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ABSTRACT

A G PROTEIN COUPLED NICOTINIC RECEPTOR: HOW THE ALPHA 7
NICOTINIC ACETYLCHOLINE RECEPTOR REGULATES HIPPOCAMPAL AXON
GROWTH VIA AN INTERACTION WITH G PROTEINS
Jacob Nordman, PH.D
George Mason University, 2014
Dissertation Director: Dr. Nadine Kabbani

Historically neurotransmitter receptor classes have been divided into two categories:
ionotropic and metabotropic. Ionotropic receptors are typically multi-subunit structures
that when activated conduct ions through a central pore, leading directly to the
depolarization/hyperpolarization of the plasma membrane, generation of action
potentials, and release of neurotransmitters from axon terminals. Metabotropic receptors
on the other hand are single protein, seven transmembrane domain structures (though
multi-subunit complexes like the GABAB receptor exist), which upon binding of a ligand,
activate specialized sets of second messenger proteins such as the heterotrimeric
guanosine nucleotide binding proteins (G proteins). These proteins upon activation
translocate to other parts of the cell where they regulate a host of downstream signaling
molecules such as adenylyl cyclase and phospholipase C, gene signaling cascades such as
the ERK/MAPK pathway, and cytoskeletal regulatory pathways underlying neurite
growth and development. In recent years a number of studies have come out
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demonstrating that these two receptor classes may not be as functionally distinct as was
formerly thought.
A number of ionotropic receptors have already been shown to interact with G
proteins, contributing to their signaling milieu. Examples include: 1) the α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, which has been shown to
interact with Gαi subunits for the purpose of regulating silent synapses, 2) the glycine
receptor, which has been shown to interact with βγ G protein subunits, thereby regulating
channel opening and kinetics, and 3) the nicotinic acetylcholine receptors (nAChRs)
α4β2 and α3β4α5, which have been shown to interact with both the Gαo and βγ subunits.
The consequence of these interactions has great promise for understanding cellular
phenomena that remain mysterious to this day and for piecing together the intracellular
protein pathways that will aid in the development of newer and better drugs in the fight
against brain disease.
nAChRs are a pentameric class of ionotropic receptors belonging to the Cys-loop
receptor family and found widely expressed throughout the brain. 11 different nAChR
subunits have been identified in the mammalian brain (α2-α11 and β2-β4). Each subunit
is composed of 4 transmembrane domains with a long intracellular loop formed between
the 3rd and 4th transmembrane domain. This domain is where the majority of protein
interactions with the receptor is hypothesized to occur and is the most variable, least
conserved part of each nAChR subunit, conferring special properties to each receptor. α7
is unique among the nAChRs in that it possesses 5 identical α subunits and can conduct
calcium at levels roughly ten times that of the other common nAChRs found throughout
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the brain. α7 has also been implicated as a regulator of neural development. A number of
studies have demonstrated that α7 expression is critical for establishing the inhibitory
GABA signal necessary for proper circuit formation. It has also been shown that α7
expression is paramount for glutamatergic synaptogenesis within the hippocampus. Less
studied however is the role of α7 in regulating axon growth, perhaps the key starting
point for neural development.
In this dissertation I demonstrate that α7 interacts with G proteins to regulate
calcium influx and the cytoskeletal machinery underlying growth. This was accomplished
through a variety of biochemical, proteomic, and live cell imaging techniques. The
following work reveals that α7, acting in concert with the G proteins Gαo and Gαq,
regulate axon growth via intracellular calcium release from internal stores. These studies
demonstrate a first ever α7 mediated calcium signal within the growth cone, an
interaction with G proteins, and a mechanism by which α7 can regulate the cytoskeletal
machinery in the developing neurite. These studies aid in understanding the critical role
of iontropic neurotransmitter receptor interactions with G proteins, and in particular how
metabotropic functions of the α7 receptor are instrumental in proper brain development.
In a parallel line of work I demonstrate a similar mechanism underlying α4β2
nAChR signaling within immune cells in vivo. In that study I show that α4β2 receptors,
expressed in CD4+ T-cells, can regulate cell division, interleukin-6 (IL-6) release, and a
Th2 immune response via an interaction with a Gαi/o protein pathway. This research is
important for two reasons: 1) it provides evidence for an immunological function of
nAChRs, widely found expressed in immune cells, but to date have not been detected
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electrophyiologically, suggesting that nAChR signaling within immune cells likely
operates through a second messenger pathway; 2) nAChR interactions with second
messenger pathways enables for better understanding of the effects of nicotine on
immunity, serving as both a platform for biomarker discovery in smokers and a possible
drug target for a host of immune diseases.
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CHAPTER ONE: AN INTERACTION BETWEEN Α7 NICOTINIC RECEPTORS
AND A G-PROTEIN PATHWAY COMPLEX REGULATES NEURITE
GROWTH IN NEURAL CELLS

This chapter appears in published form at
http://jcs.biologists.org/content/125/22/5502.long.
Citation: Nordman N, Kabbani N (2012) An interaction between α7 nicotinic receptors
and a G-protein pathway complex regulates neurite growth in neural cells. J Cell Sci,
125, 5502-5513, doi: 10.1242/jcs.110379

Summary	
  
The α7 acetylcholine nicotinic receptor (α7) is an important mediator of
cholinergic transmission during brain development. Here we present an intracellular
signaling mechanism for the α7 receptor. Proteomic analysis of immunoprecipitated α7
subunits reveals an interaction with a G protein pathway complex (GPC) comprising
Gαi/o, GAP-43 and G protein regulated inducer of neurite outgrowth 1 (Gprin1) in
differentiating cells. Morphological studies indicate that α7 receptors regulate neurite
length and complexity via a Gprin1-dependent mechanism that directs the expression of
α7 to the cell surface. α7–GPC interactions were confirmed in embryonic cortical
neurons and were found to modulate the growth of axons. Taken together, these findings
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reveal a novel intracellular pathway of signaling for α7 within neurons, and suggest a role
for its interactions with the GPC in brain development.

Introduction	
  
Neuronal development is marked by important phases in growth involving
structural remodeling of the soma and an outgrowth of neurites culminating in the
formation of functional axons and dendrites (Mortimer et al., 2008; Petros et al., 2008).
Various neurotransmitter receptors are known to contribute to neuronal development (van
Kesteren and Spencer, 2003; Mattson, 2008). Receptor mediated signal transduction
appears crucial in regulating the assembly, disassembly, and reorganization of the
cytoskeleton during growth (Stiess and Bradke, 2011). Signaling via the second
messenger family of heterotrimeric GTP binding proteins (G proteins) is one mechanism
for structural remodeling during neuronal development (Flavell and Greenberg, 2008).
Inhibitory G proteins such as Gαi/o are enriched in developmental structures such as
axonal growth cones during neurite navigation (Bromberg et al., 2008). In addition to
being activated by membrane spanning G protein coupled receptors (GPCRs), Gαi/o can
be activated by intracellular calcium (Strittmatter et al., 1991; Yang et al., 2009).
Calcium signaling is important during cellular development where it has been
shown to play a role in the growth and navigation of newly formed neurites (Henley et
al., 2004). Calcium-conducting ligand-gated ion channels, such as the nicotinic
acetylcholine receptor (nAChR), are abundant during nervous system development and
have been found to modulate the growth of neurons in the hippocampus and cortex
(Zheng et al., 1994; Aramakis and Metherate, 1998). In differentiated neurons, nAChRs
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contribute to structural remodeling within presynaptic terminals and dendritic spines
(Berg and Conroy, 2002). To date, 11 different nAChR subunits have been found in the
mammalian brain (α2–α9 and β2–β4) (Albuquerque et al., 2009; Changeux, 2010). The
α-bungarotoxin (Bgtx) sensitive α7 receptor is homopentameric and conducts mainly
calcium upon activation (Dani and Bertrand, 2007). Previous studies indicate a role for
α7 receptors in the growth of neurons and the formation of synapses (Coronas et al.,
2000; Berg et al., 2006). Deactivation of α7 by ligands such as Bgtx as well as
endogenous transmitters such as kynurenic acid (KYNA) has been found to impact
neuronal growth (Stone and Darlington, 2002; Rüdiger and Bolz, 2008). To investigate
the mechanisms by which α7 regulates neuronal development, we have determined the
signaling properties of α7 receptors within differentiating neural cells. We present
evidence on the existence of a G protein pathway complex (GPC), consisting of Gαi/o,
growth associated protein 43 (GAP-43), and G protein regulated inducer of neurite
growth 1 (Gprin1), that directly associates with α7 in pheochromocytoma line 12 (PC12)
cells and cortical neurons. α7–GPC interactions appear to modulate neurite and axonal
development.

Results	
  
α7	
  receptors	
  mediate	
  neurite	
  growth	
  
α7 receptors have been shown to affect neurite growth and synaptic development
in neurons (Chan and Quik, 1993; Rüdiger and Bolz, 2008). To determine the role of α7
in neurite development we morphologically analyzed cells for growth using the
Neuromantic software. In this study, cells with at least one process longer than the cell
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body were analyzed. We chronically treated PC12 cells with the α7 specific antagonist
Bgtx, the nAChR agonist nicotine (Nic), the α7 specific agonist PNU282987 (PNU), or a
combination of Bgtx and Nic or PNU during nerve growth factor (NGF) differentiation.
Since all differentiation experiments were performed in the presence of NGF, unless
otherwise noted, the term differentiation is from here on synonymous with NGFdifferentiation.
PNU, Nic, and Bgtx occupy a common binding site on the α7 receptor (Pankratov
et al., 2002; Grabe et al., 2012b; Spitzer et al., 2012). As shown in Fig. 1A, chronic
treatment with Bgtx resulted in a statistically significant increase in neurite surface area
(SA) (P<0.001), while Nic and PNU treatments were found to significantly decrease
neurite SA (P<0.05) compared to controls. A coapplication of Bgtx with Nic or Bgtx with
PNU was found to result in a negligible morphological effect when compared to control
cells (P>0.05) suggesting that the two drugs act via a common receptor. Group
significance was found between control, Bgtx, Nic and PNU [F(3,172) = 4.00, P<0.001].
Combination of PNU and Nic did not produce a greater effect on neurite SA than either
drug alone (data not shown) consistent with the idea that PNU and Nic act via the same
binding site (Pankratov et al., 2002). We next examined the effects of the endogenous
transmitters acetylcholine (ACh) and KYNA, which are known to respectively activate or
deactivate α7. As shown in Fig. 1A, chronic treatment with KYNA or ACh was found to
significantly increase (P<0.001) or decrease (P<0.05) neurite SA, respectively
[F(2,184) = 4.00, P<0.001]. These effects of KYNA and ACh on neurite growth appeared
comparable to the effects of Bgtx and Nic in the same cell line (Fig. 1A) and suggest that
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prolonged pharmacological perturbations of the α7 receptor mediates neurite growth
within differentiating cells.
NGF induced differentiation of PC12 cells is known to promote RNA and protein
synthesis, neurite growth, a decrease in cell division, electrical excitability, and render
them more responsive to ACh (Csillik et al., 2004). We find that NGF promotes at least a
twofold increase in neurite growth and branching complexity within PC12 cells (Fig. 1B).
We assessed the role of nAChRs in PC12 cells in the absence of NGF. In comparison to
NGF differentiated cells, PC12 cells grown in the absence of NGF displayed little or no
neurite extension (Fig. 1B). Chronic treatment with ACh, Nic, or PNU was found to have
little effect on neurite SA in the absence of NGF (data not shown). In contrast, chronic
treatment with Bgtx was found to promote an increase in neurite growth even in the
absence of NGF. As shown in Fig. 1B, Bgtx was found to increase neurite SA (compared
to controls) in both differentiated and non-differentiated cells suggesting that the
modulatory effects of Bgtx are not limited to NGF differentiation.
The cytoskeletal proteins actin and tubulin drive neurite extension and retraction
during cellular growth (Zhou et al., 2002; Lowery and Van Vactor, 2009). We quantified
the levels of α-tubulin and β-actin from lysates of cells chronically treated with Bgtx and
Nic. As shown in Fig. 1C, α-tubulin expression was significantly increased in response to
Bgtx (P<0.05) while significantly decreased after Nic treatment (P<0.01) in comparison
to control cells. In these experiments, the levels of total β-actin in the cell did not appear
to be significantly altered between Bgtx (P = 0.76) and Nic (P = 0.55) drug treatment
conditions suggesting a role for these drugs on tubulin protein synthesis or stability.
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Isolation	
  of	
  α7	
  interactomes	
  
α7 has been implicated in the growth of neurites (Berg and Conroy, 2002) but the
mechanism remains unknown. We tested antibodies (Abs) for their ability to detect the
α7 subunit within PC12 cells. As shown in Fig. 2A two Abs directed again the α7 protein
(mAb 306 and C-20) reacted to a ∼57 kDa band within PC12 cell lysate (Fig. 2A, lane 1).
In these experiments, Neuroblastoma 2a (N2a) cells were used as a negative control since
they do not express α7 (Fig. 2A, lane 2) (Danthi and Boyd, 2006). As shown in Fig. 2A, a
polyclonal anti-α7 Ab (C-20) was able to successfully immunoprecipitate (IP) the α7
subunit from PC12 cells and in these IP experiments, two reactive bands were visualized
on a western blot immunoprobed with mAb306 (Fig. 2A). Since α7 receptors can be
glycosylated as well as palmitoylated (Hu et al., 2007), it is possible that these bands
represent post-translational modifications to the α7.
Receptor-protein interactions mediate the trafficking and signaling of the receptor
within the cell (Kabbani et al., 2007; Kabbani and Levenson, 2007; Yamatani et al.,
2010). To determine interactions of α7, we utilized MS to define proteins that coIP with
the α7 subunit in PC12 cells. In these experiments protein complexes that bound to the
protein G matrix in the absence of the IP Ab were excluded from the results. Liquid
Chromatography Electro Spray Ionization (LC-ESI) mass spectrometry (MS) analysis of
IP complexes using mAb306 or C-20 reveals the presence of an α7 interaction complex.
A list of α7 interacting proteins and information on their protein score (PS), molecular
weight, and NCBI accession number is presented in Table 1. A cohort of α7 interacting
proteins are components of G protein pathways and are known to play a role in neurite
development (Table 1). We refer to this group as the GPC. Notably, Gαo and Gprin1
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have been previously shown to interact with the β2 subunit of nAChRs in the adult brain
(Kabbani et al., 2007) and have been found to direct growth cone and neurite
development (Chen et al., 1999; Nakata and Kozasa, 2005; Masuho et al., 2008).
To validate α7–GPC interactions, C-20 was used in IP experiments from
differentiating PC12 cells. Interacting proteins were visualized using western blot. As
shown in Fig. 2B, a band immunoreactive for mAb306 was detected at 57 kDa, the
expected molecular weight of the α7 subunit. Since previous studies have shown an
interaction between Gαi/o and Gprin1 (Nakata and Kozasa, 2005) as well as Gαi/o and
the guanine exchange factor (GEF) GAP-43 (Yang et al., 2009), we examined the
presence of Gprin1, Gαi/o and GAP-43 within the same α7 complex. The blot shown in
Fig. 2B was probed for Gprin1 and then reprobed using an anti-Gαi/o Ab and an antiGAP-43 Ab. Immunoreactive bands corresponding to Gprin1, Gαi/o, and GAP-43 were
detected within the α7 complex. α7–GPC interaction was also found in non-differentiated
PC12 cells at lower abundance (data not shown).
To confirm the presence of the α7–GPC interactomes C-20 was used to IP α7
from crosslinked cellular lysates of differentiated PC12 cells. As shown in Fig. 2C, a
multi-protein complex was visualized using a Coomassie stain. Manually excised bands
were analyzed using LC-ESI MS analysis. This confirmed the identity of Calmodulin 3
(CaM3, 18 kDa), Gαo (41 kDa), GAP-43 (43 kDa), Gprin1 (85 kDa), the α7 subunit (57
kDa), and GAP-43 bound to CaM3 (61 kDa) within a common complex.
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Table 1. Intracellular proteins that co-immunoprecipitate with α7 from
differentiating PC12 cells."
Protein
Score"
nAChRs:"
MW (Da)"
NCBI"
α7"
8.08
56373.4
71896614

Number of
Peptides"
4"

G Protein Complex:"
Gprin1"
Gαi"
Gαo"
GAP-43"

46.08
2.05
10.10
8.05

85066.5
44988.0
40042.9
23589.3

62663260
62647168
8394152
8393415

8"
2"
2"
4"

Kinases & Phosphatases:"
Calcineurin (PP2B)"
CaMKIIβ"
PKCβ"
PKCδ"
PKCη"
Calmodulin 3"

10.06
6.04
6.06
6.06
6.08"
28.06

58372.0
30834.4
44231.0
58763.5
22309.6"
63326.3

62666988
62658192
62656037
34852266
62656086"
62639070

5"
3"
1"
1"
3"
5"

Cytoskeletal Regulators:"
Arp2/3"
Cdc42"
Cofilin"
PAK 1"
p32a"
p32b"

20.07
8.05
18.07
30.07
20.09
8.03

203429.1
21245.0
10747.7
68501.4
38453.3
54850.6

62665219
61889112
62718769
56799432
21617859
21955259

2"
1"
3"
4"
2"
1"

Cytoskeletal Components:"
α Tubulin"
β Actin"

4.05"
20.06

49990.0"
46840.3

62663792"
62663393

5"
3"

α7 nAChR Regulators:"
Ric-8a"
Src-Family Phosphoprotein 1"
Src-Family Phosphoprotein 2"

14.11
4.07
4.07

52594.4
106424.9
37463.8

57528201
62652127
17105340

2"
1"
1"

Vesicle Trafficking:"
Synapsin 1"
Synapsin 2"
Synapsin 3"
Synaptotagmin 9"
Synaptophysin"

8.06
42.08
28.07
40.09
8.06

52421.5
73942.7
63308.9
47179.2
33289.1

9507161
9507159
8394389
6981624
6981622

5"
2"
6"
9"
1"
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Table 2. In-gel digest of intracellular proteins which co-immunoprecipitate with the α7
subunit in differentiating PC12 cells."
Protein
Score"
MW (kDa)"
Band Identity"
Peptides"
NCBI"
85!
Gprin1!
KAPSWDAGAPPPRE
20.07 62663260
62!
GAP-43!
KEGDGSATTDAAPATSPKA
12.06
8393415
62!
Calmodulin 3!
RHVMTRLGEKL
8.06
62639070
55!
α7!
RPACQHKPRRC
18.06 71896614
43!
GAP-43!
RTKQVEKNDEDQK
8.04
8393415
42!
Gαo!
KQMKIIHEDGFSGEDVKQYKP
8.07
8394152
20!
Calmodulin 3!
RVFDKDGNGYISAAELRH
8.06
62639070

Table 3. In-gel digest of crosslinked intracellular proteins that stain for GAP-43.!
Protein
Score!
MW (kDa)!
Band Identity!
Peptides!
NCBI!
62!
GAP-43!
RGHITRK
9.03
8393415
62!
Calmodulin 3!
KDGNGYISAAELRH
8.03
62639070
43!
GAP-43!
KQVEKNDEDQKI
6.05
8393415

α7 interactions regulate phosphorylation of GAP-43 and association with
calmodulin
G proteins have been shown to regulate cytoskeletal dynamics and neurite growth
in neurons (Rashid et al., 2001; Di Giovanni et al., 2005). In particular Gαi/o has been
found in regions where cytoskeletal remodeling is high (Skene, 1989; Bromberg et al.,
2008; Lowery and Van Vactor, 2009). We examined the effect of α7 on GPC interactions
within PC12 cells. CoIP experiments using C-20 were performed on differentiated cells
treated with Bgtx or Nic for 2 hours. As shown in Fig. 2D, western blot detection of IP α7
complexes reveals that treatment with Bgtx or Nic has no effect on Gprin1 and CaM
levels within the complex. However, since the anti-CaM Ab used does not distinguish
between various forms of CaM, changes in specific isoforms of CaM cannot be excluded.
A reprobe of the membrane reveals that Bgtx increases while Nic decreases the presence
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of Gαi/o and GAP-43 (Fig. 2D) within the α7 complex indicating that pharmacological
activation of the receptor impacts its interaction with select GPC proteins.
The phosphorylation of GAP-43 by protein kinase C (PKC) (Esdar et al., 1999)
and CaMKII (Denny, 2006; Leu et al., 2010) or dephosphorylation by calcineurin (PP2B)
(Liu and Storm, 1989; Madsen et al., 1998) has been shown to regulate CaM association
and neurite growth. In its unphosphorylated form, GAP-43 binds CaM leading to an
inhibition in neurite growth (Skene, 1990; Slemmon et al., 1996). In contrast,
phosphorylation of GAP-43 promotes CaM dissociation leading to an increase in neurite
growth (Strittmatter et al., 1994b). An anti-phospho-GAP-43 Ab (selective for CaMKII
phosphorylation site Serine 41) (Denny, 2006) was used to determine the effects of Bgtx
and Nic on GAP-43. As shown in Fig. 2D, an increase in anti-phospho-GAP-43
immunoreactivity was observed within the α7 complex following Bgtx treatment.
Similarly, Nic was found to decrease anti-phospho-GAP-43 immunoreactivity within the
α7 complex. To determine if change in GAP-43 phosphorylation correlated with CaM
binding, we utilized the bis(sulfosuccinimidyl) substrate (BS3) to test the effects of Bgtx
and Nic on GAP-43/CaM interaction. This method has been used in the detection of
GAP-43 in the CaM bound/free states where the GAP-43 band runs at ∼18 kDa (the
approximate size of CaM) heavier on an SDS-PAGE gel when bound to CaM (Gamby et
al., 1996). In these experiments, cell fractions were crosslinked following a 2-hour
treatment with Bgtx, Nic, or a vehicle control. An anti-GAP-43 Ab was used to visualize
two distinct bands within the sample and MS was used to confirm their identity as GAP43 [bound to CaM3 (61 kDa) or alone (43 kDa)] (Fig. 2E). In control cells, the 43 kDa
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band presented a stronger signal than the 61 kDa band suggesting that CaM free GAP-43
is a main form of GAP-43 within PC12 cells. Densitometric analysis showed that the
band at 43 kDa increased during Bgtx treatment and decreased during Nic treatment. In
contrast, the band at 61 kDa increased during Nic treatment and decreased following
Bgtx (Fig. 2E). In light of the differential associations between α7 and GAP-43 under
these conditions, and the observed increase in phospho-GAP-43 reactivity with the α7
complex in the same cells (Fig. 2D), it is possible that Bgtx promotes interaction between
α7 and non-CaM bound GAP-43 during growth.

α7 Receptors direct growth through Gα
Gαi/o has been shown to regulate neurite growth (Strittmatter et al., 1994a;
Swarzenski et al., 1996). To examine the role of Gαi/o in α7 signaling, we applied the
Gαi/o inhibitor Pertussis toxin (Ptx) or the Gαo activator Mastoparan (MSP) during NGF
differentiation (Fig. 3A). We tested the involvement of Gαi/o in Bgtx mediated neurite
growth by exposing cells to both Ptx and Bgtx during the 4 days of NGF differentiation.
As shown in Fig. 3B, coapplication of Ptx and Bgtx was found to significantly reduce
neurite SA when compared to Bgtx treatment alone (P<0.01). When applied alone Ptx
was found to decrease neurite SA to an average level below control cells (Fig. 3B). Since
Nic was found to attenuate neurite growth during differentiation, we examined the ability
of MSP to enhance neurite growth. A 4-day treatment with MSP was found to
significantly increase neurite SA (P<0.01) (Fig. 3B) when compared to controls
confirming the role of Gαi/o in neurite development. In the presence of Nic, MSP was
found to only moderately promote neurite growth when compared to controls (P = 0.56)
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(Fig. 3B) suggesting that MSP and Nic function antagonistically within the cell. Group
significance was found between control, Ptx and MSP treatments [F(2,135) = 4.03,
P<0.001]. These studies underscore the role for Gαi/o in neurite development and suggest
a functional interaction between Gαi/o and α7 in growth.
The ubiquitous calcium sensor protein CaM (Liu and Berg, 1999; D'Alcantara et
al., 2003) and a number of CaM regulated phosphoproteins including PP2B and CaMKII
were identified as components of the α7 interaction network (Table 1). We utilized drugs
that block CaM, PP2B, and CaMKII to test the role of these proteins in α7 mediated
neurite growth (Fig. 3C). As shown in Fig. 3D, we exposed cells to the CaM inhibitor
calmidazolium (CMZ) during NGF differentiation. CMZ has also been shown to have
some CaM independent effects including activation of phospholipase 2A and regulation
of intracellular Ca2+ stores (Duffy et al., 2011). We find that CMZ produced a significant
decrease in neurite SA when compared to controls (P<0.01), confirming that attenuation
of CaM activity reduces neurite growth (Jian et al., 1994). To confirm the effects of CMZ
on α7 signaling, we coapplied Bgtx and CMZ during differentiation. As shown in Fig.
3D, this combination was found to block the effects of Bgtx on neurite growth suggesting
an important role for CaM in α7 signaling.
To investigate the role of PP2B and CaMKII, we probed the morphological
effects of FK506 and KN-93, which respectively target these two proteins in cells (Liu
and Berg, 1999; Jouvenceau and Dutar, 2006). As shown in Fig. 3E, application of
FK506 was found to significantly increase neurite SA (P<0.001). This effect of FK506
was enhanced in the presence of Bgtx (P<0.001) and diminished in the presence of Nic
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(P = 0.87), suggesting that Nic and PP2B operate synergistically to inhibit growth (Fig.
3E). Similarly, application of KN-93 was found to significantly diminish neurite SA
when compared to control cells (P<0.001), suggesting that CaMKII activity is required
for growth (Fig. 3E). Group significance was found between control, FK506, KN-93, and
CMZ [F(3,179) = 3.36, P<0.001]. When combined with Bgtx, KN-93 was found to block
the effects of Bgtx on neurite SA (Fig. 3E) (P>0.05). These findings suggest that CaMKII
operates downstream of α7 receptors in PC12 cells and is required for Bgtx mediated
neurite growth. Finally, to confirm that PP2B and CaMKII operate within a common
pathway (Fig. 3C), we coapplied KN-93 and FK506. This combination did not produce a
significant change in neurite SA when compared to controls (Fig. 3E), suggesting that
PP2B and CaMKII act antagonistically.
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Fig. 3. Elucidating a GPC pathway mechanism in neurite growth. (A) A schematic diagram of Gαi/o
function within the α7 pathway. Drugs and their targets are shown in bold italics. (B) Average neurite SA
for cells chronically treated with Bgtx, Nic, Ptx, MSP, a combination of Ptx and Bgtx or MSP and Nic. (C)
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a combination of FK506 and Nic, FK506 and Bgtx, KN-93 and Bgtx, or FK506 and KN-93.
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Gprin1 promotes α7 nAChR signaling and neurite growth
The Gαi/o interactor Gprin1 has been shown to regulate neurite growth in cells
(Masuho et al., 2008; Ge et al., 2009). We examined interactions between α7 and Gprin1
in differentiating PC12 cells. Using a western blot we confirmed the ability of an antiGprin1 Ab to IP Gprin1 as well as α7 from cells (Fig. 4A). α7/Gprin1 interactions were
further validated by heterologous protein expression studies in N2a cells, which do not
express α7 (Danthi and Boyd, 2006). In these experiments we transiently transfected 1–
10 µg of α7 cDNA (per 10 cm Petri dish of N2a cells) and tested for interaction with
endogenous Gprin1 24 hrs later. As shown in Fig. 4B, α7 proteins were successfully
detected in N2a cells after transfection. An IP of the α7 subunit from N2a cells reveal its
association with endogenous Gprin1. A reverse IP of Gprin1 from N2a cells was also
found to maintain an association with transfected α7 subunits (Fig. 4B).
We used a genetic knockdown strategy to test if Gprin1 mediates α7/GPC
interaction. In these experiments, differentiating PC12 cells were transfected with
plasmids encoding Gprin1 short interfering RNA (siRNA) (Gprin1siRNA) (Ge et al.,
2009). Western blot detection of Gprin1 within transfected cells reveals that
Gprin1siRNA reduces Gprin1 levels by 85% within cells (Fig. 6A). An IP of α7 was
performed using C-20. As shown in Fig. 4C, in cells transfected with Gprin1 siRNA, α7
interactions with Gprin1, Gαi/o and GAP-43 appeared lower than control cells
transfected with the empty vector. These findings suggest that Gprin1 expression plays a
role in GPC interaction with α7. To test this, LC-ESI MS was used to analyze proteins
that coIP with Gprin1 from PC12 cells. As shown in Fig. 4D, at least six discrete bands
were visualized by a Coomassie stain of an SDS-PAGE gel loaded with proteins eluted
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from an anti-Gprin1 IP experiment. Based on MS identification, Gprin1, α7, CaM3,
Gαi/o and GAP-43 were successfully detected within the Gprin1 IP experiment from
PC12 cells, confirming Gprin1 interactions with α7 and GPC molecules.
We used fluorescein-conjugated Bgtx (fBgtx) and anti-Gprin1 Abs to colocalize
endogenous α7 and Gprin1 within differentiating cells, respectively. As shown in Fig.
4E,F, α7 and Gprin1 proteins were found to colocalize within soma and growing neurites
of differentiating PC12 cells. At 2 days of differentiation, Gprin1/α7 colocalization
appeared prominent in the cytoplasm and near the cell surface and was seen uniformly
distributed along the growing neurite and within the neurite terminal, which also stained
positive for the growth cone marker 2G13 (Fig. 4E). At 4 days of differentiation,
Gprin1/α7 colocalization was seen near the plasma membrane of the soma and in the
growing neurites. However at this later stage of development, colocalization along the
growing neurites appeared more punctuate and localized (Fig. 4F, boxes 2, 3).

Table 4. In-gel digest of intracellular proteins which co-immunoprecipitate with Gprin1 in
differentiating PC12 cells.!
Protein
Score!
MW (kDa)!
Band Identity!
Peptides!
NCBI!
85!
Gprin1!
RAPEKGNPGNSTRV
20.07 62663260
62!
GAP-43!
KEDPEADQEHA
12.06
8393415
62!
Calmodulin 3!
READIDGDGQVNYEEFVQMMTA
8.06
62639070
55!
α7!
MCGGRG
18.06 71896614
43!
GAP-43!
KGDAPAAEAEAKEKD
8.04
8393415
42!
Gαo!
KMVCDVVSRM
6.03
8394152
20!
Calmodulin 3!
RKMKDTDSEEEIRE
8.07
62639070
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Fig. 4. α7/Gprin1 association within differentiating cells. (A) IB detection of α7 and Gprin1 within an IP
of PC12 cells using an anti-Gprin1 Ab (lanes are described in Materials and Methods). (B) N2a cells were
transiently transfected with 0, 1 and 10 µg of α7 cDNA. IB detection of α7 and Gprin1 from (1) total cell
lysates, (2) C-20 IP, (3) Gprin1 IP of transfected cells. (C) IB detection of Gprin1, Gαi/o, and GAP-43
within a C-20 IP. PC12 cells were transfected with Gprin1siRNA or an empty vector (Control). (D) A
Coomassie stained gel showing the location of proteins that coIP with Gprin1. LC-ESI MS was used to
identify proteins within boxed bands (Table 4). (E,F) Confocal images of PC12 differentiated with NGF for
2 (E) and 4 (F) days. Cells were labeled with fBgtx (green), an anti-Gprin1 Ab (red), and an anti-2g13 Ab
(blue). Merge panel shows colocalization of the three proteins within the cell. Insets: magnifications of
soma (1), neurite (2), and a neurite terminal (3). 4!

19

Nicotine and Bgtx regulate α7 and Gprin1 levels at the plasma membrane
Nic has been found to differentially regulate the expression of nAChRs in cells
(De Koninck and Cooper, 1995; Vallejo et al., 2005; Perry et al., 2007). We examined the
effects of Bgtx and Nic on α7 expression and membrane localization within PC12 cells.
Cells were chronically treated with Bgtx, Nic, or a combination of Bgtx and Nic during
NGF differentiation. Cell surface biotinylation was then used to quantify protein
expression at the plasma membrane. As shown in Fig. 5A, treatment with Bgtx was found
to significantly increase (P<0.001) while treatment with Nic was found to significantly
decrease α7 expression at the plasma membrane (P<0.05). Neither of the two drugs was
found to have an effect on the expression of α4 subunits at the cell surface (Fig. 5A). A
coapplication of Bgtx and Nic was found to have no effect on α7 expression at the cell
surface relative to control cells (P = 0.42). Because α7 interacts with Gprin1, we tested the
effects of the drugs on Gprin1 levels at the plasma membrane. Western blot analysis of
biotinylated proteins reveals that cell surface Gprin1 amounts are increased following
Bgtx treatment (P<0.001) and decreased following Nic treatment (P<0.05), consistent
with data on α7 levels at the membrane (Fig. 5A). These findings corroborate findings in
Fig. 2D on constitutive interactions between Gprin1 and α7.
Confocal imaging was used to determine the effects of Bgtx and Nic/PNU on α7
and Gprin1 distribution. Distribution levels were determined using an assay where nine
equidistant points were measured along the axis of a 2D image of a PC12 cell stained for
fBgtx and anti-Gprin1 (de Lucas-Cerrillo et al., 2011) (Fig. 5B). Individual fluorescence
signals for Gprin1 and fBgtx were significantly increased at the cell surface in cells
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chronically treated with Bgtx relative to controls. In contrast, fluorescence signals
appeared weaker at the cell surface of cells chronically treated with Nic/PNU relative to
controls (Fig. 5B–D; data not shown). Statistical significance was established between
control, Bgtx, and Nic/PNU treatment groups: α7 [F(3,312) = 3.32, P<0.001] and Gprin1
[F(3,320) = 3.32, P<0.001]. In cells that received a combination of Bgtx and Nic/PNU, the
signal for fBgtx and Gprin1 did not significantly differ from controls (Fig. 5B–D),
confirming the opposing effect of these drugs on α7/Gprin1 levels at the plasma
membrane.
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Fig. 5. Chronic drug treatment promotes changes in α7 and Gprin1 levels at the cell surface. (A) Cell
surface biotinylation of differentiating cells chronically treated with Bgtx or Nic. IB detection and
quantification of α7, Gprin1, and α4 at the cell surface following treatment. Non-biotinylated cells were
used as a control in the assay. (B–D) A protein distribution
assay was used to measure fluorescent signals
5"
for fBgtx and anti-Gprin1 at the cell surface (CS) and within the soma of non-differentiated PC12 cells.
Cells were treated with Bgtx, Nic, PNU, or a combination of Bgtx and Nic or Bgtx and PNU for 24 hrs
prior to fixation. (B) Images of representative cells labeled with fBgtx (green) and an anti-Gprin1 Ab (red).
(C) Topographic distribution of the fBgtx signal within treated cells. (D) Average CS levels for α7 and
Gprin1 following drug treatment.
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Gprin1 expression regulates neurite growth
We utilized a genetic strategy to examine the role of Gprin1 on neurite growth in
PC12 cells. In these experiments, cells were transiently transfected with plasmids
encoding full length Gprin1 in pcDNA3.1 (Gprin1pcDNA) or Gprin1siRNA (Ge et al.,
2009) prior to differentiation. Transfected cells were then differentiated using NGF in the
presence of Bgtx or Nic. Western blot detection of Gprin1 within transfected cells reveals
that Gprin1pcDNA increases total Gprin1 expression by 98% whereas Gprin1siRNA
decreases Gprin1 levels by 85% within cells (Fig. 6A). Total α7 levels were also
increased in cells transfected with Gprin1pcDNA and modestly decreased in cells
transfected with Gprin1siRNA (Fig. 6A). We did not observe a significant difference in
Gprin1 protein expression between cells transfected with Gprin1siRNA1 and
Gprin1siRNA3 (Fig. 6A). Cell surface biotinylation was used to determine the effects of
Gprin1pcDNA and Gprin1siRNA on α7 and Gprin1 levels at the plasma membrane. As
shown in Fig. 6B, Gprin1pcDNA was found to significantly increase while
Gprin1siRNA1/3 was found to significantly decrease α7 and Gprin1 levels at the cell
surface. In these experiments, transfection of the empty vector did not alter the
expression or the localization of α7 and Gprin1 within the cell (Fig. 6, control lanes).
Cellular imaging and morphometric analysis of cells expressing Gprin1pcDNA
and Gprin1siRNA3 reveals a dominant role for Gprin1 on α7 mediated neurite growth.
As shown in Fig. 6C,D, transfection with Gprin1pcDNA was found to significantly
increase neurite SA (P<0.001) while transfection with Gprin1siRNA3 was found to
significantly decrease neurite SA (P<0.05) in differentiated PC12 cells relative to
controls. To examine the effects of Gprin1 on α7 mediated growth, we chronically treated
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cells with Bgtx, Nic, or PNU and compared their effect between cells transfected with
Gprin1pcDNA, Gprin1siRNA3, or an empty vector control. As shown in Fig. 6C,D,
Gprin1siRNA3 was found to abolish the effect of Bgtx while Gprin1pcDNA was found
to abolish the effect of Nic/PNU on neurite growth suggesting that Gprin1 expression at
the cell surface is a main determinant of neurite growth and drug effect within these cells.
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Fig. 6. Gprin1 regulates α7 levels at the cell surface and directs neurite growth in differentiating cells.
PC12 were transiently transfected with plasmids for Gprin1cDNA, Gprin1siRNA, or an empty
vector (Control). (A) Total protein levels of Gprin1 and α7 in transfected cells based on IB detection. (B)
α7 and Gprin1 bands within biotinylated cells showing changes in protein levels at the cell surface. Nonbiotinylated cells were used as a background control in the assay. (C,D) Transfected cells were chronically
treated with Bgtx, Nic, or PNU. (C) Images of representative cells stained with anti-α-Tubulin Abs. (D)
Histogram showing the effect of chronic drug treatment on neurite SA in Gprin1pcDNA or Gprin1siRNA
6! on neurite.
transfected cells. and Bgtx as well as ACh and KYNA
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α7 Receptors interact with the GPC and modulate axonal growth in cortical neurons
We tested the properties of Nic and Bgtx as well as ACh and KYNA on neurite
development in primary cortical neurons. Using anti-MAP-2 and anti-Tau-1 Abs we
analyzed the growth of dendrites and axons, respectively. Chronic treatment with nAChR
agonists (Nic/PNU/ACh) was found to significantly decrease axonal SA (P<0.05) while
chronic treatment with α7 antagonists (Bgtx/KYNA) was found to significantly increase
axonal growth and complexity of axons (P<0.001) (Fig. 7A,B). Group significance was
found between control, Bgtx, Nic, PNU, KYNA, and ACh [F(5,162) = 2.77, P<0.001].
Combining agonists and antagonists did not alter axonal growth relative to controls
neurons (Bgtx and Nic, P = 0.40; Bgtx and PNU, P = 0.23; KYNA and ACh, P = 0.79), and
none of the drugs appeared to have a statistically significant effect on dendritic growth
(data not shown).
Association between α7 and GPC proteins was confirmed in cortical neurons. As
shown in Fig. 7C, a C-20 IP of the α7 subunit from cortical cells reveals the presence of
Gprin1, Gαi/o, and GAP-43 in association with α7 nAChRs. Interaction with Gprin1 was
further validated using an anti-Gprin1 Ab that was able to coIP Gprin1 as well as α7 from
the same neuronal lysates (Fig. 7C). Interaction between α7 and Gprin1 is likely to play
an important role in axonal development as suggested by triple labeling fluorescence
using fBgtx, anti-Gprin1, and phalloidin. As shown in Fig. 7D, colocalization of α7 and
Gprin1 was seen in growing axons and within growth cones of cortical neurons
suggesting a role for these proteins in axonal growth and guidance.
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Fig. 7. Interactions of α7 and GPC in cortical neurons modulate axonal growth. Cortical neurons
were cultured for 4 days in the presence of drugs. (A) An analysis of axonal SA in cortical neurons
following chronic drug treatment. (B) Black and white contrast images of drug treated cells stained with
anti-Tau-1 Abs in order to visualize growing axons. Soma indicated by a blue dot. (C) IB detection of α7
and GPC proteins within cortical neurons. Lysates from cortical neurons were IP using C-20 or anti-Gprin1
Abs. (D) A representative neuron colabeled with fBgtx and an anti-Gprin1 Ab. Single panels show the
localization of α7 and Gprin1 within the soma and a growing axon. Merge panel shows colocalization of
7!
α7, Gprin1, and phalloidin within the cell. Insets: magnification
of the axon (1) and the growth cone (2).
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Discussion	
  
To delineate mechanisms of α7 receptor function during development, we have
used proteomics to define intracellular interactions of the α7 receptor within growing
cells. PC12 cells have proven useful in studies of neuronal development since they
endogenously express many neurotransmitter receptors (Connolly et al., 1979; Sarma et
al., 2003). Once differentiated with NGF, PC12 cells extend elaborate neurites with the
properties of growing axons (Drubin et al., 1985; Lee et al., 1998). We find that Bgtx and
KYNA promote neurite growth in PC12 cells while enhancing axonal length and
complexity in primary cortical neurons. ACh/Nic/PNU in contrast are found to attenuate
neurite and axonal growth in PC12 cells and cortical neurons, respectively. It is
noteworthy, that none of the drug treatment conditions appeared to significantly alter the
percentage of cells with at least one process longer than the cell body (an inclusion
criteria in the analysis) thus confirming that α7 receptor activity is associated with
changes in neurite growth within differentiating cells. Our findings are consistent with
earlier observations on the inhibitory effects of ACh on neurite development (Hieber et
al., 1992; Lauder and Schambra, 1999) and suggest a role for α7 in structural and
synaptic development (Corriveau et al., 1995; Romano et al., 1997). However, since
nicotine and ACh activate other cholinergic receptors, the contribution of non-α7
receptors to neurite growth cannot be excluded. Likewise, the observed effects of KYNA
on neurite and axonal growth (Figs 1, 7) complement data obtained from Bgtx treatment,
and suggest that α7 inactivation plays a role in cellular function. Since KYNA is found to
inactivate α7 and NMDA receptors (Pereira et al., 2002; Stone and Darlington, 2002;
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Alkondon et al., 2007), it is possible KYNA contributes to synaptic development via its
actions on these synaptic receptors (Lin et al., 2010).
Long-term cellular adaptations in neurotransmission include changes in receptor
synthesis, turnover, and trafficking to and from the plasma membrane (Spitzer, 2012). To
date little is known about the processes that direct nAChR synthesis and trafficking
within growing cells. Studies have shown an effect of chronic Nic on the expression and
composition of several nAChRs in various cell types (De Koninck and Cooper, 1995;
Perry et al., 2007). Our data shows that chronic Nic decreases α7 while chronic Bgtx
increases α7 expression at the cell surface in differentiating PC12 cells. Whether such
drug-induced changes in receptor expression at the membrane correlate with changes in
receptor activity such as desensitization or structural conformation is not clear. However,
changes in α7 receptor levels at the membrane are found to shift downstream signaling
via a Gprin1/GPC pathway producing important effects on neurite growth.

Gprin1 scaffolds α7/GPC signaling during growth
The Gαi/o interactor Gprin1 has been shown to localize to subcellular domains
where cytoskeletal remodeling demands are high (Chen et al., 1999; Ge et al., 2009).
Gprin1 association with the plasma membrane appears dependent on palmitoylation of
cysteine residues within the G protein-binding site (Nakata and Kozasa, 2005). This
along with its established role as a mediator of cytoskeletal regulating G proteins such as
Cdc42 and Rac (Nakata and Kozasa, 2005; Masuho et al., 2008) suggests that Gprin1 is
vital in neurite growth. We demonstrate an interaction between α7 and Gprin1 in growing
cells and propose that this interaction links α7 to a GPC signaling apparatus as supported
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by the following key observations: (i) the ability of an anti-Gprin1 Ab to coIP α7 and
GPC proteins from neurons and differentiating cells; (ii) colocalization of α7 and Gprin1
within growing neurites, axons, and growth cones; (iii) the ability of Gprin1 siRNA to
decrease α7 expression at the cell surface or within the cell, reverse the effect of Bgtx on
neurite growth, and attenuate interaction between α7 and GPC proteins. These findings
confirm an important role for Gprin1 in scaffolding α7 receptors at the cell surface as
shown for opioid receptors (Ge et al., 2009) and suggest that Gprin1 interactions facilitate
the effects of α7 on growth. In addition, it is interesting to consider that Gprin1 interacts
with β2 nAChRs (Kabbani et al., 2007) also present in PC12 cells, which may explain
why changes in α7 expression at the cell surface are not entirely consistent with changes
in Gprin1 levels at the cell surface following nicotine treatment (Fig. 5).
The existence of an α7–GPC network supports findings on associations between
nAChRs and G protein signaling in cells (Kabbani et al., 2007; Paulo et al., 2009). Based
on the current study we present a model for α7 signaling via the GPC during neurite
development (Fig. 8). In this model we propose that ligand-induced changes in α7 levels
(or conformation) at the cell surface direct GPC signaling towards inhibiting or
promoting neurite growth. As shown in Fig. 8, drug-induced changes in receptor levels at
the cell surface appear to accompany an overall effect on protein synthesis associated
with growth. In one scenario, a decrease in α7 at the plasma membrane is found to
promote inhibition of GPC function via the calcium sensitive phosphatase PP2B that is
activated under conditions of low calcium levels (Stefan et al., 2008). As depicted in
Pathway A, PP2B dephosphorylation of its target protein GAP-43 functions as an
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inhibitory switch for Gαi/o within the GPC pathway (Strittmatter et al., 1994b) and
mediates interaction with CaM (Skene, 1990; Slemmon et al., 1996). This pathway is
consistent with the finding that chronic Nic promotes enhanced GAP-43/CaM association
and that a PP2B inhibitor (FK506) effectively blocks Nic induced neurite changes in
PC12 cells.
In a second scenario, an increase in α7 levels at the plasma membrane appears to
promote the GPC via CaMKII, which is activated under cellular conditions of higher
calcium than PP2B (Wen et al., 2004). The contributions of CaMKII to this pathway,
however, are supported by the ability of a CaMKII inhibitor to block Bgtx mediated
neurite growth, because other calcium sensitive kinases such as PKC, also identified in
our proteomic screen, can contribute to neurite growth in this scenario. As illustrated in
Pathway B, CaMKII phosphorylation of its target protein GAP-43 functions as an
activator of Gαi/o signaling within the cell. CaMKII phosphorylation of GAP-43 has also
been shown to promote its dissociation from CaM (Denny, 2006; Leu et al., 2010), a
finding consistent with our crosslinking experiments showing an effect of Bgtx on GAP43/CaM dissociation within the cell (Fig. 2). This pathway is consistent with the effect of
chronic Bgtx treatment on GAP-43 phosphorylation, or possibly the affinity of the α7
nAChR complex for phospho-GAP-43 interaction, as well as proteomic evidence
showing that Bgtx mediates dissociation of GAP-43 and CaM within differentiating cells.
The proposed model explores the function of a novel GPC signaling pathway
downstream of α7 nAChRs and alludes to the contributions of localized calcium
signaling on the α7/GPC network. As suggested in Fig. 8, changes in calcium levels,
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from various sources including the α7 receptor may provide a trigger for the activity of
high or low affinity calcium sensors such as PP2B or CaMKII, respectively. However
calcium sources and targets within the pathway are not yet determined. Data presented in
Fig. 3 for example, does not entirely demonstrate that PP2B and CaMKII function
exclusively downstream of the α7 receptor in differentiating PC12 cells. Pharmacological
suppression of these molecules appears slightly incomplete or additive in some
experiments suggesting a function of two (or more) possible pathways in parallel within
differentiating PC12 cells.
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Fig. 8. A model for α7–GPC interactions in neurite growth. Exposure to agonist or antagonist is
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Materials	
  and	
  Methods	
  
Gprin1 scaffolds α7/GPC signaling during growth
Pheochromocytoma line 12 (PC12) cells were grown on a rat collagen (50 µg/mL,
Gibco) matrix in dMEM containing 10% horse serum, 5% fetal bovine serum (FBS), and
1% penicillin-streptomycin (Pen-strep) antibiotic. Cells were differentiated with 10 nM
2.5S nerve growth factor (NGF) for 4 days unless otherwise noted (Prince Laboratories).
Primary neuronal cultures were obtained from embryonic day 18 Sprague-Dawley rats
similar to what is described (Lin et al., 2001). Primary cultures were grown in Neurobasal
media with B27 supplement and 1% Pen-strep. Human α7 in pcDNA1neo was provided
by Dr Neil Millar (University College London) and has been previously described (Grabe
et al., 2012a). Mammalian expression vectors encoding Gprin1 in pcDNA3.1 and Gprin1
siRNA in pRNAT H1.1 were provided by Dr Law (Univ. Minnesota) (Ge et al., 2009).
These vectors express green fluorescent protein (GFP) under the same promoter (Ge et
al., 2009). PC12 cells and Neuroblastoma 2a (N2a) cells were transfected using
Lipofectamine 2000 as described by the manufacturer (Invitrogen). Cells were
transfected with 1–10 µg/cm2 α7 cDNA, 0.5 µg/cm2 GFP-Gprin1 cDNA, or 20
pmol/cm2 GFP-Gprin1 siRNA for 16 hours prior to media change. Transfected cells were
identified using GFP fluorescence. An empty plasmid was used as a transfection control.

Drug treatment
Drug concentrations were determined based on published studies (Chan and Quik,
1993; Jian et al., 1994; Strittmatter et al., 1994a; Owen and Bird, 1995; Swarzenski et al.,
1996; Hilmas et al., 2001; Kano et al., 2002; Hruska and Nishi, 2007; Lopes et al., 2007;
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Takemura et al., 2009): α-Bungarotoxin (Bgtx) (10 nM, Sigma), nicotine (Nic) (50 µM,
Sigma), PNU282987 (PNU) (50 µM, Sigma), pertussis toxin (Ptx) (1 µM, Calbiochem),
mastoparan (30 µM, Tocris), FK506 (25 nM, Tocris), KN-93 (1 µM, Tocris),
calmidazolium (CMZ) (1 µM, Enzo), acetylcholine (ACh) (100 µM, Sigma) and KYNA
(1∶100 µM, Sigma). The duration of the chronic drug treatment described in this study is
4 days unless otherwise noted. All experiments were performed in triplicate and the data
presented represents the average for each condition. At the end of each experiment cell
viability was determined using Trypan Blue (EMD).

Immunocytochemistry
Cells were fixed using a 4% paraformaldehyde solution (250 mM sucrose, 25 mM
HEPES HCO3 free, 2.5 mM KCl; pH 7.2). Cells were permeabilized at room temperature
using 0.1% Triton X-100 then immunostained overnight at 4°C using one or several of
the following primary antibodies (Abs): anti-α-Tubulin polyclonal (Sigma); anti-Gprin1
polyclonal (Abcam), anti-2g13 monoclonal (Serotec), anti-Tau-1 monoclonal (Millipore),
anti-MAP-2 polyclonal (Abcam). Secondary Abs: carbocyanine (Cy) 2/3; Dylight 488;
Dylight 560; and AlexaFluor 647 were purchased from Jackson-ImmunoResearch. α7
receptors were also visualized using a fluorescein-conjugated Bgtx (fBgtx) (Molecular
Probes). Rhodamine Phalloidin was purchased from Cytoskeleton. All immunostainings
were visualized using a Nikon Eclipse 80i confocal microscope fitted with a Nikon C1
CCD camera and images captured using AxioVision and EZ-C1 software.
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Morphological and statistical analysis
Morphological reconstruction was performed using Neuromantic software (Myatt
and Nasuto, 2008). Surface area (SA) was measured from cellular compartments (soma
and neurites) to assess size and complexity under various conditions. 20–30 cells were
reconstructed per condition and group averages were derived from three separate
experiments. An image assessment of cells using differential interference contrast (DIC)
microscopy confirmed an overlap of the tubulin immunosignal and the cellular contour.
Statistical analysis was conducted on raw data of image tracing using Neuromantic.
Statistical values have been obtained using a Student's t test or one-way ANOVA.
Asterisks indicate statistical significance in a paired Student's t test, two tailed P value, *
<0.05; ** <0.01; *** <0.001. Error bars indicate standard error of the mean (SEM).

Protein isolation and detection
Cell lysates were obtained from proteins solubilized in a non-denaturing lysis
buffer (1% Triton X-100, 137 mM NaCl, 2 mM EDTA, and 20 mM Tris-HCl pH 8) with
protease inhibitor cocktail (Complete) at 4°C for 1 hour. Membrane fractions and
immunoprecipitation of receptor complexes were conducted similarly to earlier described
experiments (Kabbani et al., 2007). Immunoprecipitated (IP) complexes were obtained
using an anti-α7 subunit monoclonal Ab (mAb306) (Lindstrom et al., 1990), an anti-α7
polyclonal Ab (C-20) [Santa Cruz Biotechnology (SC)], or an anti-Gprin1 rabbit
polyclonal Ab (Abcam). Lysates incubated with the bead matrix, without an Ab, were
used as IP controls. Membranes were blocked with 5% nonfat milk/BSA (for
bis(sulfosuccinimidyl) substrate (BS3, Pierce) crosslinking or biotinylation experiments)
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then probed with primary Abs overnight at 4°C. Gprin1 (Abcam); Gαi/o (SC); GAP-43
(Abcam); pGAP-43 (Abcam); α7 (SC); calmodulin (CaM, Millipore); α-Tubulin (Sigma);
Actin (Sigma). Species-specific peroxidase conjugated secondary Abs were purchased
from (Jackson-ImmunoResearch). Signals were detected using a SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific). SeeBlue and MagicMark (Invitrogen)
were used as molecular weight standards. Blots were imaged using a Gel Doc Imaging
system (Bio-Rad). Band density analysis in western blots was measured using NIH
ImageJ. Fig. 2B, Fig. 4A, Fig. 7C: Input Control, no lysate; 100% Input, total lysate as
used in the IP; FT Control, flow-through supernatant of Ab/bead conjugation; 100% FT;
flow-through supernatant of IP; IP Control, no Ab; % IP = IP/Input×100. Western blot
values are based on averages from three separate experiments.

Protein crosslinking and cell surface biotinylation
For substrate bound analysis of protein complexes, the irreversible crosslinker
BS3 (Pierce) was incubated with cell lysates at a concentration of 2.5 mM BS3 for 30
min at room temp. The reaction was quenched using 50 mM Tris-HCl pH 7.5 then loaded
onto Ab conjugated Protein G Dynabeads for IP of the crosslinked samples. The
quantification of proteins at the cell surface was conducted using a cell surface
biotinylation labeling protocol (Hannan et al., 2008). In these experiments 300 µg/mL
EZ-Link Sulfo-NHS-LC-Biotin (Pierce) was used to label cell surface proteins in live
cells for 30 min at 4°C. The biotin reaction was quenched using Tris-Buffered Saline
(TBS) and membrane fractions were isolated for pull-down with a Neutravidin agarose
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bead matrix (Pierce) over a 30 µm pore size Snap Cap spin column (Pierce). Cell surface
proteins were analyzed using western blot. Experiments were performed in triplicate.

Mass spectrometry
Protein analysis was conducted using Liquid Chromatography Electrospray
Ionization (LC-ESI) mass spectrometry (MS). Protein complexes were prepared as
described (Kaiser et al., 2008) and mass spectrometry was carried out using a published
protocol (Gutiérrez et al., 2007). Tandem mass spectra collected by Xcalibur (version
2.0.2) were searched against the NCBI rat protein database using SEQUEST (Bioworks
software from ThermoFisher, version 3.3.1). The SEQUEST search results were filtered
using the following criteria: minimum X correlation (XC) of 1.9, 2.2, and 3.5 for 1+, 2+,
and 3+ ions, respectively, and ΔCn >0.1. The Protein Score (PS) represents the XC where
scores <0.1 were excluded from the analysis and does not reflect the quantity of a protein
in the sample.
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CHAPTER TWO: AXON TARGETING OF THE ALPHA 7 NICOTINIC
RECEPTOR IN DEVELOPING HIPPOCAMPAL NEURONS BY GPRIN1
REGULATES GROWTH

This chapter appears in published form at
http://onlinelibrary.wiley.com/doi/10.1111/jnc.12641/abstract.
Citation: Nordman N, Philips WS, Kodama N, Clark SG, Del Negro C, Kabbani N
(2013) Axon Targeting of the Alpha 7 Nicotinic Receptor in Developing Hippocampal
Neurons by Gprin1 Regulates Growth. J Neurochem, DOI: 10.1111/jnc.12641, Accepted.

Abstract	
  
Cholinergic signaling plays an important role in regulating the growth and
regeneration of axons in the nervous system. The α7 nicotinic receptor (α7) can drive
synaptic development and plasticity in the hippocampus. Here we show that activation of
α7 significantly reduces axon growth in hippocampal neurons by coupling to G protein
regulated inducer of neurite outgrowth 1 (Gprin1), which targets it to the growth cone
(GC). Knockdown of Gprin1 expression using RNAi is found sufficient to abolish the
localization and calcium signaling of α7 at the GC. In particular, α7/Gprin1 interaction
appears intimately linked to a Gαo, GAP-43, and CDC42 cytoskeletal regulatory pathway
within the developing axon. These findings demonstrate that α7 regulates axon growth in
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hippocampal neurons, thereby likely contributing to synaptic formation in the developing
brain.

Introduction	
  
In the adult nervous system, neurotransmitters play a central role in driving
communication between neurons. In the developing nervous system, neurotransmitters
such as serotonin and acetylcholine (ACh) contribute to various phases of development
including neurogenesis, cell differentiation, and the formation of synapses (Erskine &
McCaig 1995, Rudiger & Bolz 2008). The cerebral cortex and hippocampus receive
acetylcholine (ACh) innervation from the basal forebrain, medial septum, and vertical
diagonal band (Bruel-Jungerman et al. 2011). Beginning prenatally and continuing
through early adulthood, the cholinergic signal informs neural connectivity by
modulating the growth and retraction of axons (Elsas et al. 1995, Luo & O'Leary 2005)
and the formation of local dendritic fields within hippocampal neurons (Campbell et al.
2010, Lozada et al. 2012).
Cholinergic signaling is dependent on the activation of the G protein coupled
muscarinic receptor and nAChRs (Jones et al. 2012). In the adult hippocampus, α7 is
expressed pre and post synaptically, contributing to GABA and glutamate
neurotransmission (Lozada et al. 2012, Liu et al. 2006). While studies show that α7
regulates neural development in the cortex and hippocampus (Lozada et al. 2012, Liu et
al. 2006, Coronas et al. 2000), its mechanism of action is ill defined.
Several nAChRs have been found to interact with G proteins and contribute to
intracellular signaling in neurons (Fischer et al. 2005, Kabbani 2007, Paulo et al. 2009,
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Nordman & Kabbani 2012). Recently, we have shown that coupling to a G protein
complex (GPC) consisting of Gprin1, the heterotrimeric GTP binding subunit Gαo, and
growth associated protein 43 (GAP-43) enables α7 to regulate neurite growth (Nordman
& Kabbani 2012). To determine the role of α7 in brain development, we have examined
the effect of α7/Gprin1 interaction in cultured hippocampal neurons. We find that α7
activation contributes to calcium signaling and inhibition of axon growth via a Gprin1
pathway.

Materials	
  and	
  Methods	
  
Neuronal cultures, transfection, and drug treatment	
  
Primary hippocampal neurons were obtained from postnatal day 1 (P1) male and
female Sprague-Dawley rats (Charles River) as described (Nunez 2008) in accordance
with the Institutional Animal Care and Use Committee (IACUC) and ARRIVE
guidelines. Neuronal cultures were grown in Neurobasal media with B27 supplement and
1% Pen-strep. Serum was withdrawn 12 hrs after plating in order to minimize glial
growth. A knockdown in α7 expression (α7-) was obtained by transducing high-titer
lentiviral stocks of short hairpin RNAs representing α7 RNAi (Lozada et al. 2012) into
hippocampal neurons. A scrambled α7 RNAi was used as a transduction control (Lozada
et al. 2012). Knockdown in Gprin1 expression (Gprin1-) was obtained by transfecting
Gprin1 siRNA in pRNAT H1.1 into hippocampal neurons. Gprin1 vectors have been
described previously (Ge et al. 2009, Nordman & Kabbani 2012). Neurons were
transfected using Lipofectamine 2000 (Invitrogen). Unless otherwise stated, an empty
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plasmid corresponding to the transfected protein vector was used as a control in the
assay.
Drug concentrations were determined based on published studies (Khiroug et al.
2002, Chan & Quik 1993, El Kouhen et al. 2009, Strittmatter et al. 1994, Swarzenski et
al. 1996): α-Bungarotoxin (Bgtx) (50 nM, Sigma); PNU282987 (PNU) (1-10 µM,
Sigma); pertussis toxin (Ptx) (1 µM, Calbiochem); mastoparan (30 µM, Tocris); choline
(1 mM, Acros). Drug treatment experiments were performed in triplicate and the data
presented represents the average for each condition. Prior to initiation of the assay, the
effect of drug concentration on cell viability and health was pre-established using trypan
blue (EMD).

Immunochemical detection of proteins in brain slices and cultured cells
Hippocampal brain slice preparation and immunohistochemistry was preformed
as described (Lozada et al. 2012). Briefly, P5 and P30 rats were anesthetized using 5%
isofluorane and then perfused using 4% paraformaldehyde, pH 7.2. Brains were dissected
and submerged in the paraformaldehyde solution for 24 hours before being transferred to
30% sucrose for cryoprotection. The tissue was then embedded in 5% agarose and
sectioned into 30 µm slices using a vibrating blade microtome (Thermo Scientific). For
immunohistochemistry, brain slices were permeabilized using 0.5% Triton X-100 and
quenched by 50 mM ammonium chloride for 30 min at room temp. Tissue was blocked in
10% goat serum prior to being probed with the α7 ligand fluorescein-conjugated Bgtx
(fBgtx) (Molecular Probes), a polyclonal rabbit anti-Gprin1 antibody (Ab) (Abcam), and
a polyclonal mouse anti-Tau-1 Ab (Millipore) overnight at 4°C. Tissue was reblocked in
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10% goat serum followed by a Dylight 560 secondary anti-rabbit Ab and an Alexafluor
647 secondary anti-mouse Ab for Gprin1 and Tau-1 detection respectively (JacksonImmunoResearch). Background autofluorescence was accounted for using the secondary
Ab alone.
Cellular immunostaining was carried out as described in (He et al. 2005). Briefly,
cultured neurons were fixed in 1x PEM (80 mM PIPES, 5 mM EGTA, and 1 mM MgCl2,
pH 6.8) containing 0.3 % glutaraldehyde and then permeabilized at room temperature in
0.05% Triton-X 100 prior to glutaraldehyde quenching with 10 mg/ml sodium
borohydride. Cells were blocked in 10 mg/ml BSA + 10% goat serum prior to being
immunostained overnight at 4°C with the following primary Abs: mouse anti-Tau-1; antiGprin1; pGAP-43; GTP-CDC42 (New East). Secondary Abs used (all purchased from
Jackson-ImmunoResearch): carbocyanine (Cy) 2/3; Dylight 488; Dylight 560; and
AlexaFluor 647. α7 were visualized using fBgtx. F-actin was visualized using Rhodamine
Phalloidin (Cytoskeleton). All staining was visualized using a Nikon Eclipse 80i confocal
microscope fitted with a Nikon C1 CCD camera and images captured using AxioVision
and EZ-C1 software.
For protein distribution analysis in immunostainings, brain slices and cells in
culture were analyzed for colocalization and distribution of α7 and Gprin1 by first
threshholding the individual signals to reduce background (Lozada et al. 2012) and then
merging the two signals using ImageJ (NIH). For brain slices, the colocalized α7/Gprin1
signal was measured in various compartments according to overlap with DIC.
Distribution analysis was conducted by measuring the signal within a 1 µm2 area for
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neurons or a 25 µm2 area for brain slices sufficient for analysis at the single neuron level.
Analysis was conducted in Tau-1 positive (Tau-1+) cultured hippocampal neurons. All
data is based on averages from three separate independent experiments.

Protein isolation and detection
Solubilized membrane protein fractions (membrane proteins) of hippocampal
cells were obtained using a published protocol optimized for nAChRs (Kabbani et al.
2007). Immunoprecipitation (IP) of receptor-protein complexes for α7 was optimized and
described previously (Nordman & Kabbani 2012). In brief, proteins were solubilized
overnight at 4°C using a solution of 1% Triton X-100, 137 mM NaCl, 2 mM EDTA, and
20 mM Tris HCl (pH 8) with a 1x protease inhibitor cocktail (Complete) and a 1x
phosphatase inhibitor cocktail (Sigma). Protein concentrations were obtained using the
Coomassie Protein Assay reagent (Thermo). IP experiments were performed by first
incubating membrane proteins with an anti-α7 monoclonal Ab (mAb306, (Lindstrom et
al. 1990)) or an anti-Gprin1 rabbit polyclonal Ab (Abcam) followed by extraction using
protein G Dynabeads (Invitrogen). Control IP experiments were performed by incubating
the same amount of membrane proteins (MP, 100 µg) with an equal amount of a pure
polyclonal rabbit IgG Ab (5 µg) (Cell Signaling).
Western blot detection was obtained using nitrocellulose membranes blocked with
5% nonfat milk (or 1% BSA for biotinylation experiments). Membranes were probed
with the following primary Abs overnight at 4°C: α7 nAChR (SC); Gprin1; HCN1 (SC);
GAP-43 (Abcam); pGAP-43; CDC42 (SC); GTP-CDC42; GAPDH (Cell Signaling).
Species-specific peroxidase conjugated secondary Abs were purchased from (Jackson-
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Immunoresearch). Signals were detected using the SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific) with SeeBlue and MagicMark
(Invitrogen) as molecular weight standards. Blots were imaged using the Gel Doc
Imaging system (Bio-Rad). Band density analysis was performed using ImageJ version
10.2 (NIH). Western blot values are based on averages from three separate independent
experiments.

Growth cone purification
Isolation of growth cone (GC) compartments was performed as described (Lohse
et al. 1996). In brief, hippocampi pooled from a litter of P0 rat pups were homogenized in
1 mM TES buffer (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 51 mM NaCl) supplemented
with 1 mM MgCl2, 0.32 M sucrose, and protease (Complete) and phosphatase (Sigma)
inhibitors. The homogenate was spun at low speed centrifugation (1660 x g) and the
supernatant was collected then layered over a sucrose gradient of 0.83 M and 1.0 M.
Layered sample was then centrifuged at 242000 x g for 40-60 min at 4°C. The GC
fraction was found at the 0.83 M interface while the cell fraction (CF) was found at the
0.83-1.0 M fraction. GC proteins were solubilized for membrane protein enrichment
using the method described above.

Biotinylation of cell surface receptors
The quantification of proteins at the cell surface was conducted using a
biotinylation protocol (Kabbani et al. 2002, Hannan et al. 2008). In these experiments
300 µg/mL EZ-Link Sulfo-NHS-LC-Biotin (Pierce) was used to label cell surface
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proteins in living cells for 30 min at 4°C. The biotin reaction was quenched using TrisBuffered Saline (TBS) and membrane proteins were prepared as described previously
(Kabbani et al. 2007). A neutravidin agarose bead matrix (Pierce) was used to pulldown
biotinylated proteins over a 30 µm pore size Snap Cap spin column (Pierce). Proteins
were detected using western blot as described above. Biotin labeling was detected using
HRP-conjugated streptavidin (Cell Signaling). Experiments were performed in triplicate
and the data presented is the group averages.

Morphological and statistical analysis
Morphological reconstruction was performed using Neuromantic software (Myatt
& Nasuto 2008). Tau-1+ axons were measured for surface area (SA) and branch number
to assess size and complexity under various conditions. Only the primary axon was
analyzed in each neuron. Neurons were readily visualized by Tau-1+ staining, and GCs
were visualized by reactivity to rhodamine phalloidin. Group averages were derived from
three separate experiments with 20-30 cells represented in each. Statistical analysis was
conducted on raw data of image tracing using Neuromantic. Statistical values have been
obtained using a Student’s t test or one-way ANOVA. Asterisks indicate statistical
significance in a paired Student’s t test, two tailed P value, *<0.05; **<0.01; ***<0.001.
Error bars indicate standard error of the mean (SEM).

EB3 comet imaging
End binding protein 3 (EB3) is a microtubule capping protein that binds to the
plus end of polymerized microtubules during periods of assembly (Stepanova et al.
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2003). Hippocampal neuronal cultures were transfected with RFP-EB3 and the indicated
cDNA plasmids using Lipofectamine 2000 at 60 hours after plating (Liu et al. 2010).
EB3 comet imaging was performed 24 hours later. Images were captured 1 frame per sec
for 2 min at 2 × 2 binning using Axiovision 4.6. The images were quantified for the
velocity of the comets that enter the growth cone filopodia (Nadar et al. 2008). Cells
were treated with PNU (1-10 µM), a combination of PNU 10 µM and 50 nM Bgtx, 0.1%
DMSO as vehicle control, or an empty vector as a transfection control. The comet
trajectories were traced in these experiments using ImageJ software (NIH). Experiments
were performed in triplicate and the data presented is the group averages.

Calcium imaging
Calcium imaging was carried out as described previously (Del Negro et al. 2011)
with minor modifications. P0 hippocampal neurons were cultured for 3 DIV before
loading with the calcium dye Fluo-8 AM (SC). Cultures were washed with HBSS and
then incubated for 20 minutes at room temperature in a dye-loading solution containing
HBSS with 10mM HEPES, 2.5 µM Fluo-8 AM, and 0.2% Pluronic acid F-127.
Following incubation, the cultures were again washed in fresh HBSS and then
immediately placed into a recording chamber perfused with artificial cerebrospinal fluid
(ACSF) at a rate of 1 ml/min. We imaged Fluo-8 AM-labeled neurons using a fixed-stage
Zeiss Axio Examiner A.1 with a 63x/1.0 NA objective and a Rolera EMC2 camera (QImaging) imaged at 10Hz. Phototoxicity was minimized through the use of lowwavelength polarized light filters. Image stacks were acquired at 70 Hz using a CCD
camera (Andor Technology). The following drugs and their concentrations were diluted

55

in artificial cerebrospinal fluid (ACSF) and administered via a perfusion system at 1
ml/min: PNU (10 µM); PNU and Bgtx (50 nM); choline (1 mM); choline and Bgtx. 0.1%
DMSO was used as a vehicle control. An empty RFP-vector was used as a transfection
control. Regions of interest (ROIs) were analyzed using ImageJ (NIH) and normalized as
ΔF/F0. ROIs were averaged over conditions. The data presented has been normalized to
controls.

Mass spectrometry
Protein analysis was conducted using Liquid Chromatography Electro Spray
Ionization (LC-ESI) mass spectrometry (MS). Protein complexes were prepared as
described (Kaiser et al. 2008) and mass spectrometry was carried out using a published
protocol (de Luca et al. 2009). Tandem mass spectra collected by Xcalibur (version2.0.2)
were searched against the NCBI rat protein database using SEQUEST (Bioworks
software from ThermoFisher, version 3.3.1). The SEQUEST search results were filtered
using the following criteria: minimum X correlation (XC) of 1.9, 2.2, and 3.5 for 1+, 2+,
and 3+ ions, respectively, and ΔCn > 0.1. The Protein Score (PS) represents the XC
where scores <0.1 were excluded from the analysis and does not reflect the quantity of a
protein in the sample.

Results
α7 and Gprin1 interact in the developing hippocampus
α7 is expressed in the adult hippocampus where it can modulate the activity of
excitatory and inhibitory neurons (Albuquerque et al. 1996, Albuquerque et al. 1998). In
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hippocampal development however less is know about the expression and role of α7. We
examined the distribution of α7 in the hippocampus at various stages of growth. Brains
from postnatal day (P) 5 and 30 rats were probed for α7 expression using fluorescent
conjugated α-bungarotoxin (fBgtx). Additionally, we co-immunolabeled the brain slices
with an anti-Gprin1 Ab, which selectively recognizes Gprin1 (Nordman & Kabbani
2012). As shown in Fig. 1a, co-expression of fBgtx and Gprin1 was detected in the
developing hippocampus. This expression, while widespread, was not ubiquitous. In
particular, the Gprin1 signal was found in cells that were immunoreactive for the axon
specific marker Tau-1 while fBgtx labeling was detected in Tau-1+ cells (Fig. 1b) as well
as those that exhibited immunoreactivity to the astrocytic marker GFAP (data not
shown). These findings imply that while α7 expression in not limited to neurons, Gprin1
expression is predominantly neuronal.
We compared the expression of the two proteins during development. A
fluorescence double signal (co-signal) for fBgtx and anti-Gprin1 within the cell was
measured as previously described (Nordman & Kabbani 2012). In preliminary
experiments, the fBgtx signal was diminished by the addition of PNU (1 and 10 µM),
confirming the specificity of the ligands on the α7 (Fig. 2). As shown in Fig.1a, the cosignal was of greater abundance during the early P5 stage of development. A quantitative
assessment of the fluorescence co-signal was used to determine α7/Gprin1 coexpression
in the hippocampus. As shown in Fig. 1a, a noticeable α7/Gprin1 co-signal was detected
in CA3 and CA1 regions at P5. Immunolabeling with an anti-Tau-1 Ab confirmed that
over 95% of the cells that displayed an α7/Gprin1 co-signal are neurons (Fig. 1b).
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Hippocampal neurons are known to undergo apoptosis, maturation, and synaptic pruning
during early postnatal development (Jordan et al. 1997, Riccomagno et al. 2012).
α7/Gprin1 coexpression was also detected in other regions of the hippocampus as well as
the cortex and striatum (Fig. 1a). Single labeling experiments using fBgtx, anti-Tau-1, or
anti-Gprin1 antibodies produced a signal consistent with the double and triple labeling
results (data not shown).
Immunofluorescent findings indicate that α7/Gprin1 expression is highest after
birth. To explore this, we examined the levels of the two proteins in hippocampal tissue
by western blot. As indicted in Fig. 1c, the expression of α7, within membrane fractions
of the developing hippocampus, appeared to peak at 1 and 4 days after birth. Similarly,
the expression of Gprin1 displayed a consistent expression profile, i.e. peaking after birth
then sharply declining to barely detectable levels in adulthood (Fig. 1c). These results
suggest a role for the two proteins in hippocampal development.
Immunounoprecipitation was used to validate interactions between α7 and
Gprin1 during hippocampal development. Membrane proteins (MP) derived from P5 rat
pups were used to immunoprecipitate Gprin1 and α7 proteins. α7 specific Ab mAb306
and an anti-Gprin1 Ab was then used to immunoprobe for Gprin1 and α7 in the IP,
respectively. As shown in Fig. 1d, immunoreactive bands for α7 and Gprin1 proteins
were detected in the IP experiments. The identity of the proteins within the IP assay was
also confirmed in parallel experiments utilizing MS analysis (Table 5) and previously
(Nordman & Kabbani 2012). An hyperpolarization-activated cyclic nucleotide-gated
channel type 1 (HCN1) specific Ab was used as a negative control in the IP experiment.
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As shown, neither of the two IP Abs were found to co-IP the HCN1 in the assay (Fig. 1d)
thus supporting the specificity of the interaction between α7 and Gprin1 at the plasma
membrane.
Table 5. Confirmation of protein bands using mass spectrometry.
Protein
Ion
Protein Identity
Peptide Sequence
Score MW Accession Number
α7 IP
α7
RYHHHDPDGGKMPKW
8.08
56373.4 71896614 5
Gprin1
KDLAAVAAQKSPSAEGAAPPPGPRTRD 20.09 85066.5 62663260 3
Gprin1 IP
α7
Gprin1
!

KEPYPDVTYTVTMRRRT
KTALVSPGKVDLTASERA
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12.06
22.03

56373.4 71896614 4
85066.5 62663260 7
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Fig. 9. α7 and Gprin1 interact in the developing hippocampus. (a) Coronal slices of brains obtained
from P5 and P30 rats. Slices were co-labeled with fBgtx and anti-Gprin1 Abs and visualized throughout the
hippocampus, with prominent expression found in the CA3 region. Quantification of the co-signal in
various brain regions is shown in the histogram. (b) Triple labeling for Tau-1 (blue), fBgtx (green), and
Gprin1 (red) in CA3 at P5. Arrows point to colocalization of fBgtx and Gprin1 in soma and axons. (c)
Western blot detection of α7 and Gprin1 in membrane protein (MP) fractions of the hippocampus. The
same blot was used to probe for α7, Gprin1, and GAPDH as a loading control. (d) Western blot detection of
α7 and Gprin1 interactions from P0 pups within IP experiments. In-gel digest confirms the identity of α7
and Gprin1 in the IP (Table 1). Top blot: α7; middle blot: Gprin1; bottom blot: HCN1. MP 20%: membrane
protein as 20% of IP load (100 µg). IgG: IP control. IP Yield: amount of IP protein obtained as determined
by the equation: optical density (O.D.) of IP bands/OD of 100% MP x 100.
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Control (vehicle)

PNU 1 µM

PNU 10 µM

Fig 10: Validation of fBgtx as a means of labeling α7. The Alex-647 Bgtx (fBgxt) signal is in the
presence of the selective α7 agonist PNU282987. Hippocampal neurons were treated with PNU (1 and 10
µM) for 1 min prior to fixation and labeling with fBgxt. Scale bar: 10 µM.
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Localization of α7 and Gprin1 in axons and growth cones
We examined expression of endogenous α7 and Gprin1 proteins in developing
hippocampal neurons. At 3 days in vitro (DIV) hippocampal neurons extend axons
capable of detecting and reacting to various external growth signals (Kater & Mills
1991). As shown in Fig. 2, α7 and Gprin1 proteins were detected within developing
hippocampal neurons using fBgtx and anti-Gprin1 Abs, respectively. The specificity of
the Gprin1 Ab was verified in preliminary studies that showed a proportional decrease in
the Gprin1 Ab signal following transfection with Gprin1 siRNA (data not shown). In
particular, strong levels of α7 and Gprin1 coexpression were observed in the soma, at
neurite branch points, and in the growth cone (GC) (Fig. 2a). Growth cones and branch
points are known to be active regions of growth and retraction (Lowery & Van Vactor
2009). We find that α7/Gprin1 colocalization is highest at these regions of active growth
suggestive of a role for the interaction in cytoskeletal remodeling and axon development.
The axon growth cone consists of 3 main zones: peripheral, transitional, and
central. The central zone (CZ) is located at the base of the GC, nearest to the axon, and is
composed of microtubules as well as various receptors and organelles (Lowery & Van
Vactor 2009). We find strong colocalization of α7 and Gprin1 within the CZ and in some
cases, the two proteins were detected in the filopodia of the GC (Fig. 2b). A GC
purification strategy (described in Materials and Methods) (Lohse et al. 1996) was
utilized to confirm expression and interaction of α7 and Gprin1 in the GC of the
developing hippocampus. As shown in Fig. 2c, an anti-GAP-43 Ab was used to confirm
the isolation of the GC compartment from hippocampal tissue. A Western blot analysis
reveals that α7 as well as Gprin1 are present within the GC consistent with our
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immunocytochemical finding. The interaction between the two proteins within the IP was
also confirmed in parallel using MS analysis (Table 2). The above experiments
demonstrate an α7/Gprin1 interaction within the GC of developing hippocampal neurons.

Table 6. Confirmation of protein bands using mass spectrometry.
Protein
Ion
Protein Identity Peptide Sequence
Score MW
Accession Number
α7 IP
α7
RYHHHDPDGGKMPKW
8.08
56373.4 71896614 3
Gprin1

KGASETGVRV

20.09

85066.5 62663260 4

α7

MCGGRGGIWLALAAALLHVSLQG

12.06

56373.4 71896614 5

Gprin1

KESSASQGKAETVPSGEVGSTTLGKT 22.03
ASTSSGKT

85066.5 62663260 6

Gprin1 IP

!

63

Figure 2

(a)!

(b)!
fBgtx!

Gprin1!

fBgtx!
low!

Gprin1!

Merge!

5 μm!

5 μm!

high!

GC!

Filopodia!

SOMA!
CZ!
BP!
BP!
Merge!
fBgtx

Signal Intensity

200

Gprin1

fBgtx/Gprin1

SOMA!

(c)!

GCF! CF!

GAP-43 (43 kDa)!
GC!

BP!

150

α7 (57 kDa) !
Gprin1 (85 kDa)!

(d)!

100

Gprin1!

AXON!

50

IP anti-α7!
IP anti-Gprin1!

60

90

Distance (µm)

CF!

30

GCF!

0

CF!

0

GCF!

α7!

+IgG!

Fig. 11. α7 and Gprin1 associate in the growth cone. (a) Hippocampal neurons from P0 pups was
cultured for 3 DIV. Neurons were probed with fBgtx (green) and anti-Gprin1 Abs (red) (top images). A
heat-map measure of the co-signal (bottom image) shows the distribution and co-localization of the two
proteins in the growing axon and GC. Colocalization was highest in the soma, growth cone (GC), and
branch points (BP) (arrows). (b) Localization of the fBgtx and Gprin1 signals in the GC. CZ: central zone.
(c) Protein detection of α7 and Gprin1 within GC fraction (GCF) obtained from P0 pups as described in
Materials and Methods. GAP-43 is used as a marker for the GCF. Cell fraction (CF). (d) An anti-α7 and
anti-Gprin1 Ab was used to IP α7 and Gprin1 proteins from the GCF. Western blot detection confirms
interaction of the two proteins. Protein identity was also determined by in-gel digest mass spectrometry
(Table 2). IgG was used as an Ab control.
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α7 regulates the structure of the growth cone and axon
α7 has been shown to regulate neurogenesis and dendritic as well as axonal
synaptic formation in the nervous system (Bromberg et al. 2008b, Lozada et al. 2012).
To examine the role of this receptor in early axon growth of hippocampal neurons, we
examined the effect of the α7 specific agonist PNU282987 (PNU) on axon size and
structure in hippocampal neurons. PNU is a known agonist at the α7 receptor site found
to bind other nAChR ligands including Bgtx (El Kouhen et al. 2009). The stability of
PNU and its resistance to neurotransmitter reuptake mechanisms make it an ideal
experimental tool when attempting to selectively target α7. Newly formed axons were
visualized using an antibody for the axon specific microtubule protein Tau-1. We
assessed the effects of PNU (1-10 µM) or a combination of PNU (10 µM) and the α7
specific antagonist α-Bungarotoxin (Bgtx) (50 nM) on axon growth. PNU treatment was
associated with a significant, dose-dependent (10 µM) reduction in axon growth (-42%
(+/- 6%)), measured as total surface area (SA)) and branching number (47% (+/- 7%))
(Fig. 3a). In the presence of Bgtx however, PNU did not significantly alter the growth
and complexity of the primary axon relative to control treated cells (Fig. 3a). Group
significance was observed between controls and PNU doses (1-10 µM) (SA: F(2,30) =
4.85, p < 0.01; Branch: F(2,30) = 6.12, p < 0.01). These results reveal that
pharmacological activation of α7 reduces axon growth and branching in hippocampal
neurons.
GC dynamics are instrumental in guiding the developing axon towards its final
destination and have been shown to be a useful measure of real time growth (Zheng &
Poo 2007). In particular the actions of filopodia correlate with the directionality of axonal
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growth (Lowery & Van Vactor 2009). We find high levels of α7 expression in the GC
formation at the end of the primary axon branch (Fig. 2a). We hypothesize a role for α7
in regulating axon growth via the GC. To test this we analyzed the structure of the GC in
hippocampal neurons treated with the α7 agonist PNU (1-10 µM). We find a dose
dependent reduction in the number of GCs for each neuron (-44% (+/- 10%)) and a
reduction in filopodia number and size in each GC (-53% (+/- 11%)) following PNU
treatment and compared to vehicle treated controls (Fig. 3b). Group significance was
observed between controls and PNU doses (1-10 µM) (GC#/cell: F(2,30) = 5.13, p <
0.01; Filopodia#/GC: F(2,30) = 6.95, p < 0.01). In PNU (10 µM) treated cells, GC and
axon morphology were highly correlated (Table 7), suggesting that α7 activation inhibits
growth uniformly throughout the cell. Similar to axon growth, Bgtx was found to abolish
the effects of PNU (10 µM) on GC structure and number in a highly correlative manner
(Fig. 3b, Table 7), underscoring the specificity of the α7 signal in these developmental
effects.
To confirm the role of α7 in axon growth, hippocampal neurons were transduced
with α7 RNAi or a scramble vector then analyzed for morphology of axon growth in the
absence of drug treatment. As shown in Fig. 3c, cells expressing α7 RNAi (α7-)
displayed significantly enhanced growth of axons (SA: +39.5% (+/- 9%); Branch
number: +85.6% (+/- 10%)) and growth cones (GC number/cell: +72.2% (+/- 16%);
Filopodia number/cell: 53.4% (+/- 11%)) compared to both the scramble controls and
non-transfected cells (Fig. 3a-c). The scramble vector was found to have no effect on
axon growth. Similar findings were observed in hippocampal neurons treated with 50 nM
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Bgtx showing that inhibition of α7 promotes axon growth (data not shown). In light of
earlier findings on PNU mediated inhibition of axon growth, the current data supports the
hypothesis that inactivation of α7 can augment neurite growth (Nordman & Kabbani
2012).
We observed the effects of PNU treatment on cytoskeletal growth using the
microtubule + end capping protein RFP-EB3 (EB3 comets), which has been utilized in
analyzing real time axon growth (Liu et al. 2010, Stepanova et al. 2003). As shown in
Fig. 3d, at 1 µM of PNU treatment, EB3 comets velocity was noticeably diminished
relative to controls. At 10 µM of PNU however, the velocity of the EB3 comets was not
only significantly attenuated but also moved in a retrograde direction suggestive of
growth cone collapse. Group significance was observed between controls and PNU doses
(1-10 µM) (F(2,30) = 5.80, p < 0.01).The addition of Bgtx was found to significantly
attenuate the effects of PNU treatment (10 µM) on EB3 comet velocity, and restored the
directionality of comet movement to anterograde (Fig. 3d).
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Table 7. Pearson’s r-values confirming the effect of drug treatment on various parameters of axon
growth as presented in Fig. 12 of the manuscript.
Control cells
SA
Branch
GC#/Cell
Filopodia#/Cell
SA
1.00
0.83
0.82
0.74
Branch
0.83
1.00
0.65
0.66
GC #/Cell
0.82
0.65
1.00
0.67
Filopodia #/Cell
0.74
0.66
0.67
1.00
PNU treated
SA
Branch
GC#/Cell
Filopodia#/Cell

1.00
0.71
0.57
0.80

0.71
1.00
0.47
0.56

0.57
0.47
1.00
0.66

0.80
0.56
0.66
1.00

PNU + Bgtx treated
SA
Branch
GC#/Cell
Filopodia#/Cell

1.00
0.77
0.66
0.74

0.77
1.00
0.64
0.60

0.66
0.64
1.00
0.46

0.74
0.60
0.46
1.00

Gprin1 is critical for α7-mediated growth
Gprin1 can regulate neurite growth via its ability to bind and regulate large G
proteins such as Gαo, as well as small G proteins such as CDC42 (Chen et al. 1999,
Nakata & Kozasa 2005). We determined a role for Gprin1 in α7 mediated axon growth in
hippocampal neurons by transfecting neurons with plasmids encoding short interfering
RNA (siRNA) (Gprin1-), which has been shown to reduce Gprin1 expression in neural
cells (Ge et al. 2009). Consistent with earlier findings reduction in Gprin1 expression was
associated with an overall decrease in neurite growth (Ge et al. 2009). When examining
the effects of PNU on axon growth, we found that PNU has no effect on the axon
morphology in Gprin1- cells (Fig. 4a), suggesting that Gprin1 expression is necessary for
α7 function. We confirmed the involvement of Gαo in the α7/Gprin1 pathway. As shown
in Fig. 4b, treatment of cells with the Gαo activator mastoparan (MSP) was found to
significantly enhance axon growth (axon SA: 31% (+/-11%); branch #: 47% (+/-4%); GC
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#/cell: 58% (+/-5%); filopodia #/cell: 45% (+/-4%)). The effect of MSP was found
sufficient to over-ride PNU mediated inhibition of axon growth suggesting that Gαo
operates downstream of α7. We confirmed this by also examining the role of the Gαi/o
inhibitor pertussis toxin (PTX) on axon development. Ptx exposure was associated with a
significant reduction in axon growth (axon SA: -34% (+/-10%); branch #: -41% (+/-7%);
GC #/cell: -40% (+/-6%); filopodia #/cell: -47% (+/-8%)) and this effect was not
enhanced by PNU. Group significance was observed between controls, MSP, MSP+PNU,
Ptx, and Ptx+PNU treated cells (SA: F(4,50) = 5.37, p < 0.01; Branch#: F(4,50) = 12.36,
p < 0.001; GC#/Cell: F(4,50) = 12.79, p < 0.001; Filopodia#/Cell: F(4,50) = 14.01, p <
0.001), suggesting that α7 operates in a Gαi/o pathway.
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Figure 4
GC #/Cell

20

0

0

0

-20

-20

-20

-20

-40

-40

-40

-40

0

0

(d)!

pGAP-43!

43 kDa!

GAP-43!

43 kDa!

GTP-CDC42!

21 kDa!

CDC42!

21 kDa!

GAPDH!

36 kDa!

*"

Control!

-100

PNU!

MSP+PNU

Ptx

Ptx+PNU

**"

**"

PNU+Bgtx!
high!

PNU!
Control! PNU! +Bgtx!

-50
MSP+PNU

-100

*"

Ptx

50

**"
Ptx+PNU

-100

50

-50

**"

Ptx

Ptx+PNU

-50

***"

100

pGAP-43!

(c)!

Ptx

**"
MSP+PNU

PNU

**"
MSP

-100

0

MSP+PNU

0

pRNAT Gprin1
H1.1
siRNA

***"

**"

50

**"

-60

100

PNU

*"

***"

pRNAT Gprin1
H1.1
siRNA

100

50

-50

-60

pRNAT Gprin1
H1.1
siRNA

PNU

-60

MSP

***"
pRNAT Gprin1
H1.1
siRNA

PNU

-60

**"

Filopodia #/Cell

Ptx+PNU

20

MSP

Branch #

20

0

(b)!100
% of Control

Axon SA

MSP

% of Control

(a)! 20

20%

pGAP-43

0%
-20%
-40%

**

-60%
-80%

***

low!

GTP-CDC42!

GTPCDC42

PNU
PNU+Bgtx

20%!
Fluorescence
(% of Control)

OD (% of Control)

5 μm!

pGAP-43

GTPCDC42

0%!
-20%!
-40%!
-60%!
-80%!

**

**
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α7 signaling at the GC regulates GAP-43 and CDC42
A number of signaling pathways have been shown to regulate axon growth or
direct its retraction by directing the assembly of the cytoskeleton (Lowery & Van Vactor
2009). Studies demonstrate that activation of GAP-43 via its phosphorylation at Ser41 is
critical for axon growth and branching (Leu et al. 2010, Dent & Meiri 1998, Kozma et al.
1997). Similarly the GTP-activation of CDC42 (GTP-CDC42) functions as an important
indicator of GC function (Kozma et al. 1997). Recently we have demonstrated that α7
activation regulates GAP-43 phosphorylation in neurites (Nordman & Kabbani 2012),
while other studies have shown a role for Gprin1/Gαo in the activation of CDC42 in the
growth cone (Nakata & Kozasa 2005). To test the role of α7 signaling in GAP-43 and
CDC42 activation, we examined the effect of PNU (60 min treatment) on the
phosphorylation of GAP-43 and the levels of GTP-CDC42 in hippocampal neurons. We
find a significant reduction in phospho-GAP-43 (pGAP-43) (Zakharov & Mosevitsky
2007) and active (GTP bound) CDC42 (Elbediwy et al. 2012) levels in PNU treated cells
(Fig. 4c). Decrease in pGAP-43 and GTP-CDC42 expression was especially pronounced
in the GC (Fig. 4d). The effect of PNU on GAP-43 phosphorylation and CDC42
activation was abolished in the presence of Bgtx, suggesting that α7 can inhibit the
function of these two growth regulatory proteins.

Gprin1 localizes α7 to the growth cone
Gprin1 is a membrane anchored signaling protein that localizes to regions where
cytoskeletal remodeling demands are high. In neural cells, Gprin1 can direct the
formation of neurites by regulating the function of CDC42 in the growth cone (Nakata &

72

Kozasa 2005). Because recent studies suggest that Gprin1 can also contribute to receptor
localization at the cell surface (Ge et al. 2009, Nordman & Kabbani 2012), we examined
role of Gprin1 in trafficking and targeting α7 to plasma membrane of the GC. As shown
in Fig. 5a-b, Gprin1- cells displayed a significant reduction in the axonal structure, which
was accompanied by a noticeable reduction in fBgtx labeling in the GC. To determine
the role of Gprin1 in directing α7 to the plasma membrane, cell surface biotinylation
experiments were performed in Gprin1- cells and empty vector (pRNAT H1.1)
transfected controls. As shown in Fig. 5c, based on the detection of biotinylated α7
proteins, we find a significant reduction in α7 at the cell surface in Gprin1- relative to
controls. In both the GC and the membrane protein (MP) fraction, levels of biotinylated
α7 proteins was reduced in Gprin1- cells suggesting that Gprin1 plays an essential role in
localizing α7 to sites important for axon growth. In these experiments, HCN1 cell surface
expression was found unaffected.
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Detection of an α7 calcium signal in the growth cone
Multiple ion channels and receptors contribute to calcium entry and signaling
within the GC (Zheng & Poo 2007). The temporal and spatial dynamics of calcium
within the GC contributes to the elongation, retraction, and turning of the axon via the
actions of molecules such as GAP-43 and Gprin1, which regulate the cytoskeleton
(Nakata & Kozasa 2005, Zheng & Poo 2007). We hypothesize that α7/Gprin1 interaction
enables calcium signaling leading to cytoskeletal remodeling in the developing axon. To
test this we analyzed α7 mediated calcium changes in hippocampal neurons using the
calcium indicator Fluo-8 (Hayes et al. 2012). 0.1% DMSO was used as a vehicle control.
The control by itself did not appear to impact calcium levels in the cell (data not shown).
As shown in Fig. 6, PNU treatment was found to promote an overall increase in calcium
relative to the control within the soma (+37% (+/- 11%)), the axon (+52% (+/- 14%)),
and the central zone of the GC (+68% (+/- 17%)). In particular, the intracellular calcium
rise was strongest within the CZ of the GC, a region that expresses an abundant amount
of α7 and Gprin1 (Fig. 2). In filopodia, PNU treatment was also found to augment
calcium levels by 24% (+/- 7%). The effect of PNU on intracellular calcium levels
recovered to baseline at ~0.5 sec. consistent with data on α7 channel kinetics (Fayuk &
Yakel 2004) (Fig. 6).
Choline can endogenously activate α7, thereby critically contributing to brain
development (Khiroug et al. 2002). We confirmed the effects of α7 activation in
hippocampal neurons using (1mM) choline, a concentration previously found to
physiologically activate the receptor (Khiroug et al. 2002). We found that choline
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increased intracellular calcium levels but most significantly in the GC of the neuron (Fig.
7). The effect of choline was blocked by Bgtx underscoring the specificity of this
transmitter for α7. Interestingly choline was found to have little to no effect on calcium
levels in the soma (Fig. 7a). The findings suggest that the effects of choline on α7 may
be altered by differential mechanisms of transmitter re-uptake in various neuronal
compartments (Guermonprez et al. 2002). To confirm that choline and PNU produce
similar effects on axon growth, an analysis of axon morphology and pGAP-43 levels was
also determined in response to choline. Axon development, GC branching and pGAP-43
levels were all significantly attenuated by choline and this effect was also blocked by the
addition of Bgtx (Fig. 7). Taken together, the findings indicate that α7 activation
mediates intracellular calcium signaling leading to an inhibition in axon development.
To confirm the contribution of Gprin1 in α7 mediated calcium entry into the growing
hippocampal neurons, Gprin1- cells were analyzed for the effect of PNU (Fig. 6) and
choline (Fig. 7). As shown in Fig. 6, knockdown of Gprin1 expression is associated with
a significant reduction in the cell’s calcium responsiveness to PNU treatment (-19% (+/9%) in the soma; -25% (+/- 11%) in the axon, and -53% (+/- 8%) in the CZ) relative to an
empty plasmid (pRNAT H1.1) control. Similar data was obtained with choline treatment
(Fig. 7), confirming the role of Gprin1 in α7 mediated calcium signaling in the
developing axon. The findings also present a first ever demonstration of an α7 calcium
signal in the GC, and suggest that this cholinergic signal contributes to the maturation of
the axon.
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Figure 7
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Discussion
A new role for α7 in axon growth
In this study we define an interaction between α7 and Gprin1 and demonstrate
that this interaction regulates axon growth in hippocampal neurons. We present evidence
on the localization and signaling of α7 in GCs as supported by histochemical and western
blot detection of the receptor and its interacting protein Gprin1 in developing
hippocampal neurons. By interacting with Gprin1, the localization of α7 in the GC
appears to enable cholinergic signals to direct the growth of the axon. Based on this
evidence, the interaction of the two proteins and their coupling to a downstream G
protein-signaling pathway is proposed to contribute to brain development.
Interestingly, while this study demonstrates a role for α7 in axon development,
earlier work has shown that knockdown of the α7 can decrease dendritic length and
branching in newborn neurons of the dentate gyrus (Campbell et al. 2010, Liu et al.
2010). This suggests that α7 may differentially contribute to axon and dendrite
development by interacting with scaffolding proteins such as Gprin1, which can guide the
expression and mediate the function of the receptor in specific neuronal compartment. In
this regard, the function of Gprin1 in localizing α7 activity in the developing axon, may
be paralleled by another, still unknown, protein that can direct the receptor to dendrites
(Campbell et al. 2010). In future studies, it will be important to examine the proteomic
interactions of α7 in maturing dendrites.

Activation of α7 causes local calcium elevation and a collapse of the GC
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The synaptic localization and high calcium permeability of α7 enables it to
influence diverse events, ranging from modulation of transmitter release to synaptic
plasticity (McGehee et al. 1995, Gu & Yakel 2011). The expression and function of α7 in
the GC during axon maturation appears dependent on interaction with Gprin1, which
directs the trafficking of the receptor to the cell surface and the central zone. This
positions α7 at sites where developmental demands are high, and enables it to influence
cytoskeletal mechanisms of growth (Lowery & Van Vactor 2009). As a consequence, α7
mediated elevations in intracellular calcium can arrest axon growth as shown previously
for other calcium channels (Kater & Mills 1991, Henley & Poo 2004). The α7 mediated
calcium rise in the GC communicates a “stop” signal for the growing axon, which is
made possible by association with Gprin1 and modulation of the Gαo, GAP-43, and
CDC42 pathway (Nakata & Kozasa 2005, Frey et al. 2000). This hypothesis is supported
by our observation that activation by α7 (by PNU or choline) promotes
dephosphorylation of GAP-43, GTP hydrolysis of CDC42, and negatively influences
EB3 microtubule comet velocity in the GC leading to its collapse. Mechanistically this
may be achieved via α7-mediated calcium elevations into the GC which can inactivate
GAP-43 via calcium sensitive proteins such as calpain (Zakharov & Mosevitsky 2007)
and PP2B (Lyons et al. 1994), leading to inhibition of Gα fo and CDC42 in the axon
(Bromberg et al. 2008a). It is interesting to consider the possible effects of α7 on other
downstream Rho-GTPases involved in growth. RhoA has previously been shown to
inhibit axon growth and GC collapse while Gαo can regulate of RhoA activity (Bromberg
et al. 2008a). Thus the ability of α7 to inhibit axon growth may involve the regulation of
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other possible RhoGTPases through interaction with the GPC. In the long-term,
activation of α7 is associated with a dramatic reduction in axon length and branching
complexity.
A functional α7 signal in the growing axon can play an important role in early-life
synaptic development (Luo & O'Leary 2005). Defects in processes such as neurogenesis
and axon pruning can lead to pernicious axon growth implicated in a number of
developmental brain disorders such as autism, epilepsy, and schizophrenia (Saugstad
2011, Zhou et al. 2012). Recent findings linking the expression of the α7 gene CHRNA7
to developmental disorders (Yasui et al. 2011, Adams et al. 2012), supports the role of
this receptor in proper brain development.
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CHAPTER THREE: MOLECULAR DYNAMICS AT THE GROWTH
CONE ARE MEDIATED BY ΑLPHA 7 NICOTINIC RECEPTOR
ACTIVATION OF A G ALPHA Q AND IP3 RECEPTOR PATHWAY

This chapter appears in published form at
http://www.fasebj.org/content/early/2014/03/31/fj.14-251439.long.
Citation: Nordman JC, Kabbani N (2012) Microtubule dynamics at the growth cone are
mediated by α7 nicotinic receptor activation of a Gαq and IP3 receptor pathway. FASEB
J, DOI: 10.1096/fj.14-251439.

ABSTRACT
α7 nicotinic receptors (α7) play an important role in neuronal growth and
structural plasticity in the developing brain. We have recently characterized a G proteinsignaling pathway regulated by α7 that directs the growth of neurites in developing neural
cells. Now we show that choline activation of α7 promotes a rise in intracellular calcium
from local ER stores via Gαq signaling, leading to IP3 receptor (IP3R) activation at the
growth cone of differentiating PC12 cells. A mutant α7 significantly attenuated in
calcium conductance (D44A) (p < 0.001) was found unable to promote IP3R signaling
and calcium store release. Additionally calcium elevation via α7 correlates with a
significant attenuation in the rate of microtubule invasion of the growth cone (p < 0.001).
This process was also attenuated in the D44A mutant and blocked by an inhibitor of the
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IP3R, suggesting that calcium flow through the α7 channel and activation of the Gαq
pathway are necessary for growth. Taken together, the findings reveal an inhibitory
mechanism of α7 on cytoskeletal growth via the intracellular calcium activity of the
receptor channel and the Gαq signaling pathway at the growth cone.

INTRODUCTION
Acetylcholine and its receptors play an important role in modulating neuronal
growth and synapse formation in the brain (1, 2). Several nicotinic acetylcholine
receptors (nAChRs) are expressed early in nervous system development, thereby
contributing to the formation of neural structures and synaptic circuits (3). The αbungarotoxin (Bgtx) sensitive α7 nAChR (α7) is widely expressed in the embryonic and
adult brain and can play an important role in the maturation of axons and dendrites (1, 4).
This receptor, which is localized to regions of cellular remodeling and growth including
axon growth cones (GC) and dendritic spines (2, 4), has been shown to modulate
cytoskeletal assembly (5). For example, in α7 knockout (α7-/-) mice newly born neurons
of the dentate gyrus exhibit noticeable deficits in synaptic integration into CA3 due to
deficits in dendritic growth and branching (1) These developmental deficits may underlie
memory and cognitive impairment observed in adult α7-/- mice (6, 7).
Upon activation by ligands such as ACh, its membrane derivative choline, or the
nAChR agonist nicotine, α7 channels conduct a strong calcium current into the cell (8).
In axons of hippocampal neurons, α7 activation has been linked to oscillatory increases in
intracellular calcium underlying neurotransmitter release (9). This rise in intracellular
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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 α7-/- mice
(9). Studies indicate that these persistent calcium fluctuations are driven by calcium flow
through the α7 receptor and downstream longer-lived changes in calcium induced
calcium release (CICR). This property of α7 appears dependent on the activation of
inositol triphosphate receptors (IP3Rs) in the ER (9).
In this study we demonstrate a mechanism by which α7 receptors mediate intracellular
calcium release in growing neurites of differentiating neural cells. We show that
interaction with Gαq and activation of PIP2 enables α7 mediated CICR via IP3Rs in the
GC. This α7 receptor 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 Technologies,
Carlsbad, CA, USA), or 1.0 glass coverslips (Sigma, St. Louis, MO, USA) were precoated with poly-D-lysine (PDL) (100 µg/ml). PC12 cells were maintained in dMEM
containing 10% horse serum, 5% fetal bovine serum (FBS), and 1% penicillinstreptomycin (Pen-strep) antibiotic (Life Technologies) at 37°C in a 5% CO2/95% O2
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chamber. Cells were differentiated by the addition of 100 nM 2.5S nerve growth factor
(NGF) at 3 days after plating or at 50% growth confluence (Life Technologies, Carlsbad,
CA, USA).
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 EB3-RFP (Peter Baas, Drexel
University) were used as previously described (13-15). A mutant α7 (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 permeability of the channel was used (16).
Cells were transfected with Lipofectamine 2000 (Life Technologies) in serum free media
for 6 hours, 18 hours after plating. Transfection media was then replaced with dMEM
media containing NGF as described above. Imaging experiments were performed 3 days
after transfection. An empty pcDNA3.1 vector was used as a transfection control.

Drug treatment
Drug concentrations were determined based on published studies and assessed in
pilot experiments for effects on cell health and viability using Trypan blue (EMD,
Darmstadt, Germany). For α7 activation, the selective receptor agonist choline (0.1-10
mM) was used (17). dMEM media (Life Technologies, cat. 11965-092) is supplemented
with 30 µM choline by the manufacturer, which has been shown necessary to maintain
cell health and promote cell growth by contributing to stabilization of the plasma
membrane. This concentration of choline however is presumed insufficient to activate α7
receptors, which are activated by much higher levels of choline (EC50 =1.6 mM) (18).

91

Intracellular calcium release, Inositol triphosphate receptors (IP3R), ryanodine receptors
(RyR), and Gαq were all inhibited by treating PC12 cells with thapsigargin (1 µM)
(Sigma), xestospongin C (1 µM) (Tocris, Bristol, United Kingdom), ryanodine (30 µM)
(Tocris), and [D-Trp7,9,10]-Substance P (SP) (1 µM) (Tocris), for 30 min respectively
(14). Experiments were performed in triplicate and the data presented represents average
values.

Immunocytochemistry
Cells were fixed in 1x PEM (80 mM PIPES, 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 + 10% goat serum (Life
Technologies) prior to antibody or ligand staining. Immunocytochemistry was performed
by adding the following primary antibodies (1 µg/ml) overnight at 4°C: α-Tubulin
(Sigma); Gαq (Abcam, Cambridge, England); pIP3R (Abcam). The addition of the
following secondary Abs (4 µg/ml) were performed at room temperature for one hour:
carbocyanine (Cy) 2; Dylight 488; Dylight 560; and AlexaFluor 647 (JacksonImmunoResearch, West Grove, PA, USA). α7 receptors were visualized using Alexa647
fluorescein-conjugated Bgtx (fBgtx) (Life Technologies). Filamentous actin (F-actin) was
visualized using rhodamine phalloidin (Cytoskeleton, Denver, CO, USA). Fluorescence
imaging was performed using a Nikon Eclipse 80i confocal microscope fitted with a
Nikon C1 CCD camera. Green, red and high red signals were visualized using 488, 555,
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and 641 nm excitation lasers respectively. Images were captured using the EZ-C1
software (Nikon, Tokyo, Japan) and processed in ImageJ (NIH).

Protein analysis
PC12 cell lysates were obtained by solubilizing proteins with a non-denaturing
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 hour. This solution has been shown to be effective in isolating α7
receptors and their interactors from the plasma membrane (12). Isolation or
immunoprecipitation (IP) of protein complexes from cells was conducted as described
previously (20). In brief, 500 µg of cell lysate was layered over Streptavidin coated or
Protein G Dynabeads (Life Technologies) conjugated to biotin-α-Bgtx (Life
Technologies), anti-Gαq polyclonal Abs (Abcam), or purified IgG Ab (Cell Signaling,
Danver, MA, USA) as an IP control. Protein complexes were separated by gel
electrophoresis on a 4-12% bis-tris gradient gel (Invitrogen) for Western blotting using
the following Abs at 1 µg/ml: mAb 306 (21); Gαq (Abcam); GAP-43 (Abcam); IP3R
(Abcam); pIP3R (Abcam); GAPDH (Cell Signaling). Species-specific peroxidase
conjugated secondary Abs (Jackson-ImmunoResearch) were used at a concentration of
0.4 µg/ml. Signals were detected using a SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific). SeeBlue and MagicMark (Life Technologies) were used as
molecular weight standards. Blots were imaged using a Gel Doc Imaging system (BioRad, Hercules, CA, USA). Band density analysis was performed using ImageJ (NIH). All
Western blot values are based on averages from three separate experiments.
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Cellular calcium imaging
We used GCaMP5G, a genetically encoded calcium sensor, for the visualization
of rapid calcium fluctuations in PC12 cells (13). Imaging experiments were performed 3
days after transfection with GCaMP5G and/or co-transfected with the indicated second
vector. For drug treatment, cells were incubated with Xestospongin C (Xest. C), SP, or
BAPTA (30 µM) for 30 min prior to imaging. All imaging experiments were performed
in an HBSS solution supplemented with 10 mM HEPES and warmed to 37°C. Calcium
transients and dynamics were detected at an acquisition rate of 1 frame every 70 ms for 2
min at 2 x 2 binning on a Zeiss Axio Observer Z.1 with an attached mRM camera.
Phototoxicity and photobleaching were minimized using neutral density and lowwavelength light filters as shown in (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/sec
via a gravity fed perfusion system after 5 sec (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 ΔF/F0. ROIs were averaged over conditions. The data
presented has been normalized to HBSS controls. 10 cells were imaged per condition, all
experiments were performed in triplicate, and the data presented represents average
values (n=10).

Analysis of PIP2 Activation
PH-mCherry is a genetically encoded sensor for PIP2 breakdown, allowing for the
visualization of pleckstrin homology (PH) domain translocation from the cell surface,
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indicative of PIP2 breakdown (14). We used an established protocol to examine PIP2
activity via PH-mCherry (14). Three days 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 acquisition rate of 1 frame every 5 sec for 4 min at 2 x 2 binning.
Drugs were applied after 20 sec (4 frames) of a baseline recording. PH-mCherry
translocation was determined by ROI analysis measuring the fluorescence signal at
within 1 µm of the edge of the cell (i.e. the plasma membrane) and in the cytoplasm.
Fluorescent values were normalized to area (µm2) and measured using ImageJ (NIH).
Translocation values were determined using the equation (Fm-Fc) / (Fm+Fc) where Fm
and Fc refer to PH-mCherry fluorescence at the (plasma) membrane and in the
cytoplasm, respectively. Experiments were performed in triplicate and the data presented
is the group average. 5 cells were imaged per condition, all experiments were performed
in triplicate, and the data presented represents average values (n=5).

Microtubule motility assay using EB3-RFP comet analysis in the GC
The end binding protein 3 (EB3) is a microtubule capping protein that binds to the
free plus growing end of microtubules during active assembly (22). Fluorescent 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 days after transfection with EB3-RFP (and GCaMP5G and/or D44A
vectors). Imaging 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
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min prior to imaging. EB3 comet velocity was visualized in the growth cones at an
acquisition rate of 1 frame per second for 2 min at 2 × 2 binning (24). A baseline for EB3
motility was established for each recording for 5 sec (5 frames) of acquisition. Comet
trajectories were traced using ImageJ software (NIH). 5 cells were imaged per condition,
all experiments were performed in triplicate, and the data presented represents average
values (n=5).

Neurite growth and statistical analysis
Reconstruction of neurites was performed using Neuromantic (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. 20-30 cells were reconstructed
from each group and then repeated in triplicate for group averages.
Statistical values were obtained using a Student’s t test or one-way ANOVA.
Asterisks indicate statistical significance in a Student’s t test, two tailed P value, *<0.05;
**<0.01; ***<0.001. Error bars indicate standard error of the mean (SEM). All
experiments were performed in triplicate and group averages are presented.

RESULTS
Neurite maturation is associated with enhanced α7 expression and calcium signaling
Recently we have shown a central role for α7 in the maturation of axons and
neurites in PC12 cells, cortical neurons, and hippocampal neurons (4, 12). We examined
expression and activity of endogenous α7 receptors in differentiating PC12 cells. A
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quantitative analysis of the fluorescent α-Bungarotoxin (fBgtx) signal in permeabilized
cells was used to cellular α7 receptors. Experiments indicate that during NGF
differentiation α7 receptors are localized to sites of neurite branching and growth, most
noticeably the growth cone (GC). The α7 subunit was found in regions of cytoskeletal
arrangement, which also stained for f-actin (phalloidin) and anti-tubulin antibodies
(Figure 17A). Non-labeled Bgtx displaced the fBgtx signal in cells in a concentration
dependent manner, thus confirming the specificity of this fluorescent ligand for α7
receptors (13 and data not shown).
PC12 cells were differentiated with 100 nM NGF and analyzed for α7 expression
at various stages of maturation. After 3 days of treatment, NGF is known to have its
strongest effect on PC12 cells, characterized by rapid neurite outgrowth, elaborate neurite
fields, and complex branching (26). As shown in Figure 17B, α7 subunit expression
increases during NGF differentiation and correlates with a rise in neurite growth and
expression of the growth regulatory protein GAP-43. This finding is corroborated by
observations on elevation in α7 expression in the GC during NGF differentiation (Fig.
17A), and suggests that α7 regulates neurite maturation and structure.
Calcium signaling through α7 has been shown to play an important role in the
formation of synapses in the CNS (2). We examined cellular calcium changes via the α7
receptor at 3 days of NGF differentiation using the genetically encoded calcium sensor
protein GCaMP5G (13). As shown in Figure 17C, a strong calcium response was seen at
the soma (224% +/- 46%), GC (813% +/- 78%) and in the growing neurite (487% +/67%) following α7 activation with the selective agonist choline (17). At the current
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imaging acquisition rate (70 ms/frame) however the dynamics of calcium influx through
the rapidly activating and deactivating α7 channel are not measurable. Choline induced
calcium rises in the neurite appeared 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 pre-application with Bgtx (Figure 17C), confirming the
specificity of choline on α7 receptors. In non-differentiated cells, choline did not produce
a rise in intracellular calcium (Figure 17C) consistent with the earlier finding that α7
expression is greatest during differentiation.
Site-specific mutations in the calcium-conducting pore of the α7 channel have
enabled characterization of channel conductance under various conditions (27-29). A new
mutant of the α7 receptor (D44A) (16) was used to examine the role of calcium flow in
growth. PC12 cells transfected with D44A presented a lowered calcium response (-67%
+/- 11%) of controls following choline treatment. 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 suggests that expression
of this mutant significantly diminishes calcium flow through the α7 receptor. A
confirmation of D44A expression in PC12 cells indicates that expression of D44A
increases total fBgtx fluorescence (by 89% +/- 15%) without altering the overall cellular
distribution of the signal (Figure 18). The data is strongly suggestive that D44A is
integrated into functional α7 receptors in the cell, but because neither fBgtx nor the antiα7 Ab distinguishes between D44A and the endogenous α7 subunit, it is not possible to
quantify the amount of D44A in these cells.
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Figure 17. Up-regulation of α7 nAChRs in differentiated PC12 cells. (A) Detection of α7 subunits in 1 and
3 day NGF differentiated PC12 cells using fBgtx (blue), rhodamine phalloidin (red), and α-tubulin (green).
The heat map shows the distribution of fBgtx in the cell. (B) Left, western blot detection of α7 and GAP-43
proteins during differentiation. GAPDH was used as a control. Middle, images of phalloidin stained cells
differentiated for 0, 1, and 3 days with NGF. Right, elevation in α7 levels during NGF differentiation and
neurite growth (SA: surface area). (C) α7 mediated calcium elevation 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 = SEM. **P
< 0.01, ***P < 0.001; Student’s t test.
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α7 receptor activation promotes IP3R calcium release from internal stores
Recent studies have shown that presynaptic α7 receptors promote calcium release
from intracellular stores via inositol triphosphate receptors (IP3Rs) thereby regulating
glutamate release at hippocampal synapses (9). We postulate that α7 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 if Figure 19A, 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 (Figure 19A and Figure 20) suggests that α7
receptors and in close proximity to calcium stores at the GC.
We tested the involvement of IP3Rs and ryanodine receptors (RyR) in choline
associated calcium elevation at the GC. To determine the contribution of α7, cells were
preincubated with the IP3R selective blocker xestospongin C (Xest. C) (1 µM) and
Ryanodine (Ry), which at high concentrations (30 µM) fully blocks the RyR. As shown
in Figure 2B, pre-incubation with Xest. C almost completely abolished the α7 calcium
signal at the GC at the measured time scale of 1 frame every 100 msec. In contrast, Ry
had little effect on choline mediated calcium responses. The effect of Xest. C was
commensurate with that of thapsigargin (Figure 19B), a non-specific intracellular store
inhibitor, suggesting that α7 receptors mediate calcium release by regulating IP3Rs in the
ER of the GC.
Within GCs spontaneous transient elevations of intracellular calcium have been
shown to critically regulate neurite growth (30). In spinal cord neurons these transient
calcium signals have been found to inhibit neurite extension (30). We examined α7
induced calcium elevations in the GC and the growing neurite. A multipoint tracking
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method was used to measure changes in the GCaMP5G signal along the neurite and in
ER containing domains identified by ER Tracker Red (Figure 19C). As shown in Figure
19C, ROI analysis revealed α7 induced calcium elevations that start at the GC
(approximately 0.5 sec 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%) (Figure 19D). Pre-incubation with Xest. C abolished the calcium
rise in the GC and no diffusion was observed into the neurite (slope = 0.1%) (Figure 19CD). The expression of D44A was also found to attenuate the calcium signal in the GC
(Figure 19C-D) (slope = 2.8%) thus supporting the hypothesis that calcium flow through
α7 is necessary for calcium induced calcium release (CICR) from the ER in the neurite.
To confirm this we examined α7 mediated calcium levels 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 (Figure 21).
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Figure 20. α7, IP3Rs, and ER compartments colocalize in the GC. Top set, colocalization of fBgtx and ERTracker Red. Bottom set, colocalization of anti-IP3R Abs and ER Tracker Red. Insets, magnified GCs.
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similarly to Fig. 19C.

105

Coupling to Gαq enables α7 mediated CICR at the GC
Canonical Gαq signaling can directly regulate the levels of calcium in the GC via
the generation of second messengers including IP3 (31). Recently we have shown that
interaction between α7 and G proteins modulates neuronal growth (4, 32, 33). To test
interactions between α7 and Gαq, α7 interactomes from 3 day differentiated PC12 cells
were isolated using a biotin conjugated Bgtx pulldown assay. Western blot detection of
Gαq proteins within the pulldown experiment reveals association between the receptor
and the G protein subunit (Figure 22A). An IP experiment in which an anti- Gαq
antibody was used to co-IP the α7 subunit confirms association between α7 and Gαq in
PC12 cells. HCN1 was used as a negative control in the interaction assay (Figure 22A).
Immunofluorescence detection of endogenous Gαq and α7 using an anti-Gαq Ab and
fBgtx, respectively, demonstrate co-expression of the two proteins in the central zone of
the GC (Figure 22B).
Calcium imaging was performed to test the contribution of Gαq activity on α7
mediated calcium signaling in the GC. Experiments conducted in cells pre-incubated with
the selective Gαq inhibitor [D-Trp7,9,10]-Substance P (SP) (34) indicate that choline
mediated elevation in calcium is largely abolished in the presence of SP (Figure 22C).
Indeed, even at the highest choline concentration tested (10 mM), SP was able to block
the calcium signal in the GC, suggesting that Gαq activity is necessary and downstream
of the α7 receptor. In these experiments, SP did not cause a change in KCl evoked
calcium rise (Fig. 22C).
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Figure 22. α7 calcium release at the GC is mediated by association with Gαq. (A) Western blot detection
of α7 and Gαq interactions from differentiating PC12 cells. Biotin-conjugated Bgtx and anti-Gαq Abs were
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Choline mediated phosphorylation of IP3Rs at the GC depends on Gαq
In neurons calcium flow from IP3Rs into the cytosol plays an important role in
axon growth and maturation (31). In turn the gating of the IP3R is determined by
fluctuations in cytosolic calcium including the activity of calcium sensitive kinases and
phosphatases (35-37). To examine if interaction between α7 receptors and Gαq impacts
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 antibody 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 Figure
23A-B, a 1 min treatment of choline lead to a significant increase in pIP3R levels in the
cell (Figure 23A). The strongest pIP3R signal was observed in the GC (Figure 23B-D).
Th effect of choline on IP3R phosphorylation was concentration dependent and
diminished by pre-incubation with Bgtx (Figure 23A). We tested the role of Gαq in IP3R
phosphorylation. Pre-incubation with SP blocked the effect of choline on phosphorylation
of the IP3R (Figure 23A-D). Similarly expression of the D44A subunit mutant was also
found to attenuate the effect of choline on pIP3R levels (Figure 23A-D), suggesting that
calcium flow through the α7 channel and activation of Gαq can contribute to IP3R
function in the cell.
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α7/Gαq signaling promotes PIP2 breakdown at the plasma membrane
Gαq regulates IP3R mediated calcium release from the ER by promoting the
breakdown of phosphotidylinositol 4,5 bisphosphate (PIP2) into IP3 and diacyl glycerol
(DAG) (36, 39). The breakdown of PIP2 by phospholipase C is associated with dynamic
movement 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 α7 on PIP2 breakdown and translocation in the GC. PC12
cells were co-transfected with PH-mCherry and GCaMP5G enabling simultaneous
detection of PIP2 and calcium changes. Activation of the muscarinic acetylcholine
receptor by carbachol (CCh) was used to confirm PH-mCherry detection of PIP2
breakdown (14) (Figure 24A-B). 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 (Figure 24A-B). The strongest effect of
choline on PH-mCherry translocation and GCaMP5G fluorescence was observed in the
GC (Figure 24A-B).
To ensure involvement of Gαq in α7 mediated PIP2 breakdown, cells cotransfected with PH-mCherry and GCaMP5G were pre-incubated with SP prior to
imaging. As shown in Figure 24A-B, SP abolished choline induced translocation of PHmCherry as well as GCaMP5G signaling in the neurite and GC. Taken together, the data
suggests that α7 mediated calcium promotes breakdown of PIP2 locally within the GC via
Gαq. This finding is consistent with choline’s effects on IP3R activation (Figure 23),
supporting a mechanism of α7 mediated generation of IP3 via PIP2.
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An α7/Gαq/IP3R calcium mechanism underlying inhibition of microtubule growth
The initiation, growth and guidance of axons require the regulation of cytoskeletal
proteins (31). Actin filament polymerization is essential for membrane protrusion
underlying neurite guidance but the overall development and branching of the axon
requires the assembly of microtubules and their entry into filopodia (40). We assessed the
effect of α7 signaling on microtubule invasion of GC filopodia. Cells were co-transfected
with GCaMP5G and the microtubule capping protein, end binding protein 3 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 (Figure 25A). In
particular a strong EB3-RFP signal was seen in the central zone, a region rich in
microtubule invasion (41) and α7/Gαq/IP3R expression . We examined the velocity of the
EB3-RFP comets that invade filopodia at various concentrations of choline (0.1-10 mM).
As shown in Figure 25A-C, under basal conditions, EB3-RFP velocity was measured at
150 nm/sec. After 2 min of choline treatment (1 mM), EB3-RFP velocity was reduced to
10 nm/sec (Figure 25A-C). At higher choline concentrations (10 mM) EB3-RFP
movement reversed directions from anterograde to retrograde (-60 nm/sec) (Figure 25A),
consistent with GC collapse (Figure 25B-C) (4, 42). In fact, retrograde moving EB3-RFP
comets after choline application (1-10 mM) appeared to promote a collapse of the GC
within 8 min of analysis (Figure 25B). Calcium imaging at the same ROI indicates that
the dose-dependent peaks in intracellular calcium in the GC achieved by 0.1-10 mM
choline correlates with the overall reduction in EB3-RFP velocity when averaged over 2
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min (Figure 25B-C). The findings corroborate earlier data on the impact of α7 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 preapplication of Bgtx (Figure 26).
To examine the involvement of IP3Rs in α7 mediated regulation of cytoskeletal
movement in the GC cells were pre-incubated with Xest. C 30 min prior to analysis. Xest.
C rendered a strong inhibitory effect on choline modulation of EB3-RFP velocity and
GCaMP5G signaling, thereby restoring EB3-RFP movement to anterograde (Figure 25AD). 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 Figure 25A and 25C, 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 together, the findings confirm the role of α7 calcium signaling
in mobilization of calcium store release from IP3Rs at the GC and suggest that this
mechanism regulates neurite growth.
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showing a mechanism of α7/Gαq coupling underlying IP3R calcium store release at the GC during neurite
growth. The tested components of the pathway are shown in red. Error bars = SEM. *P < 0.05, **P < 0.01,
***P < 0.001; Student’s t test.
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DISCUSSION
Metabotropic functions of α7 are driven by calcium flow through the channel
nAChRs belong to a class of cys-loop ligand gated receptors, which modulate
neuronal activity by conducting ions across the plasma membrane (43). A number of cysloop 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 regulated by G proteins, cys-loop receptors including nAChRs can also
contribute to metabotropic signaling and second messenger production in the cell (33).
We have recently shown that α7 regulates neuronal signaling and growth through Gαi/o
in hippocampal neurons (4, 12, 33). A similar nAChR signaling mechanism exists in Tcells where α4 nAChRs can couple to Gαi/o and regulate cytokine release (45). Direct
coupling to G proteins is of particular significance to nAChR activity in immune cells,
where no nAChR current has been detected to date. Because studies reveal that several
nAChRs including α4β2 and α3β4α5 interact with Gα and βγ subunits(46, 47), it is
increasingly accepted that nAChRs maintain ionotropic and metabotropic properties in
cells.
The utility of the recently characterized D44A receptor 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 α7 receptor 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 downstream
consequence of α7 activation cannot be completely ruled out at this point. Expression of
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D44A, which did not appear to alter the distribution of α7 in the cell, did however abolish
the effect of choline on microtubule movement, suggesting that α7 receptor function is
contingent upon the ability of the channel to conduct calcium. In light of this, our data
suggests that the intracellular signaling and metabotropic properties of the α7 receptor are
intimately paired to its ionotropic activity.

α7 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 anti-growth state,
marked by a dramatic decrease in neurite growth paralleled by an attenuation of
cytoskelelal elongation (31, 48). We find that choline, at a concentration adequate to fully
activate α7, 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 signaling pathway may contribute to
presynaptic growth and possibly neurotransmitter release. Interaction with Gαq and
subsequent downstream signaling via PIP2 appears central to the effect of α7 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, α7
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 impacted in neurite regions that contain
both α7 and the ER protein marker. These findings are consistent with earlier
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observations on the effect of α7 agonists, including choline, on overall decline in axonal
growth and structural branching in hippocampal neurons (4), and suggest the involvement
of Gαq mediated calcium store release in α7 mediated neural growth.
The targeting and function of the α7 receptor at the GC is driven by its interaction
with scaffold proteins such as G protein regulated inducer of neurite outgrowth 1
(Gprin1) (12). Interestingly, Gprin1 can also regulate the trafficking and activity of Gαo
at the GC (50), suggesting a role for this scaffold in α7/G protein interaction. Our
experiments indicate that the targeting of α7 to the GC during cellular differentiation is
necessary for calcium signaling and modulation of neurite growth. The coordinated
responses of various G proteins to α7 activation thus appear critical in this process.
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CHAPTER FOUR: THE ALPHA 4 NICOTINIC RECEPTOR PROMOTES CD4+
T-CELL PROLIFERATION AND A TH2 IMMUNE RESPONSE
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Abstract
Smoking is a common addiction and a leading cause of disease. Chronic nicotine
exposure is known to activate nicotinic acetylcholine receptors (nAChRs) in immune
cells. We demonstrate a novel role for α4 nAChRs in the effect of nicotine on T-cell
proliferation and immunity. Using cell based sorting and proteomic analysis we define an
α4 nAChR expressing helper T-cell population (α4+CD3+CD4+) and show that this
group of cells is responsive to sustained nicotine exposure. In circulation, spleen, and
thymus we find that nicotine promotes an increase in CD3+CD4+ cells via its activation
of the α4 nAChR and regulation of Gαo, Gprin1, and CDC42 signaling within T-cells. In
particular, nicotine is found to promote a Th2, adaptive, immunological response within
T-cells, which was absent in α4-/- mice. We thus present a new mechanism of α4 nAChR
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signaling and immune regulation in T-cells, possibly accounting for the effect of smoking
on the immune system.

Introduction
Smoking is one of the most prevalent addictions and comes replete with numerous
health risks. Among these, smoking has been implicated as a causative agent for various
disorders including most cancers, cardiovascular disease, and autoimmune diseases such
as lupus and myasthenia gravis (Costenbader and Karlson, 2005; Moreau et al., 1994).
Nicotine appears to target lymphatic organs such as the spleen, thymus, and lymph nodes
and has been shown to play a role in bacterial immunity (Andersson, 2005), increased IL6 production in spleen (Song et al., 1999), and T-cell maturation (Middlebrook et al.,
2002). Recent studies show a connection between cigarette smoke and the helper T-cell
(Th) driven Th1/Th2 division of immunity in which smoking promotes Th2 related
adaptive immunological responses (Zhang and Petro, 1996).
The molecular target of nicotine is a class of ligand-gated ion channels also
activated by the endogenous neurotransmitter acetylcholine (ACh) (Changeux, 2010). In
mammals, 17 subunits (α1– α7, α9, α10, β1– β4, γ, δ, ε) confer the expression of a
functional nicotinic acetylcholine receptor (nAChR) in cells (Changeux, 2010). A subset
of nAChRs have been discovered in immune cells (Kawashima and Fujii, 2003) however
to date a nicotinic activated current has not been detected in lymphocytes. Clearly
however a number of systems, including the neural immune “inflammatory reflex”,
depend upon the activity of nAChRs. For example, cytokine-producing macrophages in
the spleen contain α7 nAChRs, which regulate the activity of the vagus nerve (Rosas-
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Ballina et al., 2011). α7 nAChR agonists, including nicotine, appear to regulate cytokine
production in immune cells of the lung and spleen suggesting that nAChRs present a
possible new drug target for inflammatory disease.
α4 subunits are amongst the most common nAChRs contributing to the formation
of the high-affinity (α4β2) nicotine-binding site in cells (Changeux, 2010). In mice
lacking the α4 nAChR (α4-/-) nicotine binding appears to be all but abolished in several
organs (Marubio et al., 1999). α4 nAChRs are well expressed in immune cells including
T- and B-lymphocytes and have been implicated in regulating cytokine release as well as
antibody production (Skok et al., 2007). Indeed α4-/- mice have been found to exhibit
abnormalities in lymphocyte development and maturation (Skok et al., 2007). Because
exposure to nicotine appears to up-regulate α4 containing nAChRs in lymphocytes of
human smokers and in rodents (Cormier et al., 2004) we hypothesize an effect of nicotine
on immunity. In this study we show the existence of an α4 nAChR expressing population
of T-lymphocytes (α4+CD3+CD4+) in circulation, spleen, bone marrow, and thymus. We
demonstrate that nicotine enhances the number of α4+ T-cells in these immune organs
leading to a change in cytokine production and release. This mechanism is driven by α4
nAChR signaling via a G protein/CDC42 pathway in T-cells.

Materials and Methods
Animals
C57BL6 adult male mice were kept in 12-hour light/dark cycles. The generation
of α4 nAChR subunit knockout (α4-/-) mice was previously described (Ross et al., 2000).
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For all experiments, α4-/- mice were backcrossed to at least 10-12 generations. α4-/- and
wild-type (WT) mice were obtained from crossing heterozygote mice.

Isolation of the immune cell fraction
An immune cell fraction (ICF) from blood was obtained from the heart via
cardiac puncture (Hoff, 2000) and from the spleen and thymus through dissection
according to Institutional Animal Care and Use Committee (IACUC) regulations. Mice
were anesthetized using 5% isofluorane and the heart, thymus, and spleen were accessed
via an abdomen to sternum incision. For circulating heart blood (ICFC), a 1cc syringe
with a 25½ gauge needle was inserted into the left ventricle and blood was drawn to a
volume of 500 µl/mouse. Equal volumes of phosphate buffered saline (PBS) with 5mM
EDTA (PBSE) was added to the blood fraction as an anti-coagulant. Bone marrow
fractions (BMF) were obtained by removing the hind leg bones (femur and tibia) and an
opening was made to expose the bone marrow. The bone marrow was aspirated out using
0.075M KCl and then incubated at 37°C for 15 min prior to centrifugation at 800 x g to
collect the BMF. Tissue dissected from the spleen and thymus was weighed then
homogenized by manual trituration using a sterile Pasteur pipette. The supernatant was
centrifuged at 250 x g and the pellet resuspended in PBSE. Circulating, spleen, and
thymus ICF were isolated and pooled using Ficoll-Paque (GE Healthcare) per
manufacturer instructions.

Immune bead sorting assay
Immune cells were isolated using a magnetic bead method based on the protocols
of (Zhichao et al., 2000) with modification. For cell isolation, ICF was preincubated with
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10 µg rat monoclonal anti-α4 Ab (mAb299) (Whiting and Lindstrom, 1988), mouse
polyclonal anti-CD4 Ab (SC), or rabbit IgG Abs (Cell Signaling) in ice-cold PBS for 2
hours prior to the addition of a pre-cleared Protein-G Dynabead resin (Life Sciences).
Cells were incubated with the beads for 1 hour and then eluted from the bead matrix by
gentle mixing in a 5 µg/ml papain in PBS solution for 15min at room temp. Papain was
inactivated by the addition of RPMI culture media with 5% FBS followed by washing in
PBS and slow speed centrifugation (100 x g).

Fluorescence activated cell sorting
Fluorescence activated cell sorting (FACS) was conducted using a published
protocol (Yoder et al., 2008) with minor modifications. Briefly 1-2x106 immune cells
were pelleted, fixed and probed with 5 µg mAb299 and FITC conjugated CD4 (BD
Biosciences) for 30 minutes in the dark. Secondary staining was conducted using Dylight
488 (Pierce) for 30 min in the dark. Cells were washed with PBS then resuspended in a
1% paraformaldehyde fixative prior to analysis using a FACSCalibur (Becton
Dickinson).

Drug treatments
WT and α4-/- mice were given a sustained (6-day) regimen of 0.9% saline or
nicotine dissolved in 0.9% saline (0.1-1.5 mg/kg body weight) intraperitoneal injections.
Injections were normalized to equal volume solutions made fresh daily. Nicotine
concentrations were based on published studies on chronic drug associated behaviors
(Marubio et al., 2003) and immune effect (Davis et al., 2009). Unless otherwise noted,
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sustained nicotine treatment is a 6-day treatment. For cell culture experiments, CEMss
cells were exposed to nicotine, nicotine and DHβE, Mastoporan (MSP), or MSP and
nicotine as in (Amin et al., 2003; Nordman and Kabbani, 2012).

Immunocyctochemistry and Cell Counting
Cells derived from ICF and CEMss cells were fixed for 15 min at room temp
using a solution consisting of 1 x PEM (80 mM PIPES, 5 mM EGTA, and 1 mM MgCl2,
pH 6.8) containing 0.3 % glutaraldehyde. Cell were centrifuged at 1000 x g for 5 min
then washed with PBS. For Gprin1 staining, cells were permeabilized with 0.1% Triton
X-100 prior to glutaraldehyde quenching using 10 mg/ml sodium borohydride. Cells were
blocked in a 10mg/ml BSA + 10% goat serum solution. Immunostaining was carried out
using a mouse monoclonal CD3 Ab (SC), a mouse monoclonal anti-CD4 Ab (SC), a
mouse monoclonal CD133 Ab (eBioscience), a rat monoclonal anti-α4 Ab (mAb299)
(Whiting and Lindstrom, 1988), a rabbit polyclonal anti-CDC42 Ab (SC), a monoclonal
mouse anti-active-CDC42 (GTP-CDC42) (NewEast Biosciences), a rabbit polyclonal
anti-Gprin1 Ab (Abcam), a mouse monoclonal anti-β-Tubulin Ab (Cell Signaling), and
rhodamine phalloidin (Cell Signaling). Cells were incubated in anti-rat Dylight 488, antimouse Dylight 549, anti-rabbit Dylight 549, and anti-mouse AlexaFluor 647 secondary
Abs (ImmunoJackson-Research) and mounted in 0.212% n-Propyl gallate in 90%
glycerol and 10% PBS solution on glass coverslips. Immunostaining was visualized with
a Nikon Eclipse 80i confocal microscope fitted with a Nikon C1 CCD camera and a
Zeiss. Cell images were captured using an EZ-C1 (Nikon) and AxioVision (Zeiss)
software.
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For cell counts, viable cells were counted using a Trypan Blue (Thermo
Scientific) exclusion assay using a C-Chip hemocytometer (INCYTO) under phase
contrast. All cells counts were performed in triplicate and the data averaged for each
experiment.

Immunohistochemistry and analysis of spleen
Spleen extraction and histological preparation was preformed as described
(Lobato-Pascual et al., 2013). Briefly, adult mice were anesthetized using 5% isofluorane
and then perfused using 4% paraformaldehyde, pH 7.2. Spleens were dissected then
submerged in the paraformaldehyde solution for 24 hours before being transferred to 30%
sucrose. Spleens were embedded in 5% agarose and sectioned in the horizontal plane
into 40 µm slices using a vibrating blade microtome (Thermo Scientific).
For immunohistochemistry, spleen slices were permeabilized using 0.5% Triton
X-100 and quenched by 50 mM ammonium chloride for 30 min at room temp. Tissue
was blocked in 10% goat serum then probed with mAb299, a polyclonal anti-Gprin1 Ab
(Abcam), a monoclonal anti-CD4 Ab (SC), and a monoclonal anti-CD16 Ab (SC)
overnight at 4°C. Dylight secondary Abs (488 and 549) were used. Intact spleens were
mounted onto glass slides using the mounting media described above. White and red pulp
regions were distinguished by morphology within the intact spleen tissue and in RBC
enrichment using DIC.
Cell counts were conducted on fluorescently labeled sections. For total cell
counts, a total of 8 spleen sections were stained with the nucleus label DAPI and then
counted blindly by 200 µm2 area. Spleen cell counts are also normalized to total cells of
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spleen, which was obtained from hemocytometer analysis, relative to size of counting
area (200 µm2).

Immunoprecipitation and western blot
Membrane protein fractions were obtained after solubilization using a nondenaturing lysis buffer consisting of 1% Triton X-100, 137 mM NaCl, 2 mM EDTA, and
20 mM Tris HCl (pH 8) with protease (Complete) and phosphatase (Sigma) inhibitor
cocktails. This method has been previously found to enable sufficient solubilization of
the nAChR from cells and tissue for molecular analysis (Nordman and Kabbani, 2012).
For the detection of protein-protein interaction, immunoprecipitation (IP) using the
Protein G matrix (Invitrogen) was performed (Nordman and Kabbani, 2012). Briefly, the
IP Ab was bound to a pre-cleared Protein G Dynabead resin as per manufacturer
instructions (Invitrogen). Pure IgG was used to control for non-specific Ig interaction
with the Protein G resin. IP experiments were performed from ICF preparations at a
concentration of 100 µg/ml ICF proteins for Western blot analysis and 750 µg/ml ICF for
mass spectrometry analysis. Experiments were performed in triplicates to ensure a robust
result. The primary Abs used for IP and/or Western blotting are: mAb299; polyclonal α4
nAChR (SC; A-20); polyclonal β2 nAChR (SC; H-92); Gαo (SC); Gprin1 (Abcam);
CDC42 (SC); GTP-CDC42 (NewEast Biosciences); NFκB (SC), CD4 (SC); CD16 (SC).

Cell culture
CD3+CD4+ CEMss cells were obtained from Dr. Yuntao Wu (George Mason
University). Cells were grown in RPMI containing 10% fetal bovine serum (FBS) and
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1% penicillin-streptomycin (Pen-strep) antibiotic as per published protocols (Yoder et al.,
2008). For transfections, Human α4 in pcDNA3.1 (provided by Dr. Jerry Stitzel
(University of Colorado)), Gprin1 in pcDNA3.1 and Gprin1 siRNA in pRNAT H1.1
(provided by Dr. Law (University of Minnesota)) and CDC42 in pEGFP/pcDNA3
(provided by Dr. James Bramburg (Colorado State University)) were transfected using
Lipofectamine 2000 as described by the manufacturer (Invitrogen). Cells were
transfected with 1 µg/cm2 cDNA for α4, GFP-Gprin1, GFP-CDC42, and pcDNA3CDC42. Knockdown of Gprin1 was achieved by transfection with 200 pmol/cm2 of the
Gprin1 siRNA in pRNAT H1.1. An empty pEGFP-C1 or pcDNA vector (Addgene) was
used as a transfection control.

ELISA analysis of cytokine levels in plasma and cultured cells
An analysis of cytokines was performed in both plasma fraction of circulating
blood of mice or supernatant from cultured cells. For the collection of blood plasma, we
used the Ficoll-Paque separation method as described above. For the collection and
analysis of cytokines in cultured cells, CEMss cells were treated with nicotine or nicotine
and DHβE (for 0, 10, 30, 60, and 120 min) and then centrifuged at slow speed (300 x g)
for 5 min for supernatant collection. Cytokines were recovered using the Ultracel-3
membrane 3 kDa unit (Amicon). Detection and quantification of IL-6 was conducted
using the Rat-Bio ELISA Kit Rat IL-6 (R&D). Detection and quantification of Th1/Th2
cytokines was performed using the Th1/Th2 ELISA Ready-SET-Go! Kit (eBioscience)
per manufacturer’s instruction.
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Mass spectrometry
Liquid chromotagraphy-electro spray ionization (LC-ESI) mass spectrometry
(MS) analysis was conducted as described (Nordman and Kabbani, 2012). Select bands
were manually excised from coomassie-stained acrylamide gels and then eluted from the
gel matrix by alkylation with iodoacetamide and then extracted using trypsin in
ammonium bicarbonate. Samples were purified using ZipTips (Millipore) prior to MS
analysis using an LTQ-Orbitrap (Thermo). Tandem mass spectra collected by Xcalibur
(version2.0.2) were searched against the NCBI rat protein database using SEQUEST
(Bioworks software from ThermoFisher, version 3.3.1). The SEQUEST search results
were filtered using the following criteria: minimum X correlation (XC) of 1.9, 2.2, and
3.5 for 1+, 2+, and 3+ ions, respectively, and ΔCn > 0.1. The Protein Score (PS)
represents the XC where scores <0.1 were excluded from the analysis. It does not directly
reflect the quantity of the protein or peptides in the sample.

Statistical analysis
Statistical values were obtained using a Student’s t test or one-way ANOVA.
Asterisks indicate statistical significance in a Student’s t test, two tailed P value, *<0.05;
**<0.01; ***<0.001. Error bars indicate standard error of the mean (SEM). All
experiments were performed in triplicate and group averages are presented.
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RESULTS
Detection of α4 nAChR protein expression in immune cells
nAChRs have been identified in immune cells where they play an important role
in cholinergic control of immunity (Kawashima and Fujii, 2003; Skok et al., 2007). To
determine the expression of α4 nAChRs, we isolated α4-expressing cells (α4+) from
blood immune cell fractions (ICF) of mice. The ICF is composed primarily of
lymphocytes (~30%) and neutrophils (~50%) (Dhabhar et al., 1995). We developed an
immunobead cell-sorting assay (bead assay) (Zhichao et al., 2000) to isolate α4+ cells
from ICF (Fig. 27). The optimization of the bead assay for the detection of cell surface α4
subunits was performed in HEK293 cells that express α4β2 receptors (described in Fig.
27) (Sallette et al., 2005). Treatment of these cells with papain was found to be negligible
on cell number and nAChR expression (Fig. 28). Expression of α4 subunits was
confirmed in the α4+ fraction using western blot (Fig. 28A). Knockout mice lacking the
α4 subunit (α4-/-) were used as a control for the monoclonal anti-α4 Ab in the assay. A
re-probe of the same blot using an anti-β2 Ab shows expression of β2 within the α4+
fraction, consistent with the existence of α4β2 nAChRs in immune cells (Kawashima and
Fujii, 2003).
α4+ cells were also analyzed using LC-ESI MS (Fig. 29). A cluster of
differentiation (CD) system was used for immunophenotyping the α4+ cell fraction. A list
of CD markers within the α4+ fraction is presented in Table 8. A significant number of Tcell, B-cell, and macrophage cell markers were identified within the α4+ fraction
consistent with previous findings on α4 nAChR expression in various immune cells
(Kawashima and Fujii, 2003). In particular, a significant number of T-lymphocyte

135

markers were observed in the α4+ fraction including the helper T-cell marker
glycoproteins CD4, CD28, CCR4, and CXCR3. Expression of CD4 was confirmed in
α4+ cells derived from the bead assay using immunoblotting (Fig. 29A). Our findings
verify that a portion of α4+ cells also express CD4 (α4+CD4+) but CD4 can also be
expressed on macrophages and dendritic cells, therefore we probed the α4+ fraction with
a CD16 Ab to assess the level of macrophage, neutrophil, and NK cells. As shown in Fig.
29A, CD16 expression was lower than CD4 expression in the α4+ fraction suggesting
that the majority of α4 receptors are on T-cells.
Fluorescence activated cell sorting (FACS) and immunocytochemistry were used
to further characterize α4+ cells in ICF. Similar to previous studies (Darsow et al., 2005),
α4+ cells were isolated by FACS and found to constitute 3.9% of the total ICF (Fig.
29B). FACS experiments from α4-/- mice show a <0.1% detection of the Ab signal (Fig.
28C). FACS was also used to analyze α4+ cells isolated from the ICF using the bead
assay (Fig. 27). CD4+ cells accounted for 23.0% of the α4+ population (Fig. 29C)
consistent with earlier findings on CD4 expression (Fig. 29A). Cell suspensions of ICF
were stained with anti α4 nAChR, CD3, and CD4 Abs. As shown in Fig. 29D,
immunolabeling shows a noticeable portion of the ICF population cells expressing α4,
CD4, and CD3 proteins. Moreover, ~7.8% of CD3+ ICF population were found to coexpress α4 and CD4 proteins, confirming the existence of an α4 nAChR T-cell population
in blood. ICF from α4-/- did not show strong immunoreactivity to the α4 Ab in the
analysis (Fig. 29D) supporting the specificity of the mAb299 in the experiment.
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Table 8. Expression of immune cell proteins within α4+ cells in circulation. LCI-ESI MS was used to identify marker
proteins within α4+ cell derived from ICFC. (The “+” sign indicates the cell specificity of the marker protein). A protein score
(Materials and Methods) and the total number of peptides identified for each marker protein in the MS analysis is indicated.
Marker
T
B
Dendritic
Number of
Protein
Lymphocyte
NK
Lymphocyte Macrophage
Cell
Other
Protein Score Peptides
CD1d1
CD3
CD4
CD5
CD6
CD8
CD16
CD19
CD28
CD36
CD44
CD69 p60
CD74
CD84
CD96
CD97
CD209
CD300
CD320
CCR4

+
+++
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+++
+
+
+
+
+
+
+

+
+
+
+
+
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Fig. 27. An illustration of the magnetic IgG bead cell isolation method used for LC-ESI proteomic (Fig. 2628) and FACS analysis (Figs. 27 and 29) in the study. *A monoclonal anti-α4 (mAb299) was optimized for
cell sorting using Dynabead assay using HEK293 α4β2 cells (Sallette et al., 2005) for the isolation of α4+
cell fractions (data not shown). ** An analysis of papain digestion on the α4+ cell fraction is shown in Fig.
28. ***A monoclonal anti-α4 (mAb299) was optimized for FACS sorting of HEK293 α4β2 cells (Sallette
et al., 2005) and confirmed in α4-/- in Fig. 28.
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Fig. 28. An analysis of the effect of 5 µg/ml papain on nAChR expression and cellular viability. Papain
treated ICF were analyzed for (A) total a4 nAChR expression and (B) cell number. Papain treatment was
found to have little to no effect on receptor expression and cell number as compared to vehicle (PBS)
treatment. (C) FACS immunosorting of α4-/- cells from ICFC using mAb299. (D) Diagram of
immunocytochemical detection of α4 nAChR (green), CD4 (red), and CD3 (blue) within the ICFC from
Fig. 29D.
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(B) FACS immunosorting of α4+ cells from ICFC (n=3 mice). (C) The α4+ population from B was
separated using an anti-CD4+ Ab (n=3 mice). (D) Immunocytochemical detection of α4 nAChR (green),
CD4 (red), and CD3 (blue) within the ICFC. Fluorescent signals are overlaid on DIC images. The diagram
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Gprin1 IP experiments from ICFC. α4-/- ICF and IgG Abs were used as a negative control for the IP. MS
results are presented in Tables 9-10. Western blot confirmation of the interaction is shown in red boxes
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Characterization of an α4 nAChR signaling apparatus in immune cells
Receptors are components of large protein complexes (interactomes) underlying
the mechanisms of receptor signaling and regulation in cells (Kabbani et al., 2007). To
explore interactions of the α4 nAChR, we coupled co-immunoprecipitation and LC-ESI
MS (Nordman and Kabbani, 2012) to define α4 nAChR interacting proteins in immune
cells (Fig. 27). In these experiments, ICF from α4-/- mice were used as a negative control
for the immunoprecipitating anti-α4 nAChR Ab (mAb299). As shown in Fig. 29E, an
interaction network comprising G protein regulated-inducer of neurite outgrowth 1
(Gprin1), Gαo, the β2 nAChR subunit, and cell division control protein 42 (CDC42) was
detected within the immunoprecipitated α4 nAChR fraction from ICF. The shown gel
illustrates the position of protein bands co-immunoprecipitated with the α4 nAChR. The
identity of the proteins was confirmed using MS peptide analysis (Table 9) and western
blotting (Fig. 29E). Gprin1 and Gαo have been shown to bind nAChRs in neural cells
(Nordman and Kabbani, 2012) suggesting that the interactions are common to neural and
immune cells.

Table 9. α4 nAChR interacting proteins from circulating ICF. Proteins isolated
from an IP of the α4 nAChR using mAb299 (Fig. 27E). For each protein, a protein
score (Materials and Methods), and a unique number in the NCBI database is
presented.
Number of
Protein
Protein Score
Peptides
NCBI
α4

16.04

16

14149758

β2

10.06

9

9506485

Gαo

64.08

10

62643740

Gprin1

62.09

13

62663260

CDC42

6.07

4

62647125

NFκB

14.06

8

62644423
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Table 10. Gprin1 interacting proteins from circulating ICF. Proteins
coimmunoprecipitated in a Gprin1 IP (Fig. 27E). For each protein, a protein score
(Materials and Methods), and a unique number in the NCBI database is presented.
Number of
Protein
Protein Score
Peptides
NCBI
α4

24.06

20

14149758

α9

8.07

4

12621088

β2

10.06

5

9506485

β3

10.04

4

19424304

Gαo

16.08

16

62652225

Gprin1

14.08

33

62663260

CDC42

10.06

8

61889112

NFκB

12.06

6

62644423

Gprin1 is found to regulate the signaling and localization of opioid and nAChRs
(Ge et al., 2009; Nordman and Kabbani, 2012). We validated interactions between α4
nAChRs and Gprin1 in immune cells by immunoprecipitating Gprin1 from the ICF and
identifying the components of its interactome using the same proteomic approach. IgG
was used as a negative control for immunoprecipitation. Gprin1 Abs have been used by
us for immunoprecipitation studies (Nordman and Kabbani, 2012). As shown in Fig. 29E,
Gprin1 and α4 nAChRs share common binding partners in immune cells (Table 10).
Coexpression of α4 and Gprin1 was verified in CD4+ cells using an anti-CD4 bead assay.
An immunostaining of these cells with α4 and Gprin1 Abs demonstrates coexpression of
the proteins in immune cells and their colocalization at F-actin rich membrane domains
(Fig. 29F).

α4 nAChRs regulate CD4+ T-cell proliferation
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CD4+ cells play an important role in immune function by supporting the activity
of B-cells and macrophages (Itano and Jenkins, 2003). We assayed expression and
interaction of α4 nAChRs within ICF from circulating blood (ICFC), spleen (ICFS), and
thymus (ICFT). As shown in Fig. 30A, immunoreactivity for α4 nAChRs, CD4, and
Gprin1 was detected in all 3 fractions (ICFC/S/T). GAPDH was used as a loading control.
Studies indicate an effect of chronic nicotine on cytokine and Ab production (Skok et al.,
2007; Song et al., 1999). We examined the effects of a 6-day (sustained) nicotine
treatment (0.5-1.0 mg/kg) in mice. Nicotine injections were also performed in α4-/- mice.
A dose dependent increase in spleen and thymus weight was observed in response to
nicotine treatment in WT mice (Fig. 30B and Figs. 31-32). Nicotine did not dramatically
alter the size of the spleen or thymus in α4-/- mice, suggesting that α4 expression is
necessary for the effect.
Next we quantified cells in the ICFC/S/T. Consistent with its effect on organ size,
nicotine was found to increase cell number in a dose dependent manner at the tested
doses of 0.1-1.5 mg/kg body weight in the ICFC/S/T of mice (Fig. 30C, 31B and 32B). We
did not detect a change in cell number in α4-/- mice in response to nicotine (Fig. 32C). To
examine cell specific effects of nicotine, we analyzed the ICFS by FACS. Nicotine was
found to increase α4+ cells by 4.8%; α4+CD4+ cells by 7.1%; CD4+ cells by 5.1%; and
CD3+CD4+ cells by 1.9% (Fig. 30D). A similar analysis of ICFS from α4-/- mice
exposed to nicotine showed a negligible rise in CD4+ cells (0.4%) and CD3+CD4+ cells
(0.4%) (Fig. 30D) suggesting that α4 nAChRs contribute to nicotine mediated T-cell
proliferation.
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Fig. 30. Sustained nicotine promotes immune cell proliferation via the α4 nAChR. (A) Western blot
detection of α4, Gprin1, CD4, and GAPDH in the ICF. Each lane was loaded with 100 micrograms of
protein (n=3 mice). (B) Changes in spleen weight in WT and α4-/- mice injected with 0.5 or 1.0 mg/kg
nicotine daily for 6 days or vehicle (Saline) (n=3 mice for WT and α4-/-). (C) Total counted cells in ICFC
and ICFs of nicotine treated mice (n=3 mice/condition for WT and α4-/-). (D) FACS separation of the ICF
from nicotine and saline treated mice (n=3 mice/condition for WT and α4-/-). A bead assay was used to
isolate α4+ and CD3+ cells (red) prior to FACS analysis with an anti-CD4 Ab.
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α4 and Gprin1 expressing helper T-cells respond to nicotine
Studies show that nAChRs play a role in immune function in the spleen (Tracey,
2009). We have determined an expression of α4 nAChRs in immune cells of spleen,
thymus, and circulation (Fig. 30A). Next we immunohistochemically examined the
distribution of α4 nAChRs and Gprin1 in the spleen. Cells were also labeled with the Thelper cell marker CD4 or the macrophage, neutrophil, and NK marker CD16. The spleen
is divided into two main compartments: white pulp, which is abundant in T- and Blymphocytes, and red pulp, which is abundant in RBCs and macrophages (Barnhart and
Lusher, 1976). As shown in Fig 33A, Gprin1 immunolableing was seen in both red and
white pulp regions. α4+CD4+ expression on the other hand appeared localized to the
white pulp (Fig. 33A) consistent with the role of α4 nAChRs in T-cell function. A
quantitative assessment of the immunolabeling indicates that the majority of α4+CD4+
cells also express Gprin1 (Fig. 33A and 33C) and CD3 (data not shown). A subset of
CD16+ cells was also found to stain for Gprin1 (data not shown).
Human smoking is associated with spleen disorders such as extramedullary
hemaptopoiesis (Pandit et al., 2006) and splenomegaly (Kupfer, 1992). We explored the
effect of nicotine on T-cell proliferation in the spleen. As indicated in Figs. 33B and 33C,
nicotine was found to augment the percentage of α4+ (+4.4%) and CD4+ (+2.4%) cells in
the white pulp relative to total cell counts per the same 200 µm2 area. Nicotine was also
found to increase the ratio of α4+CD4+Gprin1+ cells in the spleen (+1.9%) (Fig. 33C).
This finding was confirmed in a staining of the ICFS which showed a 3% rise in the
α4+CD4+Gprin1+ cell population (Fig. 33D) in response to nicotine. Experiments in α4-
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/- mice show that nicotine only marginally increases CD4+ cell number (+1.1% (data not
shown)) underscoring the role of α4 nAChRs in the process.
T-cell proliferation is associated with changes in cytoskeletal signaling (Muller et
al., 2006). We explored the effect of nicotine on the localization of α4 nAChRs and
Gprin1 in CD4+ cells from the ICFS of nicotine treated mice. The specificity of the antiα4 Ab (mAb299) was tested in α4-/- mice (Fig. 29D-E and Fig. 33B). The specificity of
the anti-Gprin1 Ab in immunocytochemical analysis was tested in cultured T-cells that
showed a correlation between the Ab signal and Gprin1 expression in the cell (Fig. 34).
As shown in Fig. 33E, nicotine was found to alter the distribution of α4 nAChRs and
Gprin1 in CD4+ cells. In particular, nicotine promoted a translocation of Gprin1 from the
cytosol to the plasma membrane in dividing cells (Fig. 33E). In CD4+ cells of α4-/mice, nicotine did not alter Gprin1 expression.
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Fig. 33. Nicotine promotes proliferation of α4+CD4+Gprin1+ cells in the spleen. (A)
Immunohistochemical analysis of α4 nAChRs (green), Gprin1 (red), and CD4 (blue) in spleen (n=3 mice).
α4, Gprin1, CD16, and CD4 expressing cells were quantified in the WP and RP regions. Triple
immunolabeling (arrow) was seen in the WP. Scale bars: 50 µm; 5 µm (magnified image). (B) Images of
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the WP immunostained as in A. Spleens were obtained from WT and α4-/- mice injected with nicotine or
saline for 6 days. Arrows point to α4+CD4+Gprin1+ cells. Scale bar: 5 µm. (C) Percentage of cells
expressing α4, Gprin1, and CD4 in spleen from total per 200 µm2 area (n=3 mice/condition for WT and α4/-). (D) Quantification of α4 nAChRs (green), Gprin1 (red), and CD4 (blue) expression in cell suspension
of the ICFs from WT and α4-/- mice treated with nicotine or saline (n=3 mice/condition for WT and α4-/-).
Fluorescent signals are overlaid over DIC image. Scale bar: 10 µm. (E) Localization of α4 nAChR (green),
Gprin1 (red), and CD4 (blue) in cells (same as D). Inset shows colocalization of α4 and Gprin1 in CD4+
cells. Nicotine was found to promote α4 and Gprin1 expression at the cell surface and periphery (arrow).
Scale bar: 1 µm.
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Fig. 34. Genetic regulation of Gprin1 and CDC42 expression in cells. (A) Western blot detection of
endogenous Gprin1 and CDC42 in CEMss cells. Cells were transiently transfected with the indicated
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pcDNA3.1/siRNA transfected cells as a percent of control. Scale bar: 1 µm.
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Nicotine promotes proliferation of α4+/Gprin1+/CD4+ cells in the bone marrow
To determine the effect of nicotine on T-cell proliferation in the bone marrow,
mice were injected with nicotine (0.5 and 1.0 mg/kg) for 6 days. Consistent with its
effects in the ICFC/S/T, nicotine also increased the total number of cells in the bone
marrow fraction (BMF) (Fig. 35A). Since smoking has been shown to influence
hematopoiesis (Chang et al., 2010; Pandit et al., 2006), the BMF was immunolabeled for
α4, Gprin1, CD4, and the hematopoietic stem cell marker CD133 (Yin et al., 1997). As
shown in Fig. 35B-C, α4+ cells in the BMF were found to express CD4+ or CD133+
proteins. Most α4+ cells were also immunoreactive for the anti-Gprin1 Ab (Fig. 35B-C),
which was detected throughout the BMF (data not shown). Treatment with nicotine was
found to increase the number of α4+Gprin1+ cells in the BMF but this effect was not
found to be statistically significant (saline: 25% of total (±4%); 0.5 mg/kg nicotine: 27%
of total (± 4%), p=0.54; 1.0 mg/kg nicotine: 31% (±3%), p=0.23). Consistent with
findings in the spleen (Fig. 33C), nicotine was found to significantly enhance the number
of α4+Gprin1+CD4+ cells and in a dose-dependent manner (Fig. 35C-D). In contrast,
nicotine treatment was found to decrease the overall number of α4+Gprin1+CD133+
cells in the BMF, suggesting that nicotine may promote stem cell proliferation.
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Fig. 35. Nicotine promotes proliferation of α4+CD4+Gprin1+ cells and differentiation of
α4+CD133+Gprin1+ cells in the bone marrow. (A) Total counted cells in BMF of nicotine treated mice
(n=3 mice/condition for WT and α4-/-). (B) Localization of α4 nAChR (blue) and Gprin1 (green) in
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marrow (n=3 mice/condition for WT and α4-/-). (D) A comparison of CD4+ vs. CD133+ expression in
α4/Gprin1 expressing cells.
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α4 nAChRs signal via CDC42 in T-cells
While nAChRs are known to play an important role in immune function (Tracey,
2009), little is known about their intracellular signaling in immune cells. We utilized a
human T4-lymphoblastoid cell line, CEMss (CD3+CD4+) to elucidate α4 nAChR
signaling in T-cells (Yoder et al., 2008). This T-cell line also endogenously expresses α4
and β2 nAChRs as well as Gprin1 (Fig. 36A), enabling the study of this pathway
endogenously. An IP of the α4 nAChR validated interaction between the α4β2 nAChR
and Gprin1 (Fig. 36A). Nicotine and ACh are mitogenic agents in some immune cells
(Hawkins et al., 2002). Similar to our observations on CD4+ cells in vivo (Fig. 30), we
found that nicotine significantly promotes proliferation of CEMss cells. As shown in Fig.
36B, nicotine treatment was associated with a dose dependent increase in T-cell number
which was abolished by the α4β2 nAChR specific-antagonist dihydro-β-erythroidine
(DHβE).
CDC42, a Rho GTPase, can mediate actin polymerization leading to changes in
cytokine release and T-cell division (Guo et al., 2010). Gαo and Gprin1 have been shown
to regulate CDC42 activity in neural cells (Nakata and Kozasa, 2005) while Gαo is found
to also regulate CDC42 in T-cells (Garcia-Bernal et al., 2011). Based on the discovery of
an interaction between α4 nAChRs, Gprin1, Gαo, and CDC42 (Fig. 29E), we hypothesize
that α4 nAChRs operate via a Gprin1 pathway to regulate CDC42 in T-cells. To test this,
CEMss cells were transiently transfected with Gprin1 (pcDNA3.1), Gprin1 RNAi
(pRNAT H1.1), or CDC42 (pEGFP) expression vectors. Preliminary studies show that
transfection of these cells with constructs encoding Gprin1 and CDC42 increases their
respective protein levels by 108% and 94%. Transfection with Gprin1 siRNA reduces
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Gprin1 protein expression by 87% (Fig. 34). As shown in Fig. 36C, nicotine had little or
no effect on T-cell proliferation in cells overexpressing Gprin1 or CDC42. In contrast, Tcell proliferation was significantly enhanced following transfection with Gprin1 siRNA
and nicotine treatment. Indeed even in the absence of nicotine, Gprin1 siRNA was found
to increase T-cell number by 52% (data not shown). Involvement of Gαo was established
by examining the effects of the Gαo activator mastopran (MSP) on nicotine treatment
(Yamauchi et al., 2000). As shown in Fig. 36C, nicotine did not effect T-cell proliferation
in the presence of MSP, confirming a role for Gαo in the pathway. These results suggest
that Gprin1 inhibits (nicotine-mediated) T-cell proliferation, possibly via the negative
regulation of CDC42.
T-cell proliferation and cytokine release are mediated by GTP activation of
CDC42 (Su et al., 2005). Using an Ab selective for CDC42 in the GTP bound state
(GTP-CDC42) we determined the effect of nicotine on CDC42. CDC42 was found in Tcells and appeared to colocalize with Gprin1 in actin rich domains (Fig. 36D). We found
a dose-dependent reduction in GTP-CDC42 expression following nicotine treatment (Fig.
36E), and detected an effect at levels below its EC50, suggesting that low levels achieved
by smokers (<1 uM) (Russell et al., 1980) contribute to immunity. The effect of nicotine
was abolished by DHβE confirming the role of α4β2 nAChRs in CDC42 activation. A
similar effect of nicotine on CDC42 was observed in vivo. GTP-CDC42 expression was
significantly reduced in ICFs of mice treated with nicotine while a small increase in GTPCDC42 levels was observed in nicotine treated α4-/- mice (Fig. 36F). Total CDC42 levels
appeared unaltered (data not shown).
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The involvement of Gprin1 in the activation of CDC42 was also tested. As shown
in Fig. 36G, a knockdown of Gprin1 protein expression (via siRNA) was found to
decrease CDC42 activation (-90% GTP-CDC42 levels) in the cell. In T-cells with
reduced Gprin1, nicotine did not affect GTP-CDC42 levels suggesting that Gprin1 is
necessary for nicotine mediated CDC42 regulation. This is consistent with results
showing that the overexpression of CDC42 in the cell is sufficient to override the effects
of Gprin1 siRNA on GTP-CDC42 levels (Fig. 36G) and indicate that CDC42 is regulated
downstream of Gprin1 in the pathway. Taken together, the data presents a new
mechanism of α4 nAChR signaling in T-cells involving Gprin1 modulation of CDC42.
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Nicotine promotes Th2 immunity via the α4 nAChR
Helper T-cells play an important role in mediating the immune response via the
distinct actions of Th1 and Th2 cell types (Cocks et al., 1995). A change in the Th1/Th2
ratio has been examined via detection of cell surface markers such as the chemokine
receptors CXCR3 and CCR4 as well as the release of specific cytokines (Cocks et al.,
1995). Nicotine has previously been found to promote a Th2 immune response in CD4 Tcells (Zhang and Petro, 1996). We examined the role of α4 nAChRs in the nicotineassociated immune response of T-cells. As shown in Fig. 37, a significant increase in the
level of Th2 cytokines (IL-4, IL-6 and IL-10) was detected in mice treated with nicotine
for 6 days. In comparison, nicotine had little effect on Th1 cytokine (IFN-γ or IL-2)
levels (Fig. 37). Because cytokine levels did not change in α4-/- mice following sustained
nicotine treatment, we presume the α4 nAChR to be necessary for these Th2 responses.
We assessed cytokine release in cultured T-cells. CEMss cells were treated with
nicotine (0-120 min) and then analyzed for IFN-γ, IL-2, IL-4, IL-6 and IL-10 release. As
shown in Fig. 37, nicotine treatment significantly increased Th2 cytokine release from Tcells but failed to do so in the presence of DHβE (which was also found to decrease IL-4
release from the cell). We also found that nicotine attenuated the levels of the Th1
cytokine IFN-γ released from T-cells and this effect was also abolished by DHβE (Fig.
37). IL-2 release however appeared unaffected by nicotine treatment suggesting that α4
nAChRs regulate the release of Th2 cytokines from T-cells.
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An α4 nAChR signaling mechanism for IL-6 release from T-cells
IL-6 has been shown to promote a Th2 response via activation of immature helper
T-cells (Diehl and Rincon, 2002). We hypothesize that α4 nAChRs regulate IL-6 release
via the Gprin1/CDC42 pathway. To test this, we examined the effects of Gprin1 and
CDC42 overexpression as well as Gprin1 knockdown on IL-6 release after nicotine
treatment. As shown in Fig. 38A, nicotine was found to increase IL-6 release from Tcells consistent with earlier reports (Kondo et al., 2010) and our observations in vivo (Fig.
37). In response to nicotine, cells transfected with cDNA for Gprin1 or CDC42 did not
present an increase in IL-6 release compared to controls, while cells transfected with
Gprin1 siRNA appeared to release more IL-6 suggesting that Gprin1 inhibits cytokine
production/release in the presence of nicotine.
To determine if the synthesis of IL-6 was affected, immunoblot analysis of total
IL-6 expression in T-cells was performed. As shown in Fig. 38B, IL-6 production
increased in response to nicotine consistent with data on IL-6 release. In cells transfected
with Gprin1 siRNA, IL-6 levels also increased revealing an effect of Gprin1 on cytokine
production as well as release. Transfection of cells with Gprin1 or CDC42 cDNA as well
as treatment with nicotine in the presence of DHβE appeared to decrease IL-6 production
(Fig. 38B) as it did for release. These results demonstrate that IL-6 production and release
are coupled in T-cells and that α4 nAChR signaling via Gprin1 and CDC42 regulates
cytokine production and release. In particular, Gprin1 and CDC42 appear to block the
production and release of IL-6 from T-cells.
We imaged CEMss cells for IL-6 expression in the presence and absence of
nicotine. As expected, nicotine was found to augment the expression of IL-6 (+31.1%) in
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T-cells (Fig. 38C-D). Specifically nicotine was found to enhance IL-6 expression in
vesicle-like structures, and promote its localization at tubulin and actin rich regions of the
plasma membrane (Fig. 38C), suggestive of enhanced released. Nicotine mediated IL-6
expression was diminished by the addition of DHβE resulting in a decrease in the
immunofluorescence and western blot signal of IL-6 in T-cells (Fig. 38B-D). Cell image
data strongly corroborates biochemical findings in these studies highlighting a role for α4
nAChR in IL-6 localization and possible release. Lastly, involvement of Gprin1 in α4
nAChR signaling was established by the findings that Gprin1 overexpression diminishes
the number of IL-6 expressing cells (-9.5%) and IL-6 fluorescence within vesicle like
structures (-14.8%), even in the presence of nicotine (Fig. 38C-D).
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Discussion
The immune system functions to modulate inflammation and stress response
throughout the body (Rius et al., 2008). The contributions of nAChRs to immunity have
emerged well after the discovery of nAChR expression in immune cells over 30 years ago
(Lennon, 1976). In this study we show that nicotine promotes CD4+ T-cell function via
the α4 nAChR. Although cigarette smoke contains more than just nicotine, the observed
effects of nicotine in this study advocate an important role for this substance on T-cell
driven immunity (Sopori, 2002). α4 nAChRs may thus play a central role in the actions of
nicotine on T-cells and inflammation leading to an increased susceptibility to immune
diseases such as Crohn’s disease and rheumatoid arthritis (Sopori, 2002). Interestingly,
these same receptors may also contribute to the protective effects of nicotine in
conditions such as ulcerative colitis and Parkinson’s disease (Guslandi, 1999; Quik et al.,
2012).

Nicotine promotes Th2 immunity via the α4 nAChR
The lack of electrophysiological data on nAChR function in immune cells has
stymied explanations on their contributions to immunity. Signaling through α7 nAChRs
has been found to attenuate the production of cytokines, such as TNF-α, in monocytes
and macrophages contributing to the parasympathetic response of the hypothalamic
pituitary axis (Rosas-Ballina et al., 2011). This response can activate a subset of ACh
producing T-cells within the white pulp region of the spleen (Rosas-Ballina et al., 2011),
an area we find to be strong in α4 and Gprin1 protein expression. By operating through a
Gprin1/CDC42 signaling pathway, α4 nAChRs are implicated in T-cell proliferation and
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cytokine production. In the bone marrow, nicotine is found to alter stem cell number,
suggestive of a role for nicotine in hematopoiesis within α4 expressing cells. Whether the
opening of the nAChR channel is necessary for the actions of nicotine in the immune
system is still enigmatic. Our experiments suggest that at minimum nicotine can foster an
enhanced nAChR response via the pharmacological chaperoning of the receptor in Tcells and the activation of the Gprin1/CDC42 pathway resulting in cell proliferation and
IL-6 release. Because the effects of nicotine on T-cell proliferation and cytokine release
were not detected in α4-/- mice, our findings underscore the role for the α4 subunit in the
immune response but cannot dismiss the contributions of other nAChRs including β2.
In one scenario, it is possible that IL-6 release is intimately associated with the
release of additional Th2 cytokines from T-cells, shifting the immune response into Th2
immunity (Diehl and Rincon, 2002). Studies have shown that IL-4 production promotes
IL-6 release via a similar Rac/CDC42 pathway in keratinocytes (Wery-Zennaro et al.,
2000), consistent with our observations on the release time course of the two cytokines in
T-cells. Th2 immunological responses are associated with adaptive immunity and
increases in IgE antibody production (Ujike et al., 2002). If nicotine is indeed found to
trigger Th2 immunity in humans, our study may begin to explain the molecular
connection between cigarette smoke and autoimmune disease as supported by
epidemiological evidence (Costenbader et al., 2006). For example, since both nicotine
smoke and enhanced IL-6 production are shown to increase the symptoms of autoimmune
diseases such as myasthenia gravis (MG) and Crohn’s disease (Aricha et al., 2011;
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Maniaol et al., 2013), it is interesting to consider that nicotine can directly promote IL-6
production in T-cells via the α4 nAChR.

Interaction with Gprin1 mediates α4 nAChR signaling in T-cells
Cytokines released from T-lymphocytes undergo at least four regulatory
checkpoints: differentiation, transcription, translation, and secretion (Cohen et al., 1974).
In particular, cytokines secreted by activated CD4+ T-cells appear to exit the cell via
remodeling of the cytoskeleton (Yoder et al., 2008). Our experiments in cultured T-cells
likely only address the later points. As shown in Fig. 39, our data demonstrates that
nicotine, operating through an α4 nAChR/Gprin1/CDC42 pathway, can promote the
formation of budding cytokine-containing vesicles via actions on the cytoskeleton,
suggestive of cytokine release. This process appears dependent on the function of the α4
nAChR and the Gαo and Gprin1 protein complex, which can regulate the activity of
CDC42. A similar Gαo/Gprin1 mechanism of CDC42 regulation exists in neural cells and
regulates neurite formation (Nakata and Kozasa, 2005; Nordman et al., 2013). Inhibition
of CDC42 in T-cells is found to regulate the polymerization of actin to f-actin (Yoder et
al., 2008), leading to changes in (IL-6) cytokine vesicle loading and release. This is in
agreement with earlier finding that CDC42 regulates the concentration and secretion of
vesicles containing a similar cytokine (IFN-γ) in T-cells (Chemin et al., 2012).
In addition, CDC42 may also contribute to cytokine production via NFκB (Hobert et al.,
2002). Recent studies show that NFκB is regulated by β2 containing nAChRs in immune
cells (Hao et al., 2013). Based on our findings of an interaction between NFκB and the α4
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nAChR interactome (Fig. 29E), it is plausible that NFκB also operates in the nicotine
driven α4 nAChR pathway underlying T-cell function.
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