS controls. Ten cells were imaged per condition, all
experiments were performed in triplicate, and the data
presented represent average values (n�10).

Analysis of PIP2 activation

PH-mCherry is a genetically encoded sensor for PIP2 break-
down, allowing for the visualization of the phospholipase C
pleckstrin homology (PH) domain translocation from the cell
surface into the cytosol (14). We used an established protocol
to examine PIP2 activity via PH-mCherry (14). At 3 d after
transfection with PH-mCherry (and the indicated GCaMP5G
and/or D44A constructs), cells were washed with HBSS or
preincubated with SP or BAPTA prior to imaging. PH-
mCherry (excitation at 555 nm) was visualized at an acquisi-
tion rate of 1 frame every 5 s for 4 min at 2 � 2 binning. Drugs
were applied after 20 s (4 frames) of a baseline recording.
PH-mCherry translocation was determined by ROI analysis,
measuring the fluorescence signal at within 1 �m of the edge
of the cell (i.e., the plasma membrane) and in the cytoplasm.
Fluorescent values were normalized to area (�m2) and mea-
sured using ImageJ (NIH). Translocation values were deter-
mined using the equation (Fm � Fc)/(Fm � Fc), where Fm and
Fc refer to PH-mCherry fluorescence at the (plasma) mem-
brane and in the cytoplasm, respectively. Experiments were
performed in triplicate, and the data presented are group
averages. Five cells were imaged per condition, all experi-
ments were performed in triplicate, and the data presented
represent average values (n�5).

Microtubule motility assay using EB3-RFP comet analysis

EB3 is a microtubule-capping protein that binds to the free
plus growing end of microtubules during active assembly
(22). Fluorescently tagged EB3 proteins (EB3 comets) have
been used to study the rate and directionality of neurite
growth in PC12, as well as primary neurons (15, 23). We
examined EB3 movement in PC12 cells 3 d after transfection
with EB3-RFP (and GCaMP5G and/or D44A vectors). Imag-
ing experiments were performed in an HBSS solution
warmed to 37°C. For drug treatment, cells were preincubated
with Xest C or a vehicle (0.1% DMSO) for 30 min prior to
imaging. EB3 comet velocity was visualized in the GCs at an
acquisition rate of 1 frame/s for 2 min at 2 � 2 binning (24).
A baseline for EB3 motility was established for each recording
for 5 s (5 frames) of acquisition. Comet trajectories were
traced using ImageJ software (NIH). Five cells were imaged
per condition, all experiments were performed in triplicate,
and the data presented represent average values (n�5).

Neurite growth and statistical analysis

Reconstruction of neurites was performed using Neuroman-
tic (25). Tubulin- and phalloidin-positive cells were assessed
for NGF-induced changes in neurite surface area (SA). Only
neurites longer than the soma were analyzed. Twenty to 30
cells were reconstructed from each group and then repeated
in triplicate for group averages.

Statistical values were obtained using a 2-tailed Student’s t
test or 1-way ANOVA. Values of P 	 0.05 were considered
significant. All experiments were performed in triplicate, and
group averages (means
sem) are presented.

RESULTS

Neurite maturation is associated with enhanced �7
expression and calcium signaling

Recently we have shown a central role for �7 in the
maturation of axons and neurites in PC12 cells, cortical
neurons, and hippocampal neurons (4, 12). We exam-
ined expression and activity of endogenous �7s in
differentiating PC12 cells. A quantitative analysis of the
fBgtx signal in permeabilized cells was used to detect
cellular �7s. Experiments indicate that during NGF
differentiation, �7s are localized to sites of neurite
branching and growth, most noticeably, GC. The �7
subunit was found in regions of cytoskeletal arrange-
ment, which also stained for F-actin (phalloidin) and
anti-tubulin Abs (Fig. 1A). Nonlabeled Bgtx displaced
the fBgtx signal in cells in a concentration-dependent
manner, thus confirming the specificity of this fluores-
cent ligand for �7s (ref. 13 and data not shown).

PC12 cells were differentiated with 100 nM NGF and
analyzed for �7 expression at various stages of matura-
tion. After 3 d of treatment, NGF is known to have its
strongest effect on PC12 cells, characterized by rapid
neurite outgrowth, elaborate neurite fields, and com-
plex branching (26). As shown in Fig. 1B, �7 subunit
expression increases during NGF differentiation and
correlates with a rise in the expression of the neurite
growth regulatory protein GAP-43. This finding is cor-
roborated by observations on elevation in �7 levels in
the GCs during NGF differentiation (Fig. 1A) and
suggests that �7 regulates neurite maturation and struc-
ture.

Calcium signaling through �7 has been shown to
play an important role in the formation of synapses
in the central nervous system (2). We examined
cellular calcium changes via �7 at 3 d of NGF
differentiation using the genetically encoded cal-
cium sensor protein GCaMP5G (13). As shown in Fig.
1C, a strong calcium response was seen at the soma
(224
46%), GC (813
78%), and in the growing
neurite (487
67%) following �7 activation with the
selective agonist choline (17). At the current imaging
acquisition rate (70 ms/frame), however, the dynam-
ics of calcium influx through the rapidly activating
and deactivating �7 channel are not measurable.
Choline-induced calcium rises in the neurite ap-
peared later than in the GC, suggestive of back-
propagation into the neurite from the GC. Choline-
induced calcium occurred in a dose-dependent
manner and was abolished by preapplication with
Bgtx (Fig. 1C), confirming the specificity of choline
on the �7. In nondifferentiated cells, choline did not
produce a rise in cellular calcium (Fig. 1C), consis-
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tent with the earlier finding that �7 expression is
greatest during differentiation.

Site-specific mutations in the calcium-conducting
pore of the �7 channel have enabled characteriza-
tion of channel conductance under various condi-
tions (27–29). A new mutant of the �7 (D44A; ref.
16) was used to examine the role of calcium flow in

growth. PC12 cells transfected with D44A presented a
lowered calcium response (�67
11%) compared to con-
trols following choline treatment (Fig. 1C). In these
experiments, an empty pcDNA3.1 vector was used as a
transfection control. Consistent with findings on D44A
function in hippocampal neurons (16), our calcium
imaging data suggest that expression of this mutant

A

B

C

Figure 1. Up-regulation of �7s in differentiated PC12 cells. A) Detection of �7 subunits in 1 and 3 d NGF differentiated
PC12 cells using fBgtx (blue), rhodamine phalloidin (red), and �-tubulin (green). Heat map shows the distribution of
fBgtx in the cell. B) Left panel: Western blot detection of �7 and GAP-43 proteins during differentiation. GAPDH was used
as a control. Middle panel: images of phalloidin-stained cells differentiated for 0, 1, and 3 d with NGF. Right panel:
elevation in �7 levels during NGF differentiation and neurite growth (SA, surface area). C) �7-mediated calcium rises in
the soma, neurite, and GC in response to choline. The GCaMP5G signal remained at baseline prior to differentiation
(�NGF), or in differentiated cells preincubated with Bgtx for 1 min prior to imaging. Attenuated calcium responses were
visualized in cells transfected with D44A. Arrow indicates time of drug application. Error bars indicate means 
 sem.
**P 	 0.01, ***P 	 0.001; Student’s t test.
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significantly diminishes calcium flow through the �7. A
confirmation of D44A expression in PC12 cells indi-
cates that expression of D44A increases total fBgtx
fluorescence (by 89
15%) without altering the overall
cellular distribution of the signal (Supplemental Fig.
S1). The data are strongly suggestive that D44A is
integrated into functional �7s in the cell, but because
neither fBgtx nor the anti-�7 Ab distinguishes between
D44A and the endogenous �7 subunit, it is not possible
to quantify the amount of D44A in these cells.

�7 activation promotes IP3R calcium release from
internal stores

Recent studies have shown that presynaptic �7s pro-
mote calcium release from intracellular stores via
IP3Rs, thereby regulating glutamate release at hip-
pocampal synapses (9). We postulate that �7-mediated
store release can contribute to the maturation of the
neurite. We assessed the distribution of IP3Rs at the GC
in differentiated PC12 cells. As shown in Fig. 2A, IP3Rs
were most prominent at the central zone. A strong
colocalization of the signal for the ER-Tracker Red with
fBgtx or with the IP3R Ab (Fig. 2A and Supplemental
Fig. S2) suggests that �7s are in proximity to calcium
stores at the GC.

We tested the involvement of IP3Rs and RyRs in
choline-associated calcium elevation at the GC. To
determine the contribution of �7, cells were preincu-
bated with the IP3R selective blocker Xest C (1 �M) and
Ry, which at high concentrations (30 �M), fully blocks
the RyR. As shown in Fig. 2B, preincubation with Xest
C almost completely abolished the �7 calcium signal at
the GC at the measured time scale of 1 frame every
100 ms. In contrast, Ry had little effect on choline-
mediated calcium responses. The effect of Xest C was
commensurate with that of thapsigargin (Fig. 2B), a
nonspecific intracellular store inhibitor, suggesting
that �7s mediate calcium release by regulating IP3Rs
in the ER of the GC.

Within GCs, spontaneous transient elevations of in-
tracellular calcium have been shown to critically regu-
late neurite growth (30). In spinal cord neurons, these
transient calcium signals have been found to inhibit
neurite extension (30). We examined �7-induced cal-
cium elevations in the GC and the growing neurite. A
multipoint tracking method was used to measure
changes in the GCaMP5G signal along the neurite and
in ER-containing domains identified by ER Tracker
Red (Fig. 2C). As shown in Fig. 2C, ROI analysis
revealed �7-induced calcium elevations that start at
the GC (�0.5 s after drug application) and then
back-propagate into the neurite. Correlation analysis
revealed that calcium levels were strongest in ER
domains of the neurite (slope�8.9%; Fig. 2D). Pre-
incubation with Xest C abolished the calcium rise in
the GC, and little diffusion was observed in the
neurite (slope�0.1%; Fig. 2C, D). The expression of
D44A was also found to attenuate the calcium signal in
the GC (Fig. 2C, D; slope�2.8%), thus supporting the

hypothesis that calcium flow through �7 is necessary for
CICR from the ER in the neurite. To confirm this, we
examined �7-mediated calcium changes under calcium-
buffering conditions using BAPTA. In the presence of
BAPTA, choline (0.1–10 mM) did not promote a rise in
calcium within the cell (Supplemental Fig. S3).

Coupling to G�q enables �7-mediated CICR at
the GC

Canonical G�q signaling can directly regulate the levels
of calcium in the GC via the generation of IP3 (31).
Recently, we have shown that interaction between �7
and G proteins modulates neuronal growth (4, 32, 33).
To test interactions between �7 and G�q, �7 interac-
tomes from 3 d differentiated PC12 cells were isolated
using a biotin-conjugated Bgtx pulldown assay. Western
blot detection of G�q proteins within the pulldown
experiment revealed association between the receptor
and the G-protein subunit (Fig. 3A). An experiment in
which an anti-G�q Ab was used to coimmunoprecipi-
tate the �7 subunit confirmed association between �7
and G�q in PC12 cells. HCN1 was used as a negative
control in the interaction assay (Fig. 3A). Immuno-
fluorescence detection of endogenous G�q and �7
using an anti-G�q Ab and fBgtx, respectively, dem-
onstrated coexpression of the two proteins in the
central zone of the GC (Fig. 3B).

Calcium imaging was performed to test the contri-
bution of G�q activity on �7-mediated calcium sig-
naling in the GC. Experiments conducted in cells
preincubated with the selective G�q inhibitor SP
(34) indicate that choline-mediated elevation in cal-
cium is largely abolished in the presence of SP (Fig.
3C). Indeed, even at the highest choline concentra-
tion tested (10 mM), SP was able to block the calcium
signal in the GC, suggesting that G�q activity is
necessary and downstream of the �7. In these exper-
iments, SP did not cause a change in KCl-evoked
calcium rise (Fig. 3C).

Choline-mediated phosphorylation of IP3Rs at the GC
depends on G�q

In neurons, calcium flow from IP3Rs into the cytosol
plays an important role in axon growth and matura-
tion (31). In turn, the gating of the IP3R is deter-
mined by fluctuations in cytosolic calcium, including
the activity of calcium-sensitive kinases and phospha-
tases (35–37). To examine whether interaction be-
tween �7s and G�q affects IP3Rs in the GC, we
monitored a functional phosphorylation site in the
IP3R that has been shown to correlate with receptor
opening (38). Using an Ab that recognizes the
phosphorylated form of the IP3R (pIP3R) at serine
residue 1598, a site for PKC phosphorylation (38), we
tested the effect of choline on the IP3R. As shown in
Fig. 4A, B, a 1 min treatment of choline led to a
significant increase in pIP3R levels in the cell. The
strongest pIP3R signal was observed in the GC (Fig.
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4B–D). The effect of choline on IP3R phosphorylation
was concentration dependent and diminished by prein-
cubation with Bgtx (Fig. 4A). We tested the role of G�q in
IP3R phosphorylation. Preincubation with SP blocked the
effect of choline on phosphorylation of the IP3R (Fig. 4).
Similarly, expression of the D44A subunit mutant was also
found to attenuate the effect of choline on pIP3R levels
(Fig. 4), suggesting that calcium flow through the �7
channel and activation of G�q can contribute to IP3R
function in the cell.

�7/G�q signaling promotes PIP2 breakdown

G�q regulates IP3R-mediated calcium release from the
ER by promoting the breakdown of PIP2 into IP3 and
diacyl glycerol (DAG) (36, 39). The breakdown of PIP2

by phospholipase C is associated with dynamic move-
ment of the phospholipid from the plasma membrane
into the cytoplasm. This process can be measured in
real time using the genetically encoded sensor PH-
mCherry (14). We tested the effect of �7 on PIP2

Figure 2. �7 promotes IP3R-mediated calcium release at the GC. A) Colocalization of fBgtx and anti-IP3R Ab staining in the
central zone (CZ) of the GC. B) �7-mediated calcium signaling in the GC is abolished in the presence of 1 �M thapsigargin
(Thaps) or Xest C, but not 30 �M Ry. DMSO was used as a vehicle control. C) �7-mediated calcium elevation in the GC and
proximal neurite. Live imaging of GCaMP5G and ER-Tracker Red in cells treated with 10 mM choline (beginning at 0.5 s).
Images: WT (left panels); preincubated with Xest C (middle panels); transfected with D44A (right panels). Boxed areas in top
panels represent ROIs of the GCaMP5G signal, shown as a heat map at the GC (0 �m) and 10–40 �m into the neurite. ER is
outlined in black. Bottom panels: ER-Tracker labeling in the neurite. D) Average values from C showing changes in calcium (left
panels) and a correlation of peak calcium rises relative to the detection of the ER-Tracker signal in the GC and adjoining neurite
(right panels). Error bars � means 
 sem. ***P 	 0.001; Student’s t test.
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breakdown and translocation in the GC. PC12 cells
were cotransfected with PH-mCherry and GCaMP5G,
enabling simultaneous detection of PIP2 and calcium
changes. Activation of the muscarinic ACh receptor by
carbachol (CCh) was used to confirm PH-mCherry
detection of PIP2 breakdown (ref. 14 and Fig. 5).
Choline treatment (10 mM) was also associated with a
translocation of PH-mCherry from the cell surface to the
cytosol in the neurite and GC concurrent with its effect on
the calcium rise (Fig. 5). The strongest effect of choline
on PH-mCherry translocation and GCaMP5G fluores-
cence was observed in the GC (Fig. 5).

To ensure involvement of G�q in �7-mediated PIP2

breakdown, cells cotransfected with PH-mCherry and
GCaMP5G were preincubated with SP prior to imaging.
As shown in Fig. 5, SP abolished choline-induced
translocation of PH-mCherry, as well as GCaMP5G
signaling in the neurite and GC. Taken together, the
data suggest that �7-mediated calcium promotes break-
down of PIP2 locally within the GC via G�q. This
finding is consistent with choline’s effects on IP3R
activation (Fig. 4), supporting a mechanism of �7-
mediated generation of IP3 via PIP2.

An �7/G�q/IP3R calcium mechanism underlying
inhibition of microtubule growth

The initiation, growth, and guidance of axons require
the regulation of cytoskeletal proteins (31). Actin fila-
ment polymerization is essential for membrane protru-

sion underlying neurite guidance, but the overall de-
velopment and branching of the axon require the
assembly of microtubules and their entry into filopodia
(40). We assessed the effect of �7 signaling on micro-
tubule invasion of GC filopodia. Cells were cotrans-
fected with GCaMP5G and the microtubule-capping
protein, EB3 conjugated to RFP (EB3-RFP), which
enabled us to measure calcium and cytoskeletal
changes in real time in the GC. This EB3 capping
protein is capable of tracking dynamic changes at the
plus end of the microtubule structure and thus serves as
a tool of analysis for neurite growth (4, 15). EB3-RFP
proteins were detected throughout the GC (Fig. 6A). In
particular, a strong EB3-RFP signal was seen in the
central zone, a region rich in microtubule invasion (41)
and �7/G�q/IP3R expression. We examined the veloc-
ity of the EB3-RFP comets that invade filopodia at
various concentrations of choline (0.1–10 mM). As
shown in Fig. 6A–C, under basal conditions, EB3-RFP
velocity was measured at 150 nm/s. After 2 min of
choline treatment (1 mM), EB3-RFP velocity was re-
duced to 10 nm/s (Fig. 6A–C). At higher choline
concentrations (10 mM) EB3-RFP movement reversed
directions from anterograde to retrograde (�60 nm/s;
Fig. 6A), consistent with GC collapse (Fig. 6B, C and
refs. 4, 42). In fact, retrogradely moving EB3-RFP
comets after choline application (1–10 mM) appeared
to promote a collapse of the GC within 8 min of analysis
(Fig. 6B). Calcium imaging at the same ROI indicates
that the dose-dependent peaks in intracellular calcium

A

C

B

Figure 3. �7 calcium release at
the GC is mediated by association
with G�q. A) Western blot detec-
tion of �7 and G�q interactions
from differentiating PC12 cells.
Biotin-conjugated Bgtx and anti-
G�q Abs were used to isolate �7
and G�q protein complexes, re-
spectively. Anti-HCN1 Ab was
used as negative control. Twenty
percent of whole cell lysate
(WCL) was used relative to pro-
tein for pulldown and immuno-
precipitation; 100% was used to
detect total levels in the cell. IgG
Ab was used as an immunopre-
cipitation control and was used in
equal amounts to the anti-G�q
Ab. B) Immunofluorescent detec-
tion and colocalization of �7 and
G�q in the CZ of the GC. C) �7
calcium signaling in the GC in
response to 1 and 10 mM choline
application or KCl (50 mM) and
in the presence of the G�q inhib-
itor SP (1 �M). Arrow indicates
the time of drug application. Er-
ror bars � means 
 sem. ***P 	
0.001; Student’s t test.
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in the GC achieved by 0.1–10 mM choline correlates
with the overall reduction in EB3-RFP velocity when
averaged over 2 min (Fig. 6B, C). The findings corrob-
orate earlier data on the effect of �7 calcium signaling
on microtubule growth, and are underscored by the
finding that effects of choline on EB3-RFP velocity and
GCaMP5G fluorescence are entirely abolished by pre-
application of Bgtx (Supplemental Fig. S4).

To examine the involvement of IP3Rs in �7-mediated
regulation of cytoskeletal movement in the GC, cells
were preincubated with Xest C 30 min prior to analysis.
Xest C rendered a strong inhibitory effect on choline
modulation of EB3-RFP velocity and GCaMP5G signal-
ing, thereby restoring EB3-RFP movement to antero-
grade (Fig. 6A, D). Xest C, however, did have ancillary
effects on EB3-RFP velocity, reducing microtubule
movement by �50%. The mutant D44A was also tested
in the assay, and as shown in Fig. 6A, C, expression of
D44A significantly attenuated the effects of choline on
EB3-RFP velocity and directionality, consistent with its

diminished effect on calcium in the GC. Taken to-
gether, the findings confirm the role of �7 calcium
signaling in mobilization of calcium store release from
IP3Rs at the GC and suggest that this mechanism
regulates neurite growth.

DISCUSSION

Metabotropic functions of �7 are driven by calcium
flow through the channel

nAChRs belong to a class of cys-loop ligand-gated
receptors, which modulate neuronal activity by con-
ducting ions across the plasma membrane (43). A
number of cys-loop receptors, including the glycine
channel, can directly bind G proteins via conserved
motifs within their intracellular M3-M4 loop (44).
Evidence now suggests that in addition to being regu-
lated by G proteins, cys-loop receptors, including

Figure 4. �7 activation promotes IP3R phosphorylation via G�q. A) Detection of the IP3R and pIP3R following a 1 min choline
(0–10 mM) treatment in PC12 cells (control) and PC12 cells transfected with D44A, preincuabed with 50 nM Bgtx (1 min), or
1 �M SP (30 min). B) Cells were transfected with an empty pcDNA3.1 vector (control) or D44A. An anti-pIP3R Ab was used to
visualize pIP3R expression at 0, 1, and 10 min choline treatment (10 mM). Cells were preincubated with SP 30 min prior to
choline treatment. C, D) Average values for the percentage change in pIP3R immunofluorescence from baseline (0 min in C;
0 mM choline in D) in the GC. Error bars � means 
 sem. ***P 	 0.001; Student’s t test.
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A

B

Figure 5. �7 promotes PIP2 breakdown in the GC. PC12 cells were cotransfected with PH-mCherry and GCaMP5G 24 h prior
to imaging. A) Representative images of PH-mCherry and GCaMP5G at the GC in cells treated with carbachol (CCh; 100 �M),
choline (10 mM), or choline and SP (1 �M). B) Detection of PH-mCherry (red) and GCaMP5G (green) in the soma, neurite,
and GC from cells treated with CCh or choline with or without SP preincubation. A measure of PH-mCherry translocation is
described in Materials and Methods.
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A

B C

D E

Figure 6. �7 calcium signaling inhibits microtubule growth via the IP3R. A) Time-lapse imaging of EB3-RFP and GCaMP5G in
the GC. Xest C, cells preincubated with Xest C 30 min prior to analysis; D44A, cells transfected with D44A. Beginning time point
(white arrow) and end time point [red (backward) or blue (forward) arrow] indicated. B) Time course of choline-mediated
changes in EB3-RFP velocity. Period of GC collapse is indicated in yellow. C) Correlation of the GCaMP5G signal peak and
EB3-RFP comet velocity during choline treatment (averaged during 2 min of cell imaging). Control, no choline added; D44A,
cells transfected with D44A. D) Cells were preincubated with Xest C for 30 min prior to choline treatment. E) Model showing
a mechanism of �7/G�q coupling underlying IP3R calcium store release at the GC during neurite growth. Tested components
of the pathway are shown in red. Error bars � sem. *P 	 0.05, ***P 	 0.001; Student’s t test.
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nAChRs, can also contribute to metabotropic signaling
and second messenger production in the cell (33). We
have recently shown that �7 regulates neuronal signal-
ing and growth through G�i/o in hippocampal neu-
rons (4, 12, 33). A similar nAChR signaling mechanism
exists in T cells, where �4 nAChRs can couple to G�i/o
and regulate cytokine release (45). Direct coupling to
G proteins is of particular significance to nAChR activ-
ity in immune cells, where no nAChR current has been
detected to date. Because studies reveal that several
nAChRs, including �4�2 and �3�4�5, interact with G�
and � subunits (46, 47), it is increasingly accepted that
nAChRs maintain ionotropic and metabotropic prop-
erties in cells.

The utility of the recently characterized D44A recep-
tor mutant, which is significantly impaired in calcium
conductance due to a mutation in the calcium pore,
has enabled us to examine the involvement of calcium
flow through the channel in signaling and neurite
growth. Our findings indicate that calcium flow through
the �7 is necessary for downstream regulation of IP3Rs, as
well as CICR from the ER in the growing neurite. The
involvement of other receptors or channels as a down-
stream consequence of �7 activation cannot be com-
pletely ruled out at this point. Expression of D44A, which
did not appear to alter the distribution of �7 in the cell,
did, however, abolish the effect of choline on microtubule
movement, suggesting that �7 function is contingent on
the ability of the channel to conduct calcium. In light of
this, our data suggest that the intracellular signaling
and metabotropic properties of the �7 are intimately
paired to its ionotropic activity.

�7 regulates calcium store release at the GC and
modulates microtubule growth

The localization, concentration, and temporal aspects
of the cellular calcium signal play a complex role in
regulating neurite growth and synaptic development.
In neurons, high levels of intracellular calcium can shift
the cell into an antigrowth state, marked by a dramatic
decrease in neurite growth paralleled by an attenuation
of cytoskelelal elongation (31, 48). We find that cho-
line, at a concentration adequate to fully activate �7,
can foster high calcium levels within the GC via its
actions on channel opening and CICR from the ER in
PC12 cells. Similar mechanisms are predicted to exist in
neurons of the nervous system, where the same signal-
ing pathway may contribute to presynaptic growth and
possibly neurotransmitter release. Interaction with G�q
and subsequent downstream signaling via PIP2 appears
central to the effect of �7 on calcium-driven shunting
of neurite growth, marked by a slowing of microtubule
invasion into filopodia and a reversal in directionality.
Furthermore, at high levels of calcium, �7 activity leads
to a collapse of the GC, possibly due to the activity of
calcium sensitive proteases, such as calpain (49). This is
supported by our observation that calcium elevations
and EB3 protein movement are most affected in neu-
rite regions that contain both �7 and the ER protein

marker. These findings are consistent with earlier ob-
servations on the effect of �7 on overall decline in
axonal growth and structural branching in hippocam-
pal neurons (4) and suggest the involvement of G�q-
mediated calcium store release in this process.

The targeting and function of the �7 at the GC
appear to be driven by interaction with scaffold pro-
teins such as G protein-regulated inducer of neurite
outgrowth 1 (Gprin1; ref. 12). Interestingly, Gprin1 can
also regulate the trafficking and activity of G�o at the
GC (50), suggesting a role for this scaffold in �7/G
protein interaction. Our experiments indicate that the
targeting of �7 to the GC during cellular differentiation
is necessary for calcium signaling and modulation of
neurite growth. The coordinated responses of various
G proteins to �7 activation thus appear to be critical in
this process.
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