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Nicotinic  acetylcholine  receptors  (nAChRs)  are  a  major  class  of  ligand-gated  ion

channels  in  the  brain,  with  the  α7 subtype  of  nAChRs playing  an  important  role  in

attention,  working  memory  and  synaptic  plasticity.   Alterations in  expression  of  α7

nAChRs are observed in neurological disorders including schizophrenia and Alzheimer’s

disease.  Therefore, understanding the fundamentals of how  α7 nAChRs are regulated

will  increase  our  comprehension  of  how α7 nAChRs  influence  neuronal  excitability,

cognition and the pathophysiology of various neurological disorders.  The purpose of this

thesis was to investigate how protein kinases modulate the function and trafficking of α7

nAChRs in CNS neurons.

In chapter 2, I describe a novel fast agonist applicator that I developed to reliably

elicit α7 nAChR currents in both brain slices and cultured cells.  In chapter 3, I examined

whether  an immune protein in  the brain,  the T-cell  receptor  (TCR), can modulate  α7

nAChR activity.  Activation of TCRs decreased α7 nAChR whole-cell recorded currents

from layer  1  prefrontal  cortical  (PFC) neurons.   TCR attenuated  α7 nAChR currents

through the activation of Fyn and Lck tyrosine kinases, which targeted tyrosine 442 in the

M3-M4 cytoplasmic  loop of α7.   The mechanisms of the attenuated  α7 current  were
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contributed  by  a  TCR  mediated  decrease  in  surface  receptor  expression  and  an

attenuation of the α7 single-channel conductance.   TCR stimulation also resulted in a

decrease in neuronal excitability by negatively modulating α7 activity.

In chapter 4, I tested whether PKA can modulate α7 nAChR function in CNS

neurons.  The pharmacological agents PKA agonist 8-Br-cAMP and PKA inhibitor KT-

5720, as well  as over-expressing dominant negative PKA and the catalytic  subunit  of

PKA, demonstrated that activation of PKA leads to a reduction of α7 nAChR currents in

HEK 293T cells and layer 1 cortical interneurons.  Serine 365 of the M3-M4 cytoplasmic

domain of α7 was necessary for the PKA modulation of α7.  The mechanism of down-

regulation in α7 receptor function was due to decreased surface receptor expression but

not alterations in single-channel conductance nor gating kinetics.

The results of this thesis demonstrate that α7 nAChRs constitute a major substrate

for modulation via TCR activated tyrosine kinases and the cyclic AMP/PKA pathway. 
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Chapter 1 - Introduction

1.1  Overview and rationale

Neurons  communicate  with  each  other  through  the  release  of  neurotransmitters  at

chemical  synapses.   The  first  neurotransmitter  discovered  was  acetylcholine  by  Otto

Loewi,  who called  it  “vagusstoff”  since  the  discovery  was  made from a  preparation

involving  the  vagus  nerve  and  the  heart  (Loewi,  1924).   Acetylcholine  forms  the

endogenous  ligand  for  nicotinic  acetylcholine  receptors  (nAChRs).   These  receptors

belong to the family of ligand-gated ion channels and play an important role in learning

and memory (Couey et al., 2007; Dani and Bertrand, 2007; Ge and Dani, 2005; McGehee

and Role, 1995).   Neuronal nicotinic receptors are expressed at the pre- or postsynaptic

sites of neurons in the central nervous and peripheral nervous system (CNS and PNS)

(Bibevski  et  al.,  2000;  Flores  et  al.,  1996;  Jones  and  Yakel,  1997;  Mansvelder  and

McGehee,  2002;  Pidoplichko  et  al.,  2013).   Nicotinic  receptor  activation  at  the

presynaptic terminals of neurons facilitates neurotransmitter release (Lambe et al., 2003;

Mansvelder and McGehee, 2000), whereas postsynaptic receptor activation depolarizes

the membrane potential to increase the frequency of action potential firing (Frazier et al.,

2003; Ge and Dani, 2005; Pidoplichko et al., 2013).  Thus, regulation of nAChR function

can  modify  the  strength  of  chemically  mediated  neurotransmission  and  neuronal

excitability.  Post-translational modification by protein phosphorylation of ion channels

including nAChRs is a common mechanism for the regulation of receptor function (Chen

et  al.,  2004;  Esteban et  al.,  2003;  Swope et  al.,  1992).  Protein  kinases  catalyse  the

transfer of a highly charged phosphate moiety from adenosine triphosphate (ATP) to a
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serine, threonine or tyrosine residues of target proteins, thereby altering the charge of

those residues, which may potentially  alter  the conformation or function of the target

protein.   Phosphorylation  of  target  proteins,  including  neurotransmitter  receptors,  is

reversible,  and  may  result  in  changes  in  the  receptor  function  thereby  affecting  the

strength of synaptic transmission.  There is a diverse set of neuronal nAChR subtypes,

each with their unique pharmacological and biophysical properties.  For vertebrates there

exist 12 different neuronal nAChR subunits (α2-α10, β2-β4), which may combine to form

either  heteropentamers  or  homopentamers.   α4β2 containing  nAChRs form the major

heteromeric  nAChR subtype  in  the  brain.   The  major  homomeric  neuronal  nicotinic

receptor subtype is the α7 nAChR which is unique among the nicotinic receptor family,

owing to a high Ca2+ permeability of the ion-channel  (Berg and Conroy, 2002; Dajas-

Bailador  et  al.,  2002a;  Wallace  and  Porter,  2011).   These  receptors  are  multimeric

proteins  composed of  homologous  subunits.   Each subunit  spans  the  membrane  four

times and contains a large cytoplasmic loop that includes many regulatory motifs like

consensus sites  for  protein phosphorylation.   The best  characterized  group of protein

kinases are serine-threonine kinases and tyrosine kinases  (Kalia et al., 2004; Wagner et

al., 1991).  These kinases exhibit a widespread distribution in the brain and are highly

expressed in neurons  (Hirano et al.,  1988; Naira et al.,  1985).  Thus, α7 nAChRs are

likely  to  be  phosphorylated  and  functionally  modulated  by  these  protein  kinases  in

neurons.  

In the mammalian brain, α7 nAChRs are widely expressed in the prefrontal cortex

(PFC)  (Dickinson et al.,  2008; Parikh et al.,  2010; Thomsen et al.,  2010; Yang et al.,

2013), a brain region where these receptors are implicated in cognitive function and in
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the  pathophysiology  of  neurodegenerative  diseases  like  schizophrenia  (Martin  and

Freedman,  2007;  Severance  and  Yolken,  2008).   In  the  PFC  α7  nAChR  activation

promotes the release of neurotransmitters like acetylcholine and dopamine suggesting the

involvement of cholinergic and dopaminergic pathways in the modulation of PFC circuits

(Livingstone  et  al.,  2009; Thomsen et  al.,  2010).   Postsynaptic  α7 mediated  nicotinic

currents have also been reliably recorded from the majority of layer 1 interneurons of the

neocortex (Christophe et al., 2002).  

These receptors play a role in higher brain function including enhanced learning

and cognition  (Bloem et al., 2014; Lendvai et al., 2013; Russo and Taly, 2012; Yang et

al., 2013; Young et al., 2007a).  α7 nAChR specific agonists improve attention deficits in

patients with schizophrenia  (AhnAllen, 2012).   Altered function and expression of α7

nAChRs  are  also  observed  in  other  neurobiological  diseases  such  as  Alzheimer's,

Parkinson  and  autism (Russo  and  Taly,  2012;  Wang  et  al.,  2000).   Therefore,  post-

translational modification of α7 nAChRs by phosphorylation through protein kinases may

serve an important role in normal neurobiological function.  

A large number of immune proteins have been shown to be expressed in the brain

(Boulanger, 2009).   One of these proteins,  in  particular, the T cell  receptor  (TCR) is

highly expressed throughout the cerebral cortex (Syken and Shatz, 2003).  T cell receptor

receptors  (TCRs) are  expressed  on T lymphocytes  where  they  play  a  critical  role  in

adaptive  immunity  (Germain,  2001).   Once  activated  T  cell  receptors  signal

intracellularly  through the activation  of Src family  of tyrosine kinases  (Brownlie  and

Zamoyska,  2013).  Therefore,  I hypothesized that in addition to an immune function,

TCRs may have a neuronal function, which may include the downstream phosphorylation
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and modification of neuronal proteins including α7 nAChRs.      In this thesis I examined

how T cell  receptors  can  modulate  α7  nAChR activity  and  in  turn  modify  neuronal

excitability.  I also examined how cAMP-dependent protein kinase (PKA) activation can

regulate α7 nAChR function.

1.2  Research objective and hypothesis

1.2.1  Research objective

A variety of biochemical  studies show that  the M3-M4 cytoplasmic loop of nicotinic

receptors  is  directly  phosphorylated  at  key  amino  acid  residues  namely,  serine  (S),

threonine (T) and tyrosine (Y) by a range of protein kinases (Séguéla et al., 1993) (Swope

et  al.,  1992).   These  sites  are  commonly  referred  to  as  consensus  sequence

phosphorylation  sites  (Pearson  and  Kemp,  1991).   These  protein  kinase  recognition

motifs in the major cytoplasmic loop play an important role in the regulation of nicotinic

receptors.  The  large  cytoplasmic  segment  of  the  α7  nicotinic  receptor  contains  the

consensus sequences for putative phosphorylation sites for the following major protein

kinases:  protein kinase A, Src tyrosine kinase,  casein kinase and calcium/calmodulin-

dependent kinase.  In this study, from the plethora of protein kinases being expressed in

the brain, we concentrated on two specific families of protein kinases, namely protein

kinase A and Src family of tyrosine kinases.  In the first part of this study, we examined

how Src  family  tyrosine  kinase  activation  via  T cell  receptor  stimulation  affects  α7

nicotinic receptor function and neuronal excitability.  In the latter part we explored the

impact of second messenger, 8-Br-cAMP mediated activation of PKA and its modulation

on  α7 nicotinic receptor function.  The main rationale for brain slice electrophysiology
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from layer 1 interneurons of the prefrontal and frontal cortices are that the cerebral cortex

shows abundant expression of functional α7 nicotinic receptors in the majority of neurons

in layer 1 which are mostly inhibitory neurons (Christophe et al., 2002).  Furthermore, in

the brain T cell receptors are found exclusively in the cerebral cortex (Syken and Shatz,

2003) while PKA is found ubiquitously in all the cells.  In order to examine α7 nicotinic

currents, I developed a novel and high performance rapid agonist application system that

is flexible enough to elicit nicotinic currents in both cultured cell lines and brain slices.    

1.2.2  Hypothesis and specific aims

I hypothesize that TCRs by stimulating Src family kinases and PKA enzymes directly

phosphorylate  distinct  amino  acid  residues  in  the  M3–M4  cytoplasmic  loop  of  α7

nicotinic receptors, in order to modulate receptor activity and ultimately modify neuronal

excitability in the CNS.  

My specific aims are as follows:

1)  To examine whether T cell receptor activation modulates the function and trafficking

of α7 nAChRs in CNS neurons.

2) Likewise, we determined whether PKA affects the function, expression and trafficking

of α7 nAChRs in CNS neurons.

1.3  Background

1.3.1  Nicotinic acetylcholine receptors 

The cholinergic  neurons of  the central  nervous system produces the neurotransmitter,

acetylcholine  (ACh)  (Karczmar,  1993).   ACh  binds  to  two  types  of  acetylcholine

receptors in the brain, the G protein coupled muscarinic acetylcholine receptors and the
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ionotropic  nicotinic  acetylcholine  receptors  (nAChRs),  which  are  ligand-gated  ion

channels (Dani and Bertrand, 2007).  Acetylcholine (ACh) is produced by the enzyme

choline  acetyltransferase  (ChAT) from the substrates  choline  and acetyl-coenzyme A.

The  excess  ACh  in  the  cholinergic  synaptic  cleft  is  hydrolyzed  into  choline  and

acetylcoA,  by  the  enzyme acetylcholinesterase.   The  byproduct  choline  can  uniquely

activate only the α7 nAChR subtype in the CNS (Alkondon et al., 1997).  In addition to

binding  to  the  endogenous  ligand  ACh,  nAChRs  also  bind  to  the  exogenous  ligand

nicotine, the alkaloid found in tobacco (Picciotto, 1998).  Nicotinic receptors belong to

the cys-loop super family of ligand-gated ion channels (Dani, 2001), because all families

of subunits contain in their amino-terminal region a unique pair of disulphide-bonded

cysteines.  Other members of the cys-loop family of ligand-gated ion channels include 5-

hydroxytryptamine type 3 (5-HT3), γ-aminobutyric acid type A (GABAA) and glycine

receptors.  Nicotinic receptors form non-selective cation channels, where binding of ACh

or nicotine causes a conformational change resulting in the flux of Na+, K+ and Ca2+ down

their electrochemical gradients (Dani and Bertrand, 2007).  Since nicotinic receptors can

flux intracellular calcium, which functions as an important second messenger, nAChR

activation can stimulate a number of signal transduction cascades.  These may influence

nicotinic  receptor function and subcellular distribution  (Fayuk and Yakel, 2005; Fucile,

2004; Gotti and Clementi, 2004).  

1.3.1.1  Nicotinic receptor structure

Nicotinic  acetylcholine  receptors  represent  a  large  and  well-characterized  family  of

ligand-gated  ion  channels  that  are  expressed  throughout  the  central  and  peripheral

nervous system.  They are also found in non-neuronal cells (Dani, 2001).  nAChRs can be
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classified  broadly  into  two  main  categories:  muscle  or  neuronal  nAChRs.  Muscle

nAChRs are expressed primarily in skeletal neuromuscular junctions and are composed

of the α1, β1,  δ,  and ε  or  γ  subunits  (Huganir, 1987).   In contrast,  in the vertebrate

nervous system there are 12 different neuronal nicotinic receptor subunits including α2-

α10 and β2-β4 (Lindstrom, 1996).  As already mentioned, all nicotinic receptor subunits

contain the signature cys-loop structure, which consists of a cys-cys disulphide bond to a

loop of  the extracellular  N-terminal  region that  is  situated  close to  the outer  cellular

membrane of the cell.  Not to be confused with the cys-loop, another disulphide bonded

pair of cysteines located in the N-terminal extracellular region of the receptor, known as

the double cys is essential for agonist binding.  On the contrary β subunits, which lack the

double cys structure of adjacent cysteine residues, must combine with α subunits to form

functional receptors.  α2-α6 combine with β subunits to form heteromeric channels.  α7

subunits  form homomeric  receptors,  while α9 combine with α10 to form heteromeric

receptors not requiring a β subunit.   A combination of five receptor subunits forms a

functional ion-channel.  Early structural information on nAChRs was derived from cryo-

electronmicroscopy studies of Torpedo muscle nAChR which revealed the dimensions

and shape of the molecule, the location of the ligand-binding sites, and the organization

of  the  ion  channel (Unwin,  1995).  Each  nAChR  gene  encodes  a  protein  subunit

consisting of a ~ 200 residue extracellular N-terminus which forms the ligand binding

domain,  four  transmembrane  segments  (M1-M4),  a  variable  long  cytoplasmic

intracellular loop (~83 to ~265 residues) between M3 and M4, and a short (2-22 residues)

extracellular  C-terminus  (Corringer  et  al.,  2000)  (Fig.  1.1).   The  M2 transmembrane

segment of all five subunits forms the conducting pore of the channel, with regions in the
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M1-M2 intracellular loop and key residues in M2 contributing to ion selectivity (Bertrand

et al., 1993; Tapia et al., 2007).  The subunit composition of each channel determines its

electrophysiological properties, cation selectivity and pharmacological profile of agonist

and antagonist binding affinities (Corringer et al., 2000; McGehee and Role, 1995).  The

majority of neuronal nicotinic receptor subtypes fall into two major categories:  receptors

that bind nicotine with high affinity (nM concentrations); and those that bind with lower

affinity (μM concentrations).  Most of the nAChRs in the CNS, which have high affinity

to  nicotine,  are  the  α4β2  containing  receptors  (denoted  α4β2*,  where  the  asterisk

represents other subunits that may also be present in the receptor) while nAChRs with

low affinity to nicotine are mainly the homopentameric α7 receptors, which have high

affinity to the competitive antagonist α-bungarotoxin (Nashmi and Lester, 2006).
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Figure 1.  1   Structural representation of a functional nicotonic acetylcholine receptor.
(A)   Nicotinic  acetylcholine  receptors  (nAChRs)  are  transmembrane  oligomers  that
consist  of  five  subunits.   (B)  Membrane topology of  the  receptor  showing that  each
subunit  comprises a large extracellular amino terminal adopting a twisted β-sandwich
structure that precedes four α-helical transmembrane segments (M1–M4).  The M3-M4
cytoplasmic domain contains the amphipathic  helix  close to  M4 that  forms the inner
lining of the channel pore.  M4 is followed by a short extracellular C terminus.  (C)
Cryo-electron  microscopy structure  of  the  Torpedo muscle  nAChR at  4  Å resolution
depicts  the  extracellular  domain  (ECD),  which  binds  to  ACh  or  nicotine  (shown  in
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yellow).  The ECD of receptor contains the double cys, required for ligand binding, while
there  is  also  the  Cys-loop  struction  found  in  all  Cys-loop  receptors.   The  M3–M4
intracellular domain of each receptor subunit contains putative phosphorylation sites for
protein kinases and is  important for cell  signalling pathways.   Non-alpha subunits  (β
subunits)  lacks  the  double  cys  essential  for  ligand  binding  and  thus  acts  as
complementary subunits  in the formation of functional  receptor.  (D)  The number of
agonist binding sites per pentamer ranges from two to five, depending on its composition,
from two (in muscle nAChRs or brain α4β2 heteromeric nAChRs) to five (in the α7
homopentamer).  Modified from  (Changeux et al., 1998; Kabbani et al., 2013; Karlin,
2002; Unwin, 2005)

1.3.1.2  Nicotinic acetylcholine receptors: substrates for protein kinases 

A variety of biochemical  studies show that  the M3-M4 cytoplasmic loop of nicotinic

receptors  is  directly  phosphorylated  at  key  amino  acid  residues  namely,  serine  (S),

threonine (T) and tyrosine (Y) by a range of protein kinases (Séguéla et al., 1993) (Swope

et  al.,  1992).  These  sites  are  commonly  referred  to  as  consensus  sequence

phosphorylation  sites  (Pearson  and  Kemp,  1991).   These  protein  kinase  recognition

motifs in the major cytoplasmic loop play an important role in the regulation of nicotinic

receptors  (Fig.  1.2).   With  the  advent  of  cloning  and  determination  of  the  primary

sequences  of  the  nAChR subunits,  it  has  been  possible  to  predict  potential  sites  of

phosphorylation in nicotinic receptors based on consensus sequence motifs of a variety of

protein  kinases  (Pearson  and  Kemp,  1991).   Early  evidence  for  modification  by

phosphorylation came from the studies performed on muscle nAChRs from the Torpedo

electric organ (Huganir, 1987; Huganir et al., 1984).  Three endogenous protein kinases

were  identified  to  phosphorylate  specific  subunits  of  the  Torpedo  muscle  nicotinic

acetylcholine receptor: cyclic AMP dependent protein kinase (protein kinase A, PKA),

protein kinase C (PKC), and a tyrosine-specific protein kinase (Poulter et al., 1989).
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Early insight into neuronal nicotinic receptor modulation by phosphorylation came from

the studies of cultured embryonic chicken sympathetic ganglion neurons which express

α3,  α4,  α5,  α7,  α2,  β3  and  β4 nicotinic  receptor  subunits  (Swope et  al.,  1992).   The

evidence for kinase modulation of neuronal nicotinic receptor function and trafficking has

been indirect and inferred from the use of kinase and phosphatase inhibitors.  Since α4β2

nicotinic  receptors  constitute  the  predominant  heteromeric,  high-affinity  nicotinic

receptor subtype in the brain and play a major role in nicotine addiction, most of the

studies done with this receptor subtype have demonstrated that activators and inhibitors

of PKA and PKC modified both the surface expression of the receptors and their recovery

from desensitization  (Fenster et  al.,  1999; Gopalakrishnan et  al.,  1997; Nashmi et  al.,

2003).   The  major  cytoplasmic  loop  between  the  third  (M3)  and  fourth  (M4)

transmembrane domain of α4 contains more than 20 putative phosphorylation motifs for

serine/threonine protein kinases, many of which are highly conserved among human, rat

and mouse (Blom et al., 1999).  Recently, Wecker and group have shown that the fusion

protein  containing  α4 subunits  with  the  serine  and threonine  residues  in  the  M3-M4

cytoplasmic domain are phosphorylated by both PKA and PKC, using two-dimensional

(2D) phosphopeptide mapping and site-directed mutagenesis (Wecker et al., 2001).  

Evidence for phosphorylation mediated regulation of α7 nicotinic receptors come

from the in vitro studies performed on recombinant chick and rat  α7 receptors which

showed PKA specifically phosphorylated only the evolutionary conserved single serine

residue (S342) in the major intracellular cytoplasmic loop of the channel  (Moss et al.,

1996).  This serine was not phosphorylated by other protein kinases like protein kinase C

and cGMP-dependent protein kinase, or calcium/calmodulin-dependent protein kinases.
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Studies  conducted  on  cultured  chick  ciliary  ganglionic  neurons  showed  α3  and  α5

nicotinic  receptors  mediated  whole-cell  current  potentiation  upon  PKA  activation

following cyclic AMP incubation for 6-48 hours (Margiotta et al., 1987).  Thus, based on

amino  acid  sequence,  structure  and  phosphorylation  prediction  algorithms,  the  large

cytoplasmic domain of the nicotinic receptor forms an important substrate of site specific

phosphorylation by protein kinases.  This post-translational modification of ligand-gated

ion channels could potentially influence synaptic plasticity and synaptic transmission.

Figure 1.  2   α7 nicotinic acetylcholine receptor M3-M4 cytoplasmic loop. 
(A) Ribbon structural diagram of one subunit of the α7 nAChR depicting the intracellular
cytoplasmic loop which lies between the transmembrane 3 (M3) and 4 (M4) domain of
the channel.  (B)  Membrane topology of one subunit of α7 showing a blow-up of the
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sequence  of  the  M3-M4 cytoplasmic  domain  with  the  putatitive  tyrosine  kinase  and
protein kinase A phosphorylation sites highlightened in red (Kabbani et al., 2013).

1.3.1.3  Role of nAChRs in the physiology of neurons and behaviour

The physiological role of nicotinic receptors in neurotransmission and behaviour depends

upon the precise neuroanatomical location of specific subtypes of nAChRs expressed in

neuronal  circuits  of  the  brain  (Nashmi  and Lester,  2006).  The  majority  of  neuronal

nAChRs fall into two categories:  those that bind acetylcholine/nicotine with high affinity

(EC50 = 2.4  μM,  nicotine  EC50 = 1.6  μM)  (Buisson and Bertrand,  1998;  Dani  and

Bertrand, 2007) and those that bind with lower affinity (EC50 = 150 μM, nicotine EC50

=  40  μM)  (Komal  et  al.,  2011a).   Homopentameric  α7  receptors,  which  are  α-

bungarotoxin sensitive, form the low-affinity receptors whereas  α4β2 nAChRs account

for greater than 70% of the high-affinity nicotinic receptors in the brain  (Perry et al.,

2002a;  Whiting  and  Lindstrom,  1988).   Nicotinic  receptors  transition  between  three

principal  conformational  states:   closed unbound, open bound and desensitized bound

states (Hille B, 2001).  In the closed unbound state, the channel is non-conducting due to

obstruction of the channel pore.  Upon agonist binding the channel transitions to an open

state, in which the barrier to the pore is removed and thereby conducting cations, namely

Ca2+, Na+ and K+.  In the desensitized state the channel is non-conducting even during the

presence  of  agonist  (Pearson  and  Kemp,  1991).   The  ion  selectivity  of  a  channel,

particularly  with respect  to  the permeability  of calcium ions,  depends on the type of

nAChR  subunit  composition  (Vernino  et  al.,  1992).   The  homomeric  α7  nicotinic

receptors have the highest permeability to calcium among all nAChRs, making it unique

among the nicotinic receptor family (Seguela et al., 1993),  though the addition of the α5
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subunit to α4β2 can make this receptor also highly permeable to calcium  (Tapia et al.,

2007). 

The major  long-range cholinergic  projections  within  the  brain arise  from four

distinct brain regions (the basal forebrain, medial habenula, pontomesencephalic nuclei

and the medullary nuclei) providing broad, diffuse and generally sparse innervation to

wide areas of the brain to activate nicotinic receptors, except for some of the cholinergic

medullary  nuclei  that  innervate  motor  targets  (Woolf,  1991).   nAChR  subtypes  are

diverse  and  are  distributed  presynaptically  and  postsynaptically  on  neuronal

subcompartments, which include dendrites, soma, presynaptic terminals and sometimes

axons of neurons  (Jones and Wonnacott,  2004; Jones and Yakel, 1997; McKay et al.,

2007).  Receptors expressed on dendrites and soma mediate fast synaptic transmission

and  contribute  to  neuronal  excitability  through  generation  of  excitatory  postsynaptic

potentials (EPSPs) (Alkondon et al., 1998) while nicotinic receptor activation expressed

at presynaptic terminals enhances neurotransmitter release through calcium influx and/or

depolarization  of  the  presynaptic  terminal  (Shen  and  Yakel,  2009).   Considerable

evidence  has  shown  that  activation  of  presynaptically  localized  nicotinic  receptors

facilitates  the  release  of  ACh  (Wilkie  et  al.,  1993),  noradrenaline  (NA),  (Clarke  and

Reuben,  1996),  dopamine (DA),  (Grady et  al.,  1992) (Rapier  et  al.,  1990) glutamate

(McGehee and Role, 1995) and γ-amino butyric acid (GABA) (Yang et al., 1996).  

The  most  extensively  studied  neuronal  nicotinic  receptor  subtype  is  the  α4β2

nAChR, which plays a key role in nicotine addiction (Maskos et al., 2005; Picciotto et al.,

1998;  Tapper  et  al.,  2004).   α4*  nAChR  (asterisk  denotes  that  other  subunits  are

incorporated in the receptor in addition to α4) upregulation on GABAergic neurons in the
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ventral tegmental area (VTA), a mid brain region associated with reward and motivation,

is  known  to  be  involved  in  the  mechanism  of  nicotine  tolerance  by  dampening  the

neuronal firing of dopaminergic neurons (Nashmi et al., 2007).  The normal function of

α4* nAChRs on GABAergic and dopaminergic neurons in the VTA is similar to that in

the substantia nigra, where activation of α4* nAChRs by endogenous release of ACh

increases  the  action  potential  firing  frequency  of  these  spontaneously  firing  neurons

(Nashmi et  al.,  2007; Pidoplichko et  al.,  1997; Xiao et  al.,  2009).  The activation of

presynaptically localized α7 receptors on glutamatergic terminals in the VTA enhances

glutamatergic inputs to DA neurons and induces long term potentiation (LTP), a cellular

mechansim underlying  memory formation  (Mansvelder  and McGehee,  2000).  In  the

hippocampus  the  cellular  location  of  activated  nAChRs can  modulate  the  valence  of

synaptic plasticity.  Electrical stimulation of the Schaffer collaterals in conjunction with

activation of nAChRs localized postsynaptically on CA1 pyramidal neurons by puffing

on  ACh  stimulated  long-term  potentiation  of  glutamatergic  responses.   While  the

activation of nAChRs localized on GABAergic interneurons during tetanic stimulation of

the Schaffer collaterals can inhibit long-term potentiation of glutamatergic responses (Ji

et al., 2001).   

More specifically the physiological role of nicotinic receptors in the prefrontal

cortex has also been examined.  In the prefrontal cortex, the contribution of nicotinic

receptors  to  synaptic  plasticity  has  also  been  well  documented.   Nicotinic  receptor

activation  on  GABAergic  interneurons  in  the  PFC  caused  increased  inhibition  of

pyramidal neurons and increased the threshold for spike timing dependent potentiation

(STDP) of excitatory transmission with accompanying strong reduction in the dendritic
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calcium signaling  (Couey et  al.,  2007).   Nicotine mediated activation of high affinity

α4β2 receptors  on thalamocortical  terminals  enhances  glutamate  release  onto layer  V

pyramidal  neurons  of  the  PFC  as  measured  by  spontaneous  excitatory  postsynaptic

currents (sEPSCs), an effect which was not observed in β2 knockout mice (Lambe et al.,

2003).   Another  study  showed  that  activation  of  α7  and  β2*  nAChRs  on  layer  1

interneurons  of  the  PFC  results  in  increased  excitability  of  pyramidal  neurons  via

disinhibition  as  layer  1  neurons  inhibit  layer  2  interneurons,  which  synapse  onto

pyramidal neurons  (Christophe et al., 2002).  Also, the activation of channelrhodopsin

expressing basal forebrain cholinergic terminals in the cerebral cortex generated spikes in

nicotinic receptor expressing interneurons which in turn specifically inhibited either layer

2/3 pyramidal neurons or fast spiking interneurons, and therefore, resulted in disynaptic

inhibition of neighboring cortical  neurons  (Arroyo et al., 2012).  The latter  study was

consistent with another finding where the authors showed that layer 1 interneurons in

auditory cortex exhibited  α7 and  β2 nAChR dependent increase in spiking after foot

shock  and  inhibited  spiking  specifically  in  layer  2  and  3  parvalbumin  positive

interneurons (Letzkus et al., 2011).  Thus, the activation of α7 and β2 nAChRs on layer 1

interneurons was sufficient to produce disinhibition of the cortical circuit and was argued

to be an important  mechanism for  learning and synaptic  plasticity  (Christophe et  al.,

2002a; Jiang et al., 2013; Letzkus et al., 2011).

Other nAChR subunits though expressed at much lower levels than the two major

subtypes,  α4β2   and  α7,  also  plays  a  significant  role  in  exerting  their  influence  in

cholinergic  mediated  behaviours.   α3β4 nicotinic  receptors  in  the  medial  habenula,  a

brain region involved in stress and anxiety (Murphy et al., 1996), is hypothesized to play
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a role in mediating nicotine consumption (Frahm et al., 2011).  α6 nAChRs is expressed

in midbrain dopamine (DA) neurons of the substantia nigra pars compacta (SNc) , VTA

and norepinephrine neurons of the locus coeruleus (Cohen, 2002; Léna et al., 1999).  The

role of α6 nAChRs has been hypothesized to enhance locomotor activity (Drenan et al.,

2008).   α5  subtype  expression  in  prefrontal  cortex,  represent  its  importance  in  the

modulation corticothalamic circuitary and is essential for normal attention performance

(Bailey et al., 2010).  α5 is an auxiliary nicotinic receptor subunit that cannot function

without the presence of different alpha and beta subunits.  However, α5 can modify the

function of other nicotinic receptor through its enhanced calcium permeability  (Tapia et

al., 2007) (Bailey et al., 2010) (Gotti et al., 2009).  Nicotinic receptor containing β2 and

α7 subunits are critical  for attention behaviour.  Mice deficient of either of these two

nicotinic receptor subunits showed impaired attention performance on the 5-choice serial

reaction time task (5-CSRTT) (Robbins, 2002), an attentional task for rodents in which

the  animals  have  to  respond  to  5  different  light  cues  by  making  a  nosepoke  in  the

corresponding hole in order to obtain food rewards  (Bailey et al., 2010; Guillem et al.,

2011;  Young  et  al.,  2007).  Furthermore,  both  β2  and  α7  subunits  are  critical  for

performance in spatial memory learning tasks (Levin et al., 2009).

Thus,  the  different  effects  of  nicotine  on  different  neurons  in  the  brain  is

influenced  by  the  multitude  of  nicotinic  receptor  subtypes,  each  with  their  distinct

functional  properties  and   pharmacological  profile,  and  their  distinct  localization  in

specific  neuronal  circuits  of  the  brain.   Furthermore,  nicotine  exerts  its  behavioural

effects  by targeting receptors expressed in key neuronal circuits  responsible for those

specific behaviours.
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1.3.1.4  Functional properties of α7 nicotinic receptor

α7 nAChRs are unique in the nicotinic receptor family in that they can be activated not

only by the neurotransmitter ACh but also by choline, the breakdown product of ACh

(Khiroug et al., 2002).  These receptors display low affinity to nicotine, unlike α4β2, the

dominant  heteromeric  nAChR  subtype  in  the  brain.   α-Bungarotoxin  (α-BTX)  is  a

neurotoxin,  found in the venom of the cobra snake,  Bungagus Fasciatus  which binds

reversibly  with  high  affinity  (1  nM)  to  neuronal  α7  nAChRs  (Moise  et  al.,  2002).

Neuronal nicotinic  receptors are also classified as the  α-BTX sensitive versus  α-BTX

insensitive  ones.   Although  α7  nAChR  subunits  form  primarily  homopentameric

receptors in the brain,  α7 nicotinic receptor subunits can also form functional channels

assembled with other subunits of the α-BTX insensitive subfamily namely α5, β3 and β2

(Girod et al., 1999; Gotti and Clementi,  2004; Khiroug et al.,  2002; Liu et al., 2009).

Functional  α7 receptor expression in cell  lines requires the presence of the chaperone

protein, RIC-3 (Dau et al., 2013).  RIC-3, first discovered in Caenorhabditis elegans, is

an endoplasmic reticulum resident protein that is required for the assembly of α7 subunits

into receptors and the trafficking of α7 receptors to the cell surface  (Dau et al., 2013;

Williams et al., 2005).  

The  Ca2+ /Na+ permeability  ratio  of  α7 receptors  is  five fold  more than  α4β2

nAChRs and equal to that of NMDA receptors (Seguela et al., 1993; Tapia et al., 2007;

Vernino et al., 1992).  This extraordinary calcium-permeability makes α7 distinct from

other  nAChRs in  that  the  opening  of  α7  nAChR channels  alone  can  impact  several

Ca2+dependent  signaling pathways,  including kinase activation  and regulation  of gene

transcription,  in addition to its role in fast excitatory synaptic neurotransmission  (Fig.
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1.3) (Fayuk and Yakel, 2005).  α7 nAChRs display rapid activation kinetics upon agonist

binding, reaching peak current in less than 20 ms.  The rapid inward current is followed

by a rapid decay in current, due to receptor desensitization (Komal et al., 2011).  Similar

to other nAChR subtypes, the α7 nAChR displays strong inward rectification, caused by

Mg2+  or  polyamine  blockade  of  the  intracellular  mouth  of  the  channel  (Forster  and

Bertrand,  1995;  Haghighi  and  Cooper,  1998).   Hence,  α7  nAChRs  pass  current  at

negative membrane potentials, which provide a strong driving force for inward cationic

current (Dani and Bertrand, 2007). This is in contrast to ionotropic N-methyl-D-aspartate

glutamate receptors (NMDA) which require the membrane potential to be depolarized to

relieve channel block to allow inward current upon agonist binding.  Thus, nAChRs are

well  suited  to  modulate  the  probability  of  receptor  opening of  other  ion  channels  at

negative membrane potential, e.g. the NMDA receptor (Castro and Albuquerque, 1995).  
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Figure  1.  3   Nicotinic  acetylcholine  receptor  (nAChR)  activation  increases

intracellular Ca  2+  levels which activates key signaling molecules in Ca  2+   dependent
manner. 

The  increase  in  intracellular  Ca2+ that  arises  from  nAChR  activation  can  activate

adenylyl  cyclase  (AC),  protein  kinase  A  (PKA),  PKC,  Ca2+-calmodulin-dependent
protein  kinase  (CaMK)  and  phosphatidylinositol  3-kinase  (PI3K).   In  turn,  these
phosphorylate  downstream  targets,  such  as  extracellular  signal-regulated  mitogen-
activated protein kinase (ERK), which leads to the activation of transcription factors such
as  the  cAMP  response  element-binding  protein  (CREB),  which  increases  gene
transcription of specific genes, for example, tyrosine hydroxylase (TH) or nerve growth
factor (NGF) receptors. The lipid signaling cascade that is initiated by PI3K, through
phosphorylation  of  protein  kinase  B  (Akt),  is  credited  with  modulating  the  relative
activities  of  neuroprotective  and  apoptotic  factors,  such  as  Bcl-2  and  caspases,
respectively.   Thus,  α7  nAChRs  can  exert  a  wide  range  of  influences  through

Ca2+signals, from changes in synaptic plasticity, which is pertinent to many situations
including  cognition,  memory  and  addiction,  to  the  life-and-death  events  involved  in
development  and  neuroprotection.   Modified  from  (Dajas-Bailador  and  Wonnacott,
2004).
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1.3.1.5  α7 Nicotinic receptor localization and function

α7 receptor expression in the brain is non-uniform and autoradiographic labeling using

(125I)-α-bungarotoxin  (BTX)  binding  in  rats  demonstrated  that  α7  nAChRs  are

concentrated in areas of brain important for learning, memory and cognition, namely the

cerebral cortex, hippocampus, midbrain, pons and medulla  (Clarke et al., 1985; Gotti et

al., 2009).  A high density of binding are present in layers I, V, and VI of the cerebral

cortex,  basal  forebrain  as  well  as  in  the  hippocampus  (Tribollet  et  al.,  2004).  Non-

neuronal  expression  of  α7  receptor  is  found  in  peripheral  tissue  including  the

endothelium, bone marrow and macrophages (Koval et al., 2008; Li and Wang, 2006).  α7

receptor expression in macrophages constitute an important role of these receptors in the

cholinergic anti-inflammatory pathways (Wang et al., 2003).  Much evidence suggests a

role  for  α7  receptor  in  cognitive  function,  sensory  information  processes,  attention,

working memory, and reward pathways (Castner et al., 2011; Chan et al., 2007; Hoyle et

al., 2006; Mansvelder and McGehee, 2000; Thomsen et al., 2010b; Yang et al., 2013).  α7

nAChRs has also emerged as a novel therapeutic drug target owing to the alterations of

α7 receptor mediated cholinergic signaling found in neurological disorders like epilepsy,

autism, Alzheimer’s disease (AD), schizophrenia and addiction  (Wallace and Bertrand,

2013; Wallace and Porter, 2011).

Neuronal  α7 nAChRs are expressed at somatic, pre-terminal, pre-synaptic, peri-

synaptic,  and  extra-synaptic  sites  where  they  mediate  fast  synaptic  transmission,

neurotransmitter  release and synaptic plasticity upon activation  (Jones and Wonnacott,

2004;  Mansvelder  and  McGehee,  2000;  Wonnacott,  1997).   In  VTA and  PFC,  the

presynaptic  activation  of  α7  directly  controls  glutamate  release,  independent  of
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membrane  depolarization,  leading  to  presynaptic  facilitation  and  synaptic  plasticity

(Livingstone et al., 2010).  Microdialysis studies have shown that systemic administration

of α7 nAChR agonists promotes the release of acetylcholine and dopamine in PFC of rats

(Biton et al., 2007; Livingstone et al., 2009).  In hippocampus, presynaptic α7 activation

leads to LTP and enhances glutamatergic transmission via PKA activation  (Cheng and

Yakel, 2014; Jones and Yakel, 1997).  Interestingly, it has also been shown in cortical

culture  that  axonal  α7  expression  drives  presynaptic  NMDA  glutamate  receptor

expression and modulates both presynaptic and postsynaptic maturation of glutamatergic

synapses,  further  indicating  presynaptic  α7  nAChR/NMDAR interactions  in  synaptic

development and plasticity (Lin et al., 2010).  Recently, α7 nAChR mediated modulation

of NMDARs has been shown to enhance cognition in the prefrontal cortex (Yang et al.,

2013).  

The desensitization kinetics of α7 nicotinic receptors serve an important role in

shaping neurotransmitter release at the central nervous system synapses.  For example, a

relatively  low  dose  of  nicotine  (as  delivered  by  tobacco  smoking  ~  100-200  nM)

stimulates  the  midbrain  dopaminergic  neurons  to  release  dopamine  into  the  nucleus

accumbens (NAc)  (Mansvelder and McGehee, 2002; Wooltorton et al., 2003).  This in

turn  preferentially  desensitizes  the  non-α7 nAChRs of  dopaminergic  and GABAergic

neurons and activates α7 receptors present on the glutamatergic terminals from PFC to

enable  glutamate  mediated  excitatory  inputs  to  the  dopaminergic  neurons,  thus

facilitating the release of dopamine onto the nucleus accumbens (NAcc) neurons.  Studies

investigating  the  somatodendritic  localization  of  α7  receptor  in  CA1  interneuron  of

hippocampus have shown modulation of neurotransmission via activation of α7 receptors

22



on  inhibitory  interneurons.  (Frazier  et  al.,  1998a;  Jones  and  Yakel,  1997).  Electron

microscopy findings done in PFC of rodents provide evidence of α7 nAChRs distribution

on dendrites and spines supporting a functional importance of postsynaptic α7 nAChRs in

the PFC circuit (Duffy et al., 2009).  Interestingly, membrane localization studies done on

α7 nAChRs have shown that unlike α4β2 subunits, α7 receptors are localized in lipid rafts

of  the  plasma  membrane,  which  are  areas  highly  enriched  in  cholesterol  and

sphingolipids  (Kihara  et  al.,  2001).   These  specialized  microdomains,  in  which  α7

receptors are localized,  serve a role as an organizational structural platform for signal

transduction pathways (Brusés et al., 2001; Oshikawa et al., 2003).  

1.3.1.6  Tyrosine kinase and protein kinase A mediated modulation of α7 nicotinic 

receptors 

Early evidence on Src family of tyrosine kinases (SFKs) mediated modulation comes

from the studies performed on  peripheral nicotinic receptors.  For example, in adrenal

medulla chromaffin cells it was shown that Src potentiated ganglionic type heteromeric

nAChR responses and regulated the secretion of catecholamines.  SFKs were shown to

play a key role in the clustering of muscle nAChRs (Mittaud et al., 2004; Smith et al.,

2001).  SFKs are also widely expressed and abundant in neurons as well  (Kalia et al.,

2004).   Neuronal  α7  nicotinic  receptors  constitute  an  important  substrate  for

phosphorylation by Src family kinases and modulate  neuronal  network activity  in the

CNS (Charpantier et al., 2005; Cho et al., 2005).  Studies have shown that  α7 nicotinic

receptors are prone to undergo rapid phosphorylation and dephosphorylation by SFKs.

Charpantier et al showed that Src kinase inhibition resulted in profound potentiation in α7

mediated  whole-cell  current  responses  in  neuroblastoma  cells,  hippocampal  CA1
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interneurons,  and  supraoptic  magnocellular  neurons.   Cho  et  al  (2005)  found  rapid

upregulation  in  the  number  of  functional  cell  surface  α7  nAChRs  upon  tyrosine

dephosphorylation  unlike  the  previous  study.  They  showed  that  brief  exposure  to  a

broad-spectrum protein  tyrosine kinase inhibitor, genistein,  specifically  and reversibly

potentiated  α7  nAChR  mediated  responses,  whereas  tyrosine  phosphatase  inhibitor,

pervanadate, caused depression.  Thus, the physiological impact of SFKs modulation on

neuronal  α7  nAChRs  function  depends  on  the  cell  type  and  subcellular  location  of

receptor expression.  

In addition to SFKs, protein kinase A activation via G-protein receptor family

(GPCRs) stimulation are also known to regulate neuronal nicotinic receptor function (Liu

et al., 2000).  In one study it was shown that G-protein subunits directly interact with the

intracellular cytoplasmic domain of  α3 and α5  nAChR subunits  (Fischer et al.,  2005).

PKA activation  via  second  messenger  cAMP stimulation  directly  phosphorylated  the

αlpha  subunit  of  nicotinic  receptors  (Dajas-Bailador  and  Wonnacott,  2004;

Vijayaraghavan  et  al.,  1990).  One  study  specifically  showed  that  protein  kinase  A

phosphorylated only a single serine residue located in the cytoplasmic loop of the rat and

chick α7 nicotinic receptor (Moss et al., 1996).  Thus, considerable evidence suggests that

the functional properties of neuronal α7 nAChRs are subject to control by GPCRs that

modulate cAMP levels within neurons (Kabbani et al., 2013).  One of the physiological

activators of PKA is the dopamine D1 receptor (Snyder et al., 1998).  These GPCRs are

routinely considered to stimulate cAMP production within neurons and the intracellular

signaling cascades mediated upon D1 receptor activation are important in a number of

cognitive functions (Beaulieu and Gainetdinov, 2011; Wang et al., 2005) .  
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1.3.1.7  Role of α7 nAChR in neurological disorders

Nicotinic  receptors  are  targeted  to  improve  cognitive  deficits  observed  in  many

neurological and neuropsychiatric diseases such as Alzheimer's disease and schizophrenia

(AhnAllen,  2012;  Kem,  2000).   Traditionally  recognized  drugs  known  to  improve

cognition have focused on enhancing cholinergic neurotransmission in brain especially

targeting  α7 nicotinic receptors (Thomsen et al.,  2010; Wallace and Porter, 2011).  A

significant  reduction  in  the  expression  of  α7  nicotinic  receptor  was  observed  in  the

postmortem brains of Alzheimer’s patients  (Guan et al., 1999).  It was also found that

Alzheimer's disease progression was positively correlated with the loss of  α7 nAChRs

expression in  the cortex  (Kadir  et  al.,  2006).   In  such cognitive  deficit  disorders,  α7

nicotinic  receptor  activation  promotes  signal  pathways  mediating  neuroprotection  and

neuronal survival  (Kihara et al., 2001).  Substantially low α7 receptor expression was

also observed in schizophrenic patients (AhnAllen, 2012).  There is evidence supporting

a  link  between  α7 nAChRs  and  deficits  observed  in  schizophrenia,  showing  that  α7

nAChRs  subunit  gene  CHRNA7 is  linked  to  schizophrenia  (Leonard  et  al.,  2002).

Furthermore,  greater  than  90% of  schizophrenics  smoke,  likely  as  a  means  of  self-

medication to treat their cognitive disabilities (Leonard et al., 2002).

1.3.1.8  Role of α7 nicotinic receptors in the prefrontal cortex 

The prefrontal cortex (PFC) is one of the brain areas responsible for integrating cortical

and subcortical inputs to execute essential cognitive functions such as attention, working

memory  planning  and  decision  making  (Miller  and  Cohen,  2001).  Patients  with

schizophrenia,  Tourette  syndrome,  Parkinson's  disease,  and  attention  deficit  and

hyperactivity  disorder  (ADHD) exhibit  many symptoms  implicating  prefrontal  cortex
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dysfunction.  The basal forebrain (BF) cholinergic system and its projections to the PFC,

represent an integral and necessary component for execution of vital cognitive functions

(Everitt  and  Robbins,  1997).   Also,  dopamine  (DA)  projections  from  the  midbrain

provide a key modulatory input to the PFC that is essential for cognitive performance

(Brozoski et al., 1979).  The cell bodies of cortically projecting cholinergic neurons are

situated in  the nucleus  basalis  of Meynert  and the substantia  innominata in  the basal

forebrain shows high expression of  α7 nAChRs and project strongly to PFC  (Fig. 1.4)

(Breese  et  al.,  1997;  Rye  et  al.,  1984).   Furthermore,  the  activation  of  α7  nAChRs

promotes  the  release  of  acetylcholine  and  dopamine,  suggesting  the  importance  of

cholinergic and dopaminergic pathways in PFC circuitary (Biton et al., 2007; Tietje et al.,

2008).  These cholinergic afferents innervate both pyramidal and non-pyramidal neurons

of the PFC (Zhou and Hablitz, 1996).  The pyramidal neurons are projection cells that

send  axons  out  of  the  cortex  or  to  distant  targets  within  cortex,  whereas  the  non-

pyramidal  neurons are local-circuit  GABAergic interneurons (Kawaguchi and Kubota,

1997).  In contrast to the rest of the cellular layer, layer I neurons of cortex are only

GABAergic and show robust modulation by cholinergic basal forebrain input (Alitto and

Dan, 2013).  Layer 1 interneurons in the visual cortex are preferentially activated through

α7 nAChRs during strong cortical desynchronization and the cholinergic input from the

BF causes a significant shift in the relative activity levels of different subtypes of cortical

neurons at increasing levels of cortical desynchronization (Alitto and Dan, 2013).  Also,

layer 1 of the neocortex is one of the areas of brain which have high expression of  α7

receptors  in  a  majority  of  its  neurons  (Christophe  et  al.,  2002).   Thus,  α7  nicotinic

receptor contribute a significant role in PFC network function and influences the release
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of  dopamine  and  acetylcholine  presynaptically  and  modulate  neuronal  firing

postsynaptically  (Simon  Sydserff,  2009;  Thomsen  et  al.,  2010a).   The  ability  of  α7

receptors to facilitate neurotransmitter  release in the PFC thus can fine tune neuronal

function of the PFC, which would likely modulate executive function (Livingstone et al.,

2009b).

Figure 1.  4   α7 nicotinic receptor expression in the rat cortex and its involvement in
neurotransmission in the prefrontal cortex.  

(A)  Autoradiographic  image  of  coronal  mouse  brain  section  showing  [I-125]  α-
bungarotoxin ( α7 antagonist) labelling for α7 nAChRs in rat brain.  Highest labelling is
observed in the layer 1 and deeper pyramidal neurons of the cortex.  (B)  Dark field
photomicrograph image of coronal rat brain section showing α7 mRNA expression, post
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natal  day  7  (left  image).   The  arrows  label  the  deeper  layer  VI  pyramidal  neurons.
Bright-field photomicrograph of an adjacent brain section stained with cresyl violet (right
image).  (C)  Critical pathways showing α7 nAChRs expression and its involvement in
neurotransmission.  Cholinergic fibres which arise from the basal forebrain (BF) contain
functional  α7  nicotinic  receptors  whose  activation  facilitate  neurotransmitter,
acetylcholine release in the prefrontal cortex (PFC) (green).  Two major dopamine (DA)
pathways originate in the ventral tegmental area (VTA) of the midbrain.  The mesolimbic
pathway  (blue)  that  originates  in  the  VTA and  terminates  in  the  nucleus  accumbens
(ACC) and the mesocortical pathway (blue) that project from the VTA to the prefrontal
cortex.  Both pathways express presynaptic α7 nAChRs.  Dopaminergic projections from
VTA contain α7 receptors which contributes towards dopamine mediated activation of the
PFC circuitry.  Modified from (Broide et al., 1995; Clarke et al., 1985; Thomsen et al.,
2010a).

1.3.2  Immune proteins in the brain

A  number  of  studies  have  shown  that  immune  proteins,  previously  thought  to  be

restricted  in  expression to  the immune system,  are  also found in  the central  nervous

system with neuronal function (Boulanger et al., 2001).  Shatz and colleagues (Boulanger

and Shatz, 2004; Corriveau et al., 1998; Goddard et al., 2007; Shatz, 2009; Syken and

Shatz, 2003a) have demonstrated the expression of a number of immune proteins in the

brain with unique neuronal functions.  One such class of immune proteins in the CNS are

major histocompatibility complex I (MHC I) molecules.  The study conducted by Shatz

group (Corriveau et al., 1998) suggested that the widespread network of MHC I receptor

– ligand systems in electrically active neuron are used at times when they are undergoing

remodeling  and  synaptic  plasticity.   Immune  related  genes  are  also  found  to  be

dynamically regulated in human cerebral cortex  (Sterner et al.,  2012).  These findings

further  raise  the  question  of  whether  under  physiological  conditions  neurons use  this

system of immune proteins for higher brain function?  
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1.3.2.1  T cell receptor: structure and function

T cell  receptors  (TCRs)  are  antigen  receptors  natively  found  on  T lymphocytes.   A

functional TCR is an octameric complex that contains two primary α and β subunits that

confer antigen specificity.  MHC class I proteins are a set of cell surface proteins found

on virtually all nucleated cells (Natarajan et al., 1999).  The physiologic function of MHC

I molecules  is  the presentation  of peptide antigen derived from endogenous cytosolic

proteins to the TCR found on T lymphocytes.  The accessory molecule of TCRs is known

as the CD3 zeta complex which contains γ, δ, ε and the ζ chain  (Janeway, 1992).  The

CD3 zeta complex has a long cytoplasmic domain and an associated enzymatic function

that  contains  one  or  more  tyrosine  phosphorylation  sites  within  an  ‘immunoreceptor

tyrosine-based activation motif’ (ITAM).  Upon T cell receptor ligand recognition, the

paired  tyrosines  within  the  ITAMs  are  rapidly  phosphorylated  by  the  Src-family  of

tyrosine kinases namely Lck and/or Fyn kinase (Fig. 1.5).  Each of these components is

required for efficient TCR signal transduction.  T cell receptor activation occurs when the

TCR recognizes an antigen in the form of peptide fragments bound to the polymorphic

cleft  at  the  outer  end of  the  major  histocompatibility  complex  (Latour  and Veillette,

2001).  The Src family tyrosine kinase (SFK) members Lck (also known as p56 Lck) and‐

Fyn (also known as p59 Fyn) are the first  molecules  to  be activated following TCR-‐

peptide engagement  (Brownlie and Zamoyska, 2013).  SFKs are essential for providing

the tonic signaling which is required for sustained TCR activation.  The TCR αβ has no

intrinsic  enzymatic  activity  and  instead  depends  on  the  kinase  activity  of  the  SFKs,

particularly  Lck and Fyn,  to  initiate  signaling.   Lck kinases  bind  to  the  cytoplasmic

domains of the TCR co receptors CD4 and CD8 ‐ (Veillette et al., 1988).  TCR interaction
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with a peptide–MHC complex are important for targeting the delivery of Lck into close

proximity to the TCR-associated CD3 ζ chain immunoreceptor tyrosine-based activation‐

motifs (ITAMs) (Artyomov et al., 2010).  Though the native function of TCR is antigen

clearance by T lymphocytes, a growing body of evidence suggests that most of the TCR

signaling components are also expressed in the brain and have a neuronal function (Fig.

1.6)

Figure 1.  5   Overview of TCR signaling.
(A) T cell receptor (TCR) subunit stoichiometry and its recognition of cognate peptide–
MHC molecules.  The TCR complex contains the highly variable α and β chains, which
bind to the peptide presented by the MHC I complex. The accessory moecules of the
TCR complex contains six subunits referred to as the CD3 complex.  It contains γ,  δ,  ε
and  ζ chain.   The  MHC I  complex  is  a  tetrameric  complex  of  α1,  α2,  α3  and  β2
microglobulin subunits and presents a peptide to the TCR.  (B) TCR signaling pathway.
The first molecule to be recruited to the TCR–CD3 complex upon binding to the peptide
is  the  Src  family  of  tyrosine  kinase  (SFK)  members  Fyn  and  Lck.   Lck  kinase
phosphorylates  the  immunoreceptor  tyrosine-based  activation  motifs  (ITAMs)  of  the
CD3γ chain, CD3δ chain, CD3ε chains and the ζ chains.  Phosphorylation of the ITAMs‐
enables the recruitment of ZAP70 (ζ chain associated protein kinase), its phosphorylation‐
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by Lck and its activation.  Activated ZAP70 phosphorylates four key tyrosine residues on
the linker for activation of T cells (LAT), which recruits numerous downstream signaling
molecules  to  form a  multiprotein  complex.   Lck  is  found in  T cells  in  three  forms:
phosphorylated  only  on  tyrosine  505  (Y505,  inactive  form),  phosphorylated  only  on
tyrosine 394 (Y394, active form) or phosphorylated on both tyrosine 394 and tyrosine505
(Y505  +  Y394,  active  form).   The  negatively  regulating  tyrosine  505  of  Lck  is
phosphorylated by CSK kinase and dephosphorylated by CD45 (a phosphatase).   The
activating  Y394  is  autophosphorylated  by  Lck  or  phosphorylated  by  Fyn  kinase.
Modified from (Brownlie and Zamoyska, 2013).

1.3.2.2  Major histocompatibilty class I molecules:  neuronal expression and 

function

The major histocompatibility  complex (MHC class I) is a set  of cell  surface proteins

found on virtually all nucleated cells and are the most polymorphic molecules expressed

in all vertebrates (Natarajan et al., 1999).  The physiologic function of MHC I molecules

is the presentation of a peptide antigen derived from endogenous cytosolic proteins to T

cells.  MHC I is a tripeptide complex, consisting of a heavy chain with a peptide binding

groove, β2 microglobulin (β2 M) and a peptide fragment (8–11 amino acid residues) from

a degraded cytosolic protein (Fig. 1.6) (Natarajan et al., 1999).  The neuronal function of

MHC I comes from the studies done on mouse dorsolateral geniculate nucleus and visual

cortex,  where the majority of MHC class I molecules were found associated with the

glutamatergic  synapses,  localized  to  dendrites,  dendritic  spines,  and  axon  terminals

(Needleman et al., 2010).  These authors found MHC I expression at both pre and post-

synaptic compartments.  Another study showed MHC I localization with synapses which

undergo activity dependent remodeling (Boulanger and Shatz, 2004).  The two classical

endogenous partners of MHC I molecules are Pir B receptors,  found on natural killer

cells,  and T cell  receptors found on white blood cells,  the T lymphocytes  (Davis and
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Bjorkman, 1988).  The role of Pir B receptors in synaptic plasticity in the visual cortex is

well documented (Syken et al., 2006) but the neuronal function of TCR is still unknown.  

The physiological role of MHC I function in neurons also comes from the studies

conducted on β2 microglobulin knockout mice.  These mice displayed ectopic clusters of

retinal inputs in their dorsal lateral geniculate nucleus, increased synapsin levels in the

hippocampus, enhanced long-term potentiation (LTP) and reduced long-term depression

(LTD) in the hippocampus, and altered motor learning (Goddard et al., 2007).  Neuronal

MHC I was determined to be an essential modulator of glutamate receptors, affecting

both NMDA receptor function and AMPA receptor trafficking.  MHC I deficient synapses

showed enhanced NMDAR-mediated responses with no significant changes in NMDA

receptor levels, distribution, or subunit composition.  A key finding from these data also

showed MHC I mediated regulation of NMDA receptor dependent synaptic plasticity in

the hippocampus  (Fourgeaud et al., 2010).  Another study showed the role of neuronal

MHC I proteins in mediating excitatory neurotransmission at mossy fiber–CA3 synapses

in the Marmoset hippocampus (Ribic et al., 2010).  Altogether, these finding suggests that

MHC I molecules  are expressed on the neuronal cell  surface,  where they function to

modulate synaptic transmission within the CNS. 
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Figure 1.  6   Expression of T cell receptor and its signaling component in the 
mammalian cortex. 
(A)  TCR β mRNA expression in the mouse cortex.  Coronal section of mouse cortex
(Ctx) from postnatal day 7 (P7), depicting TCR β mRNA expression in cerebral cortex
and dorsal lateral geniculate nucleus (dLGN) conducted via in-situ hybridization, scale
bar 1mm (right image) and the adjacent section with cresyl violet staining (left image)
(modified from Syken et al 2003).  (B) CD3ζ immunoreactivity in the rat parietal cortex,
scale bar 300 μm (modified from Baudouin et al 2008).  (C) MHC I expresssion in rat
somatosensory cortex.  In situ hybridization (left) and immunohistochemistry (right) of
rat somatosensory cortex brain sections.  In situ hybridization (left) was carried out by
using a rat class I MHC probe (panel RNA, darkfield optics) and immunohistochemistry
was carried out using either of two mouse anti rat monoclonal antibodies, OX-18 or F16–
4–4, and mouse IgG as a negative control. Cortical layers (I-VI) are indicated on left,
scale bar, 100 μm.  Image adapted from (Corriveau et al., 1998).
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1.3.2.3  TCR and MHCI expression in the brain

The  first  evidence  about  neuronal  expression  of  TCR subunits  was  demonstrated  by

Syken and Shatz, 2003.  They showed neuronal expression of T cell receptor beta (TCR

β) mRNA in neurons of the murine central nervous system (Syken and Shatz, 2003).  A

major  finding of  this  study was the expression of  TCRβ locus  restricted  only  to  the

cerebral  cortex  of  the  murine  CNS  (Fig.  1.6).   TCRβ  requires  CD3ζ  for  efficient

downstream signaling  upon TCR activation  and CD3ζ chain  is  also expressed  in  the

mammalian cerebral cortex (Baudouin et al., 2008) (Corriveau et al., 1998). 

The  current  assumption  of  TCR-CD3ζ  complex  signaling  is  that  the  ITAM

phosphorylation  of  CD3ζ triggers  the docking of  SH2-containing  signaling  molecules

such as the protein tyrosine kinases of the SFKs (Germain, 1997).  In accordance with

this notion, the above evidence showed the expression of CD3 ζ and TCR β subunits in

the rodent cerebral cortex.  The main downstream Src kinases activated upon TCR-MHC

interaction are Src family of tyrosine kinases, namely Fyn and Lck kinases, which are

also found in neurons (Thomas and Brugge, 1997).  These findings indicate that class I

MHC  molecules,  TCR  and  CD3  complex  classically  thought  to  mediate  cell-cell

interactions  exclusively  in  immune  function,  may  also  play  a  novel  role  in  neuronal

signaling and activity-dependent changes in synaptic connectivity.

1.3.3  Protein kinases

The  mammalian  brain  comprises  a  rich  repetoire  of  proteins  of  the  phosphorylation

system including diverse protein kinases, phosphoprotein substrates and neuromodulators

(Walaas  and  Greengard,  1991).   A  comparison  between  endogenous  protein

phosphorylation  activity  in  rat  forebrain  and  peripheral  tissues  showed  that  neurons
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possesses  a  greater  number  of  endogenous  protein  kinases  and  respective  substrates

(Nestler and Greengard 1989).  Neuronal specific phosphoproteins found in the nervous

system indicate the importance that protein phosphorylation plays in neuronal function

(Nestler  et  al.,  1984).  On the basis  of the amino acids targeted  for phosphorylation,

protein kinases are broadly classified as either protein serine/threonine kinases or protein

tyrosine kinases (Naira et al., 1985).  Protein tyrosine kinases were originally identified

as retroviral oncogene products and were subsequently shown to have normal cellular

function (Brugge and Erikson, 1977; Wagner et al., 1991).  

In late  1950s,  Sutherland and colleagues  discovered that  the generation of the

second  messenger  cyclic  AMP  (cAMP)  by  showing  that  binding  of  hormones  like

adrenaline  and glucagon to their  receptors  enhanced the  breakdown of  glycogen into

glucose in the mammalian liver, for which they received the Nobel Prize (Sutherland and

Rall, 1958).  Hence, phosphorylation of proteins by multiple kinases was accepted as a

general  mechanism  of  protein  modulation  via  activation  of  many  hormones,

neurotrasmitters  and  other  extracellular  signals  to  regulate  cellular  function.   The

mammalian  brain  contains  two  distinct  cyclic-nucleotide  dependent  kinases,  namely

cAMP-dependent  protein  kinases (PKA) and cGMP-dependent  protein kinases  (PKG)

(Scott,  1991).  These  protein  kinases  differ  from each  other  in  several  aspects  like

substrate specificities, sensitivities, mechanisms of activation by cyclic nucleotides and

tissue distribution (Hemmings et al., 1989).  The variation between these two groups of

protein kinases suggest their distinct roles in the regulation of physiological processes.

35



Figure 1.  7   Cyclic AMP signaling pathway.  
A  large  number  of  neurotransmitters  and  hormones  act  through  G  protein-coupled
receptors (GPCRs) to engage the cyclic AMP signaling pathway. The GPCR acts through
a heterotrimeric G protein complex, composed of α and βγ subunits,  to stimulate the
amplifier adenylyl cyclase (AC) to generate the second messenger cyclic AMP.  Image
adapted from (Berridge, 2012).

1.3.3.1  Cyclic AMP-dependent protein kinase (PKA)

Cyclic-AMP mediated protein kinase A pathway activation commences with the binding

of an extracellular ligand (eg. hormones or neurotransmitters) to its G protein-coupled

receptor (GPCR).  The GPCR is attached to its stimulatory G protein subunit Gαs and

two other G proteins (Gβγ).  Upon binding of the GPCR to its agonist,  Gαs separates

from the  GPCR and Gβγ.   Gαs  then  targets  the membrane  bound adenylyl  cyclases

(ACs), which catalyze the conversion of ATP to cAMP (Fig. 1.7) (Walaas and Greengard,

1991).  The principal intracellular receptor for cAMP is protein kinase A (PKA), found
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highly enriched in the brain as compared to peripheral tissues (Nestler and Greengard

1989).  In the absence of cAMP, PKA exists as a heterotetramer inactive form (R2C2),

comprised  of  two regulatory  subunits  (R) and two catalytic  subunits  (C) joined by a

disulfide bond.  Each regulatory subunit contains two cAMP binding sites and exhibits

cooperative binding of the nucleotides (Fig. 1.8).  This process lowers the affinity of the

regulatory subunits for the catalytic subunits and induces the release of catalytic subunits

to form a catalytically active enzyme (Nestler and Greengard, 1983).  Cyclic nucleotide

phosphodiesterases, which hydrolyze cAMP, lead to the regeneration and reassociation of

the inactive PKA heterotetramer  (Edelman et al.,  1987).  The mouse genome encodes

four R subunit genes (RIα, RIβ, RIIα, RIIβ) and two C subunit genes (Cα and Cβ) (Naira

et al., 1985).  These two isozymes of cAMP-dependent protein kinase contain identical C

subunits but differ in their R subunits.  Cβ isoforms comprise the major PKA catalytic

component in the brain (Uhler et al., 1986).  Though type I/II regulatory subunits of PKA

greatly  differ  in  several  of  their  biochemical  properties,  both  isoforms  are  widely

distributed throughout brain and differ in their regional distribution.  PKA I is cytosolic

and  ubiquitous  while  PKAII  is  tethered  to  specific  membrane  compartments  through

interation  with  several  cytoplasmic  brain  proteins  including  the  cytoskeletal  protein,

microtubule  associated  protein  (MAP-2),  calcineurin  (Ca2+ and  calmodulin  dependent

protein phosphatase) as well as other unknown proteins (Soderling and Beavo, 2000).  In

addition  to  the  unique  expression  pattern  of  PKA isoforms,  PKA RII  subunits  show

preferential  binding to A-kinase anchoring proteins (AKAPs), which act as molecular

scaffolds  and  direct  PKA to  subcellular  compartments  like  neuronal  dendrites,  golgi

apparatus or the nuclear envelope (Taskén and Aandahl, 2004).  With the help of AKAP
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scaffolds,  cAMP-mediated  PKA  signaling  supports  the  formation  of  multiprotein

complexes that could also include other kinases and phosphatases (Fig. 1.9).

Figure 1.  8   The structural and functional organization of protein kinase A isoforms
(PKA).  
There are two types of PKA isoforms found in neurons, type I PKA (PKA I) and type II
PKA (PKA II), which differ primarily in the type of regulatory (R) subunits that associate
with the catalytic (C) subunits. There are four R subunit isoforms (RIα, RIβ, RIIα and
RIIβ), which have somewhat different properties with regard to their affinity for cyclic
AMP and their ability to associate with the A-kinase-anchoring proteins (AKAPs). It is
these different R subunits that define the properties of the two types of PKA.  Image
taken from (Berridge, 2012).

1.3.3.2  Neurobiological function of PKA

The cAMP-PKA system represents a critical signaling pathway for learning and memory

in organisms ranging from invetebrates such as Aplysia to mammels  (Abel et al., 1997;

Byrne  and  Kandel,  1996).   PKA is  highly  enriched  in  neurons  where  its  activation
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contributes to synaptic plasticity in the hippocampus of the brain, leading to long term

potentiation (LTP) and long-term depression (LTD)  (Abel et al., 1997).  In the mossy

fibre pathway of the hippocampus, one study showed that elevation of cAMP interfered

with the tetanus induced mossy fibre LTP (Weisskopf et al., 1994).  Moreover, blockers

of the cAMP dependent signal transduction pathway blocked mossy fibre activated LTP

(Weisskopf et al.,  1994).  In the cerebral cortex, layer 2/3 pyramidal neurons showed

PKA type II isoform restricted localization in the dendritic shafts  as compared to the

dendritic spines (Zhong et al., 2009).  Upon cAMP stimulation MAP2-tethered PKA type

II regulatory subunits redistributed from dendritic shafts to spines.  In the same study it

was shown that  the spatial  gradient  of type II  PKA between the dendritic  shafts  and

spines was critical  for the regulation of synaptic  strength and long term potentiation.

Thus, the translocation of type II PKA can influence PKA function in neurons.  

The PKA system also contributes to the plasticity that underlies sensitization to

noxious stimuli  (Taiwo and Levine,  1991).   Furthermore,  there is  elevated activity  of

cAMP and PKA in smokers' brains potentially implicating dysfunctional PKA signaling

in nicotine addiction  (Hope et al., 2007).  A functional role of PKA in neurons comes

from studies performed on mutant mice lacking the expression of the PKA catalytic or

regulatory subunit  (Kirschner et al., 2009).  Transgene disruption of regulatory isoform,

RI  α/β,  resulted in  long-term memory impairments  which was not  observed in RII β

mutant mice (Brandon et al., 1995).  This study indicated that type I R subunits are more

critical in the earliest phase of activation of the cAMP-PKA pathway and necessary for

memory consolidation.   Also RI type isoforms are more sensitive to cAMP activation

than  type  RII-PKA isoforms  (Woodford  et  al.,  1989).  However,  in  neurons  RII  β
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expression is region specific.  For example RII β subunits are found highly expressed in

the striatum and RII β knockout mice showed significantly reduced PKA activity in the

same region of the brain (Brandon et al., 1997).  Since dopaminergic neurotransmission

in the striatum is critical for motor output (Centonze et al.,  2001), alterations in PKA

subunits could disrupt dopaminergic signaling  (Brandon et al.,  1998).  At a molecular

level, RII β was shown critical for striatal gene expression, as amphetamine induction of

c-fos mRNA, and constitutive prodynorphin mRNA expression were reduced in the RII β

knockout mice (Brandon et al., 1998).  Together, these evidence indicate that the temporal

and  spatial  expression  of  PKA  isoforms  greatly  determine  the  net  activation  and

downstream effect of cAMP-PKA mediated physiological processes.

Figure  1.  9   G  protein-coupled  receptors  (GPCR)  regulate  activation  of  different
isoforms of adenylyl cyclase leading to generation of cAMP. 
Ligand bound GPCRs activate adenylyl cyclases (ACs) in their proximity and generate
pools of cAMP.  The local concentration and distribution of the cAMP gradient is limited
by  the  enzyme  phosphodiesterase  (PDE),  which  cleaves  cAMP.   The  subcellular
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structures harbor specific isozymes of PKA that are anchored via A kinase anchoring
proteins (AKAPs) which in turn are responsible for defined localization of PKA in the
vicinity of the GPCRs and the ACs.  These mechanisms serve to localize and limit the
assembly  of  the PKA pathway to a  defined subdomains  of  cells.   Image taken from
(Taskén and Aandahl, 2004).

1.3.3.3  Structure and function of Src family of tyrosine kinases

Tyrosine phosphorylation of cellular substrates has been implicated in the regulation of a

variety  of  cellular  processes,  including  cell  growth,  cell  differentiation  and  neuronal

signaling (Thomas and Brugge, 1997).  In this regard, members of non-receptor tyrosine

kinase  family  (Src  family  of  tyrosine  kinases)  have  been  recognized  in  the  CNS to

regulate  ion-channel  activity,  synaptic  potentiation  and  synaptic  plasticity,  thereby

regulating learning and memory processes  (Kalia et al., 2004).  Src family of tyrosine

kinases are classified into eight subfamilies based on the structural differences, namely

Src, Fyn, Yes, Fgr, Lyn, Hck, Lck, Blk and Yrk respectively (Brown and Cooper, 1996).

All the members of the Src family have a common structure as shown in Fig. 1.10.  Only

five members of the Src family kinases are expressed in the mammalian brain which are

Src, Fyn, Yes, Lck and Lyn kinases  (Salter and Kalia, 2004).  Src kinases are  typically

52-62 kDa proteins, comprised of six functional regions.  Src homology 4 (SH4) domain,

the unique region, the SH3 domain, the SH2 domain, the catalytic kinase domain and a

short  negative  regulatory  tail  present  in  the  carboxyl  terminus  (Thomas  and Brugge,

1997).  The SH4 domain contains a 15 amino acid sequence that includes signals for lipid

modification  of  Src  family  kinases  and  targets  it  to  cellular  membrane  upon

myristoylation.   The  unique  domain  is  distinct  within  the  member  of  Src  kinases

(Roskoski,  2004).   The  SH3 and SH2 domains  are  protein-binding domains  and are

important  for  intra  as  well  as  intermolecular  interactions  that  regulate  Src  catalytic
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activity, Src localization,  and recruitment  of substrates  (Weng et al.,  1994).  All  SH3

domain ligands contain a  core consensus sequence of P-X-X-P (P = proline)  and the

amino acids surrounding the prolines confer affinity and specificity for individual SH3

domains.  The SH2 domain is involved in regulating the catalytic activity of Src kinases,

localization  of  Src  and  this  domain  binds  to  specific  short  contiguous  amino  acid

sequences containing phosphotyrosine (Songyang et al., 1993).  The catalytic activity of

Src kinases is dynamically regulated through phosphorylation and dephosphorylation of

the  kinases  at  the  key  tyrosine  (Y)  residues  Y416  and  Y527  (Fig.  1.10).

Dephosphorylation of Y527 by protein tyrosine phosphatases prevents the intramolecular

interaction with SH2 domain and activates the kinase (Xu et al., 1999).
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Figure 1.  10   Structure and regulation of Src family kinases.  
All  members  of  Src  family  non-receptor  tyrosine  kinases  share  a  common  domain
structure which includes Src homology (SH4) domain, unique (U) domain, SH3 domain,
SH2 domain, linker region and catalytic domain.  The regulation of catalytic activity is
mediated  by  intramolecular  interactions  and  tyrosine  phosphorylation  and
dephosphorylation of the kinase itself.  (A)  Inactive conformation of the Src family of
tyrosine kinase.  The inactive conformation occurs upon phosphorylation of the terminal
tyrosine (Y527) by kinases such as Csk or Ctk.  (B)  Active conformation of Src family
of  tyrosine  kinases.   Upon  dephosphorylation  by  phosphatases  of  terminal  Y527,
intramolecular displacement occurs between SH3 and SH2, which results in an open and
active  conformation  of  Src  kinase.   Autophosphorylation  of  Y416  results  in  a
conformational  change  of  the  activation  loop,  which  renders  the  kinase  fully  active.
Small-molecule  inhibitors  (such  as  PP2  (4-amino-5-(4-chlorophenyl)-7-(t-
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butyl)pyrazolo[3,4-d]pyrimidine)) bind to the ATP-binding site in the catalytic domain
and blocks phosphate transfer to target proteins.  Some G proteins (such as Gαs, Gαi and
H-Ras)  interact  with  the  catalytic  domain  and  alter  kinase  activity  by  unknown
mechanisms. Modified from (Salter and Kalia, 2004).

1.3.3.4  Neurobiological function of Src kinases

Src kinases are expressed ~ 200 fold more in neurons as compared to peripheral tissues

(Thomas and Brugge, 1997).  The role of Src kinase activation  on neuronal  function

comes from the study conducted by Kalia et al (2004).  The authors showed that Src

kinase activation  upregulated the activity  of NMDA receptors and other ion channels

(Kalia et al., 2004).  NMDA receptors (NMDARs) constitute one subtype of glutamate

receptors that mediate excitatory transmission at most central synapses  (Cull-Candy et

al.,  2001).  Kalia  and  colleagues  showed  that  Src  kinase  modulated  the  function  of

NMDA receptors through phosphorylation, which led to changes in synaptic plasticity.

Specific members of Src kinases like Fyn, Lck and Src kinases are highly expressed in

the post-synaptic density (PSD) of neurons, the main postsynaptic structural component

of glutamatergic synapses  (Takagi et al., 1999).  Src mediated upregulation of NMDA

receptor  function  resulted  in  NMDAR-dependent  synaptic  potentiation  and  plasticity.

Thus,  Src  kinases  are  required  for  cellular  processes  of  learning  and  memory,  and

pathological plasticity, such as pain and epilepsy. 

Recent studies have also shown the regulation of α7 nicotinic receptor by tyrosine

phosphorylation mediated via Src kinases.  Tyrosine dephosphorylation unlike NMDARs

resulted  in  robust  potentiation  of  whole-cell  responses  of  α7  currents  in  cultured

hippocampal neurons and in neuroblastoma cells  (Charpantier et al., 2005a).  A similar

study also showed that the number of functional cell surface α7 nAChRs was controlled
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indirectly via tyrosine phosphorylation  (Cho et al.,  2005).  In the former study it was

hypothesized that Src mediated inhibition of α7 nAChRs on inhibitory interneurons could

be one mechansim of disinhibition of pyramidal cells in the hippocampus.  Thus, these

experimental studies showed that Src kinases are versatile enzymes that play key roles in

modulation  of  the  neuronal  circuit  through  phosphorylation  of  ion  channels.   These

results also suggest that Src kinases have a broad range of substrates.  The net signaling

outcome  of  the  Src  kinase  pathway  depends  on  the  specific  isoform  of  Src  kinase

expression,  its  cellular  localization  and  its  cross  talk  with  other  receptor  signaling

pathways.   Interestingly,  Src  kinases  are  highly  concentrated  in  the  lipid

microenvironment on the cell surface known as lipid rafts.  The precise localization of

Src signaling in these lipid raft regions protects the target phosphosubstrate from non-raft

enzymes  such  as  membrane  phosphatases  that  otherwise  could  affect  the  signaling

process  (Simons  and  Toomre,  2000).   This  in  turn  favours  specific  protein–protein

interactions, resulting in the activation of diverse signaling cascades.
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Chapter 2 - A Rapid Agonist Application System for Fast

Activation of Ligand-Gated Ion Channels

Abstract

The  synaptic  delay  between  neurotransmitter  release  across  the  synaptic  cleft  and

activation  of  neurotransmitter  gated  ion  channels  is  less  than  a  msec.   Nicotinic

acetylcholine receptors (nAChRs), like many other classes of ligand-gated ion channels,

are comprised of different protein subunits forming a variety of receptors with different

activation and desensitization kinetics and pharmacological sensitivities.  To measure and

fully characterize ligand-gated ion channel currents accurately, one must apply agonists

in  a  fraction  of  a  msec  and  repeatedly  at  various  concentrations  without  any  prior

desensitization  of  the  receptors.   In  this  paper,  we  describe  an  economical,  easy  to

assemble and operate, rapid drug application system.  The drug applicator system consists

of a parallel array of three pinch valves, which allow either agonist or wash solution into

a theta tube.  Solution exchanges of 0.16 ms can be achieved.  In transfected cells, ACh

elicited α4β2 nicotinic currents with mean rise times of 55 ± 13 msec.  We recorded  α7

nAChRs, which desensitize very rapidly, and obtained very fast rise times of 19 ± 2 msec.

With this novel drug applicator, agonists can be applied repeatedly at intervals of 30 sec

without any loss of current.  Hence, complete dose-response relations can be obtained for

even α7 nAChRs, which are very sensitive to  desensitization caused by  agonist exposure

on a msec time scale.  The drug application system can also be extended to the study of

ligand-gated ion channels in brain slices.  The theta tube valve-driven drug applicator
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system can be applied to study other ligand-gated ion channels including glutamate and

GABA receptors.

Publication Information

This chapter has previously been published as Komal P, Evans G and Nashmi R. A rapid

agonist application system for fast activation of ligand-gated ion channels. J Neurosci

Methods 198: 246-254 (2012).  All experiments were performed and analyzed by PK and

were designed by PK and RN.  The paper was written by PK and RN.

2.1  Introduction

The major form of communication between neurons in the brain is governed by

the release of neurotransmitters, which bind to receptors on the surface of postsynaptic

neurons,  called  chemical  synaptic  transmission.   The  delay  between  neurotranmitter

release from the presynaptic terminal and initiation of a postsynaptic response occurs in

less than one msec.  Ligand-gated ion channels mediate fast neurotransmission by their

transition from the closed unbound state to the ligand-bound open state on a msec time

scale.   Upon  prolonged  agonist  exposure  ligand-gated  ion  channels  transition  to  the

ligand bound desensitized  state.   Nicotinic  acetylcholine  receptors  (nAChRs) are  one

such class of ligand-gated ion channels.  They are pentameric cation channels that are

activated by ACh or nicotine permitting an influx of sodium and calcium and an efflux of

potassium.   Heteromeric  α4β2* (*  indicates  that  the  receptor  may contain  additional

subunits other than α4 and β2) and homomeric α7 form the two most abundant receptor

subtypes of a total of 12 different neuronal subunits (α2-α10 and β2-β4) that exist in the

vertebrate CNS (Whiting et al., 1987; Dani and Bertrand, 2006; Gotti et al., 
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2006; Millar and Gotti, 2009).   Hence, many different subunit combinations of nicotinic

receptors can form with a great variety of desensitization kinetics and pharmacological

profiles.  To study accurately the activation of nicotinic receptors or any other class of

ligand-gated ion channels  and their  physiological  role in neuronal signaling one must

deliver agonists rapidly on a msec time scale and eliminate leakage of agonist to prevent

receptor desensitization.   Furthermore,  to accurately characterize different subtypes of

nicotinic receptors one must deliver various concentrations of agonist for a dose-response

profile of the receptors.

Many different agonist application systems have been developed over the years

for the electrophysiological study of ligand-gated ion channels, all with their strengths

and limitations.  One of the drug applicators used routinely to examine ligand-gated ion

channel currents is a picospritzer, which requires a high air pressure source and delivers

regulated air pressure through tubing to the back of agonist filled glass micropipette to

eject the drug  (Ji et al., 2001; Klink et al., 2001;  Nashmi et al., 2007).  An improved

modification of the puffer technique of drug application employs a daisywheel solution

changer so that dose-response relations can be obtained in slice recordings (Pidoplichko

2005).  Another device is a U-tube, which draws solution into a hole in the U-tubing until

the valve is shut, after which solution is ejected from the hole in the U-tubing (Alkondon

and  Albuquerque,  2005;  Nivalda  O  Rodrigues-Pinguet,  2005;  Zhao  et  al.,  2003).

Piezoelectric  driven  theta  tubes  use  two  continuously  flowing  streams  in  which  the

recorded cell is bathed in the wash solution stream until high voltage is applied to the

piezoelectric device,  expanding and rapidly moving the drug solution stream onto the

recorded cell.  This achieves submillisecond solution exchange with no desensitization of

48



receptors (Buisson and Bertrand, 1998; Nashmi et al., 2003; Nashmi et al., 2007).  Even

more sophisticated and rapid techniques of drug applications have been developed using

UV-uncaging of agonists  (Dahan et  al.,  2004;  Lester and Nerbonne, 1982) which can

achieve not only rapid but also more localized delivery of agonists with the use of two-

photon microscopes (Khiroug et al., 2003) .

In this  chapter, we describe a simple and inexpensive drug application system

operated by valves and a theta tube that can reliably and very rapidly apply agonist within

0.16 msec as measured by the 10-90% open tip rise response of change in the junction

potential.   The  applicator  did  not  leak  agonist  onto  the  recorded  cell  and  therefore

receptor desensitization is nonexistent.  Accurate and complete dose-response relations

can be attained using the valve-driven drug applicator.  Furthermore,  this  application

system is well suited to elicit ligand-gated ion channel currents in brain slices.

2.2  Materials and methods

2.2.1  Construction of the valve driven theta tube drug applicator to record nicotinic

responses

A simple and inexpensive drug application system is developed in our lab that reliably

and very rapidly applied agonist within 0.16 msec as measured by the 10-90% open tip

rise response of change in junction potential.  Fig. 2.11 A diagrammatically depicts the

valve driven theta tube drug applicator system.  Theta borosilicate glass tubing (cat# BT-

150-10; Sutter Instruments) were partway pulled on a P-97 Flaming-Brown Micropipette

Puller (Sutter Instruments).  To separate the two ends of the theta tubing, the adjoining

narrowed portion of the theta tube was scored with a file under microscopic observation
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and the ends bent until there was a clean break.  The outer diameter of the theta tubes

ranged  between  300-400  μm.   Two  separate  polyethylene  tubes  (PE-50)  with  I.D,

0.28mm  (0.011'')  and  O.D  0.61mm  (0.024'')  (cat#  427400;  Becton  Dickinson  and

Company) were inserted into the two parallel barrels of the theta glass tubing.  The ends

of the theta tubing were sealed with epoxy glue to produce an air-tight seal between the

theta tube and PE-50 tubing.  Through a series of connections to larger PE tubings, each

of the two PE-50 tubings, which emanated from the theta glass tube eventually connected

to platinum silicone tubings with I.D. of 1/16" and O.D. of 1/8" (cat# R-KT-5720-02;

Cole-Parmer), which fed into a solenoid operated two channel pinch valve of 12 V and

2.6 Watts (cat#  R-98302-42, Cole-Parmer) or 12 V and 2.8 Watts (cat# 075P3MP12-02S,

Bio-Chem Fluidics).  One of the two channels of the pinch valve is normally open while

the other channel is normally closed.  Application of 12V to the solenoid valve switches

the flow path from one channel  to the other by pinching one platinum silicon tubing

while releasing the previously closed channel.  A "Y" connector is attached to each of the

two platinum silicone tubes entering the two channel pinch valve.  Upstream to the two

channel pinch valve were two sets of different solution reservoirs (60 ml syringe tubes),

each of which could be selected through an 8-way manual valve (cat# 001103, Omnifit).

The other port of each of the two "Y" connectors led to platinum silicon tubing with I.D.

of  1/16" and O.D. of  1/8" (cat# R-KT-5720-02;  Cole-Parmer)  that  fed to a  normally

closed one channel pinch valve (12 V, 2.6 Watts, cat# R-98302-02, Cole-Parmer) or 12 V

and  2.8  Watts  (cat#  075P3NC12-02SQ,  Bio-Chem Fluidics)  that  led  to  waste.   The

purpose  of  the  one  channel  pinch valve  is  to  prime  the  solution  before  opening  the

channel of the two channel valve producing faster ejection of the solution onto the cell.
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The three valves were attached to an 18” long aluminum rod with magnetic base.  The

same aluminum rod supported a manual micromanipulator, which held a 7” long probe

holder (MXP-150, Siskiyou) to which the theta tube was fastened (Fig. 2.11 B, C).  The

valves were driven by a three channel valve controller, with each channel supplying 12 V

of DC power supply to each of the valves.  Each of the channels was triggered by a

voltage supplied by one of the digital output channels of the 1440A Digidata analog-to-

digital converter (Molecular Devices).

The sequence of events to operate the valve-driven theta tube drug applicator are (Fig.

2.12):  (1) the  drug  solution  channel  is  closed  while  the  extracellular  solution  (ECS)

channel is open for the two channel valve;  (2) the one channel valve for the agonist is

opened to prime agonist into the tube before drug application; (3) the two channel valve

is activated so that the drug solution channel is opened and the ECS solution channel is

closed;  (4) the one channel  valve for ECS solution is opened to prime the ECS tube

before washing off the drug with ECS and returning to step  (1).  The priming duration

can be adjusted for optimal solution exchange.  For a 1 sec drug application we found

that 300 ms of priming of agonist and wash solutions produced optimal results.
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Figure 2.  11   Construction of the valve driven theta tube drug applicator.  
(A) Schematic diagram of the valve driven theta tube drug applicator.  Flow through each
of two tubings leading to the barrels of the theta tube is regulated by a two channel valve,
one open and the other closed, which can be reversed with voltage.  A pair of one channel
valves were each used to prime the solution for faster flow down the two channel valve.
(B) Photo of the setup.  (C) A zoomed image of the setup showing the three valve system.
(D) The two channel and the one channel pinch valves.  (E) An image of the theta tube on
the bottom left and the patch pipette recording electrode.
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Figure 2.  12   Schematic operation of the valve driven drug applicator.  
The sequence of events  to  operate  the  valve driven theta  tube drug applicator  are  as
follows: (A) the agonist solution channel is closed while the extracellular solution (ECS)
channel is open for the two channel pinch valve;  (B) the one channel pinch valve for
agonist is opened to give a 300 msec priming before agonist application;  (C) the two
channel valve is activated so that the agonist solution channel is opened and the ECS
solution channel is closed; (D) the one channel valve for the ECS solution is opened to
give a 300 msec priming before washing out the agonist with ECS and returning to step
(A).

2.2.2  Culture and transfection of HEK 293T cells

Human RIC-3 cDNA was kindly provided by Neil Millar from the University College

London.  RIC-3 is a chaperone protein that is a requirement for the functional expression
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of α7 nAChRs in many mammalian cell lines (Lansdell et al., 2005).  The α4YFP β2CFP

nAChR cDNA encoded mouse α4 and β2 nAChR subunits in which fluorescent proteins

were inserted into the M3-M4 cytoplasmic loop and functioned normally in every respect

as  described  previously  (Nashmi  et  al.,  2003).   cDNA encoding  mouse  α7  nAChRs

cloned  into  pcDNA3.1  was  kindly  provided  by  Jerry  Stitzel  from the  University  of

Colorado Boulder.  HEK293T cells (ATCC) were maintained in DMEM high glucose

medium  supplemented  with  10%  fetal  calf  serum,  2  mM  L-glutamine,  100  U/ml

penicillin, and 100 µg/ml streptomycin (DMEM complete medium).  DMEM incomplete

medium was  identical  to  DMEM complete  medium except  that  fetal  calf  serum was

omitted.   Three  to  six  days  before  electrophysiological  recordings,  the  cells  were

incubated  with  trypsin  for  3  min,  mechanically  dissociated,  and seeded on poly-DL-

lysine  (1 mg/ml,  cat  #  P9011,  Sigma)  coated  5 mm glass  coverslips  (cat  #  64-0700,

Warner) placed inside 35 mm diameter petri dishes.   Cells were transfected at 60 –70%

confluency using Fugene Transfection Reagent (cat # PRE2311, Promega).  To each dish

was added either solution 1 (2 µg of  α4YFP and 2 µg of β2CFP cDNA mixed with 3 μl

of Fugene transfection reagent and 250 μl of incomplete DMEM medium) or solution 2

(2 µg of α7, 2 µg of RIC-3 and 0.2 µg of Venus mixed with 3 μl of Fugene transfection

reagent  and  250  μl  of  incomplete  DMEM  medium).   Transfection  was  performed

according  to  the  manufacturer’s  protocol.   Electrophysiological  recordings  were

performed 2–3 d post-transfection.

2.2.3  Whole-cell electrophysiology in cultured cells

Cells were visualized with differential interference contrast illumination using an upright

microscope  (Nikon  FN1)  equipped  with  a  CFI  APO  40X  W  NIR  objective  (0.80
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numerical aperture, 3.5 mm working distance).  Transfected cells were identified with

Venus fluorescent protein or fluorescently tagged nicotinic receptors under fluorescence

illumination (Hg lamp).  Standard whole-cell recordings were made using a Multiclamp

700B amplifier (Molecular Devices) filtered at 4 kHz, digitized at 10 kHz with a Digidata

1440A data acquisition system (Molecular Devices), and stored on a personal computer..

Whole-cell  patch-clamp  recordings  were  made  48  h  post  transfection.   The  culture

medium was exchanged for extracellular solution (ECS) containing (in mM): 150 NaCl, 4

KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, and 10 D-glucose adjusted to pH 7.4 (with NaOH)

(osmolarity  = 300 mosmol l-1) .   Micropipette  recording  electrodes  were pulled from

borosilicate  glass of 1.5 mm O.D. and  1.0 mm I.D. (cat  1B150F-4,  WPI)  on a  P-97

Flaming/Brown micropipette puller (Sutter Instrument). Patch electrodes (5-7 MΩ) were

filled with pipette solution containing (in mM): 108 KH2PO4, 4.5 MgCl2, 0.9 EGTA, 9

HEPES, 0.4 CaCl2, 14 creatine phosphate (Tris salt), 4 Mg-ATP, 0.3 GTP (Tris salt), pH

7.4 with KOH.  Series resistance was compensated 50%, and the membrane potential was

held at  -60 mV.  Recorded potentials  were corrected for the liquid junction potential.

ACh was delivered using the two-barrel glass theta tube valve driven drug applicator,

which was positioned ~300 µm from the recorded cell (Fig.. 1E).  Agonists were applied

for  1  second.   The  timing  of  agonist  delivery  and  recordings  were  controlled  using

pCLAMP 10 acquisition software (Molecular Devices). 

2.2.4  Whole-cell electrophysiology in brain slices

Whole-cell patch-clamp recordings in brain slices were performed on mice 10-11 days

postnatal.  Procedures on mice were performed in accordance to protocols approved by

the University of Victoria  Animal Care Committee and in accordance with the Canadian
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Council on Animal Care.  Mice were anesthetized with isofluorane, decapitated and the

brains were removed and sectioned coronally into 320 μm thick slices in regular brain

slice  ECS with a  vibratome (Leica  1000S).   The ECS for brain  slice recordings  and

slicing were identical and were comprised of (in mM): 125 NaCl, 2.5 KCl, 1.2 NaH2PO4,

1.3 MgCl2, 2.4 CaCl2, 26 NaHCO3 and 11 D-glucose.

Neurons were visualized with an upright microscope (Nikon FN1) equipped with a

CFI APO 40X W NIR objective (0.80 numerical  aperture,  3.5 mm working distance)

using  infra-red  differential  interference  contrast  and  a  video  camera  (IR-1000,  Dage

MTI). The patch electrodes had resistances between 6 - 9 M when filled with pipette

solution containing (in mM): 130 potassium gluconate, 5 EGTA, 0.5 CaCl2, 2 MgCl2, 10

HEPES, 3 Mg-ATP, 0.2 GTP and 5 phosphocreatine tris, pH adjusted to 7.4 with KOH,

osmolarity  adjusted to  300 mOsm with sucrose.  Whole-cell  voltage-clamp recordings

were  performed  at  room temperature  with  a  MultiClamp  700B amplifier  (Molecular

Devices) and pCLAMP 10 software (Molecular Devices).  Data were filtered at 4 kHz

and  sampled  at  10  kHz  with  a  Digidata  1440A data  acquisition  system  (Molecular

Devices).  The membrane potential was corrected for liquid junction potential and series

resistance was corrected 50%.  Neurons were held at -60 mV.  The theta tube of the valve

driven drug applicator was positioned ~600 µm from the recorded cell and agonists were

applied for 1 second.

2.2.5  Statistical analysis

Values are reported as mean ± standard error.  Significant difference (p < 0.05) between

two groups of data were determined using a t test for continuous data meeting parametric
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assumptions of equal variances and normality.  Otherwise, a Wilcoxon rank sum test was

performed for nonparametric data.

2.3  Results

2.3.1  Testing the speed of solution delivery with the valve driven theta tube

To characterize the kinetic  properties of ligand-gated ion channels accurately agonists

must be delivered within a fraction of a msec without leakage of agonists to the cells to

prevent desensitization of receptors.  To precisely measure the rate of solution exchange

we measured the open tip response of the change in the liquid junction potential of 10%

ECS applied from the drug barrel of the theta tube.  We visually inspected drug delivery

and  leakage  by  introducing  phenol  red  dye  in  the  10%  ECS  and  subsequent  drug

mixtures.  Any test solution leakage would have also been identified by any slow changes

in baseline current, which was never observed.

When 10% ECS was applied for a 1 sec duration every 15 sec, we obtained a

consistent and repeatable rise to a steady state maximum during the 1 sec application,

which quickly returned to baseline levels  (Fig. 2.13 A).  We obtained sub-millisecond

(mean = 0.68 ± 0.06 msec) 10-90% rise times of the open tip responses consistently over

every day of recording (Fig. 2.13 B, D), with our fastest time of 0.16 msec.  The washout

time of the 10% ECS was slower as measured from the 90-10% decay time with a mean

time of 9.8 ± 1.9 msec (Fig. 2.13 C, E).  Our fastest open tip decay time was 0.12 msec,

indicating that relatively fast washes could be achieved with optimal positioning of the

theta tube in relation to the bath washout flow.
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The  submillisecond  rise  time  performance  approximates  the  kinetics  of

neurotransmitters  reaching  their  target.   The  absence  of  any detected  leakage  of  test

solution  should lead  to  consistently  repeatable  nicotinic  responses  devoid of  receptor

desensitization between drug applications.

Figure  2.  13   Testing  speed  of  solution  exchange  using  the  valve  driven  drug
applicator on open tip response.  
To monitor the rate of solution exchange accurately, the open tip responses of the change
in the liquid junction potential of 10% ECF applied from the agonist barrel of the theta
tube were measured.  The theta tube was positioned 300 μm from the recording pipette.
The agonist delivery and leakage were visually inspected after introducing phenol red dye
in the 10% ECF and subsequent drug mixtures.  Solution exchanges as fast as 0.16 msec
with an average of 0.68 ± 0.06 msec were achieved (A, B, D).  The off time kinetics of
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the drug applicator system was slower with a mean 90-10% decay time of 9.8 ± 1.9 msec.
The fastest open tip decay time was measured at 0.12 msec.  

2.3.2  Testing α4β2 nicotinic acetylcholine receptor activity in cultured HEK293T 

cells

The  α4β2*  nAChRs  are  the  most  prevalent  nicotinic  receptor  subtype  in  the  CNS

(Whiting et al., 1987).  These receptors are sensitive to agonist induced desensitization

and therefore fast agonist application devoid of leakage between applications are critical

requirements to induce robust nicotinic responses.  Typical ACh (300 μM, 1 sec) elicited

α4β2 nicotinic  current  responses  in  HEK293T cells  transiently  transfected  with α4β2

mouse receptors are shown in Fig. 2.14 A, B.   Dihydro-β-erythroidine (DHβE) is a well

known competitive antagonist of α4β2* nAChRs (Nashmi et al., 2003).  Stable repeated

α4β2 nicotinic current responses elicited with 300 μM ACh (1 sec application every 30

sec) were completely inhibited with 1 μM DHβE, and recovered fully upon washing.  

We obtained a mean α4β2 mediated nicotinic response of 310 ± 65 pA with a

maximal response of 870 pA with 300 μM ACh (Fig. 2.14 E).  The 10-90% rise to peak

time of the α4β2 nicotinic responses was 55 ± 13 msec  (Fig. 2.14 C).  Desensitization

occured relatively slowly with a desensitization time constant of 1093 ± 87 ms and (Fig.

2.14 D).  Furthermore, the α4β2 mediated nicotinic current desensitized by 50 ± 4% of its

original peak current value at the end of the 1 sec ACh application.
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Figure 2.  14   Testing α4β2 nicotinic receptor activity in HEK293T cells.  
(A, B)  α4β2 mediated nicotinic currents elicited by 1 sec application of 300 μM ACh
every 30 sec.  The competitive antagonist DHβE (1 μM) reversibly inhibited the nicotinic
response.  The first nicotinic response is shown at an expanded time scale.  (C, D) The
valve driven theta tube drug applicator elicited α4β2 mediated nicotinic responses with a
mean 10-90% rise time of 55 ± 13 msec and a desensitization time constant of 1093 ± 87
msec.  (E) The valve driven theta tube drug applicator was successful in activating robust
nicotinic receptor responses (mean peak amplitude of 310 ± 65 pA).  Repeated agonist
applications resulted in stable nicotinic responses with no desensitization or rundown of
the response.
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2.3.3  Testing α7 nicotinic acetylcholine receptor activity in cultured HEK293T cells

α7 nAChRs are the second most prevalent receptors in the CNS (Millar and Gotti, 2009)

and are also present in the PNS such as the cilliary ganglion (Triana-Baltzer et al., 2008).

α7  nAChRs  are  characterized  by  fast  activation  kinetics  and  have  the  most  rapid

desensitization kinetics of all the nicotinic receptor subtypes.  Rapid agonist application

is an even more critical requirement to elicit  α7 nAChR responses as compared to  α4β2

receptors.  Therefore we tested the performance of the drug applicator by examining ACh

elicited α7 responses in HEK293T cells. We observed sharp fast  rising α7 nicotinic

currents that desensitized rapidly during  application of 1 mM ACh (1 sec every 30 sec)

(Fig. 2.15 A).  Methyllycaconitine (MLA) at nM concentration is a specific competitive

antagonist of α7 nicotinic receptors (Murray et al., 2009).  We were consistently able to

elicit stable α7 nicotinic responses with repeated ACh applications that were completely

inhibited by 1 nM MLA and recovered upon washout of the inhibitor  (Fig. 2.15 A, B).

We routinely obtained robust α7 nicotinic responses (mean amplitude = 495 ± 32 pA;

Fig. 2.15 E).  The α7 nicotinic responses have significantly faster activation kinetics than

α4β2 receptors (p = 0.028, Wilcoxon rank sum test) as the mean 10-90% rise time of the

α7 nicotinic  currents was 19 ± 2 msec  (Fig.  2.15 C).   Desensitization kinetics  of α7

nicotinic  receptor  currents  were  significantly  faster  than  α4β2  mediated  nicotinic

responses (p < 0.001, Wilcoxon rank sum test) with a mean desensitization time constant

of  489 ± 19 ms (Fig. 2.15 D).  Moreover, the α7 mediated nicotinic responses showed

greater levels of desensitization than α4β2 nicotinic responses as the α7 nicotinic currents

desensitized by 78 ± 2% of its peak response at the end of 1 sec ACh application.  
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Concentration–response  experiments  performed  on  HEK293T cells  transfected

with α7 nicotinic receptor cDNA yielded robust α7 nicotinic responses that were stable

with repetitive drug applications over a wide range of concentrations  (Fig. 2.16 A, B).

The concentration-response relationship was fitted to a single Hill equation generating an

EC50 of 168 ± 40 μM and a Hill coefficient (nH) of 0.77 ± 0.11.  Because α7 nicotinic

receptor desensitization is very rapid and therefore confounding accurate dose-response

measurements  based on current  amplitudes,  it  has been suggested that area under the

curve of nicotinic responses provide a more reliable measure  (Papke and Porter, 2002;

Papke  and  Thinschmidt,  1998)   .  The  concentration-response  relationship  using  area

under the curve was fitted to a Hill equation with an EC50 of 5.6 ± 0.4 μM and a Hill

coefficient of 1.7 ± 0.2.
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Figure 2.  15   High  efficiency  of  rapid  drug applicator  demonstrating α7 nicotinic
receptor activity in HEK293T cells.  
(A, B) The α7 mediated nicotinic currents elicited by a 1 sec application of 1 mM ACh
every 30 sec.  The competitive antagonist MLA (1 nM) reversibly inhibited the nicotinic
response.  The first α7 mediated nicotinic response is shown at an expanded time scale
and has a 10-90% rise time of 5.8 ms.  (C, D) The valve driven theta tube drug applicator
elicited sharp rising and rapidly desensitizing α7 mediated nicotinic currents with a mean
10-90% rise time of 19 ± 2 msec and a mean desensitization time constant of 489 ± 19
msec.  (E) Robust and stable α7 nicotinic responses (mean peak amplitude of 495 ± 32
pA) can be elicited with repeated ACh application using the valve driven drug applicator.
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Figure 2.  16   Dose-response relations of α7 nicotinic receptor responses.  
(A)  Dose-response relations  of α7 mediated nicotinic  receptor responses with varying
concentrations of ACh applied for 1 sec every 30 sec.  Maximal responses are elicited
with  10  mM ACh.   (B)  Normalized  dose-response  relations  of  α7  nicotinic  receptor
currents determined for both peak amplitudes (green triangles) and area under the curve
(black circles).   The EC50 and Hill  coefficient  of α7 nicotinic receptor peak current
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amplitudes are 168 ± 40 μM and 0.77 ± 0.11, respectively, while those for area under the
current curves are 5.6 ± 0.4 μM and 1.7 ± 0.2, respectively.  Thus, repeated fast drug
administration can be applied to obtain accurate dose-response relations on α7 nicotinic
receptors, which are highly sensitive to agonist induced desensitization.  

2.3.4  Testing ionotropic glutamate receptor activity in brain slices

We tested whether the valve driven theta tube drug applicator can also apply agonists

rapidly in brain slices.  In addition, we examined whether the drug applicator system’s

utility can be extended to study ligand-gated ion channels other than nicotinic receptors.

We investigated ionotropic glutamate receptor activity since these receptors are the most

prevalent of all excitatory ligand-gated ion channels in the CNS.  Whole-cell patch-clamp

recordings  were performed in dentate  granule neurons from hippocampal  brain slices

from 10-11 days old postnatal mice.  We consistently elicited robust (mean amplitude =

213 ± 56 pA) fast rising (mean 10-90% rise time = 30 ± 2 ms, n = 6 neurons from 4 brain

slices) non-NMDA ionotropic glutamate currents with 1 mM glutamate (1 sec) that was

competitively and reversibly inhibited by the AMPA/kainate receptor antagonist, CNQX

(10 μM) (Fig. 2.17 A) when the holding potential was at -60 mV.

We further characterized the rapid ionotropic glutamatergic currents by stepping

the membrane potential  from -80 to +20 mV at 20 mV increments and recording the

resultant glutamatergic currents elicited with 1 mM glutamate (1 sec) (Fig. 2.17 B).  The

current  traces  show rapidly  activating  and desensitizing  currents  that  was  maximally

inward at -80 mV and progressively decreased in inward peak current amplitude with

incrementally  less  hyperpolarized  steps  of  membrane  potential  and  reversed  to  an

outward current at +20 mV.  An I-V plot shows a reversal potential of -5.6 mV (Fig. 2.17

C).  
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This  demonstrates  that  the  valve-driven  theta  tube  drug  application  system

performs well in brain slice recordings since it was able to reliably elicit rapidly rising

ionotropic  glutamate  receptor  currents  with  no loss  in  function with  repeated  agonist

application. 

Figure 2.  17   Eliciting glutamate receptor activity in hippocampal brain slices with
the rapid agonist applicator system.  
(A) Ionotropic glutamatergic currents elicited by a 1 sec application of 1 mM L-glutamate
every  min.   The  competitive  AMPA/kainate  receptor  antagonist  CNQX  (10  μM)
reversibly  inhibited  the  glutamate  mediated  current.   (B)  Currents  evoked  by  1  sec
application of L-glutamate at different membrane potentials of dentate granule neurons.
(C) I-V  relationship  of   peak  amplitude  of  L-glutamate  (1  mM)  elicited  whole-cell
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currents  recorded  when  potentials  were  stepped  from  -80  mV  to  +20  mV  (20  mV
intervals) showing a reversal potential at -5.6 mV.

2.4  Discussion

We have developed a valve driven theta tube agonist application system that satisfactorily

delivers  agonists  rapidly  enough  to  mimic  the  rates  of  neurotransmitter  release  at

synapses.   The  drug applicator  achieves  all  the  necessary  requirements  to  accurately

characterize the fast current responses of ligand-gated ion channels.  Very rapid mean

open tip solution exchanges of 0.66 ± 0.07 ms were achieved with the theta tube drug

applicator, with a maximal rate of 0.08 ms.  Stable and robust α4β2 and α7 nicotinic

currents could be elicited by repetitive ACh application.  A full dose-response relation of

α7 nicotinic currents could be obtained over repetitive ACh applications to the same cell.

Furthermore, the agonist applicator could work reliably in brain slices, eliciting rapidly

rising glutamate mediated AMPA currents in the hippocampus.  

There are additional strong features of the theta tube valve driven drug applicator

system.   First  the  performance  of  the  system  in  achieving  sub-millisecond  solution

exchange  approaches  that  of  the  liquid  filament  and  piezoelectric  driven  theta  tube

systems  (Nashmi et al., 2003;  Buisson and Bertrand, 1998;  Jonas, 1995;  Franke et al.,

1987)  Second, the cost is low for construction of the system which involves the minimal

cost of the three valves and a custom made 3-channel valve controller.  Third, another

strength in the system is the ease of operation.  The drug application system does not

require laminar flow of solution and does not produce oscillation artifact due to a moving

theta tube since the valve driven theta tube is stationary and only one of the barrels of the

theta  tube delivers either  drug or wash solution at  any point in time.   This perfusion
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apparatus is a modification of the one used by Dilger and colleagues (Liu and Dilger,

1991).  However, an advantage of the valve driven driven theta tube agonist applicator is

that by attaching the theta tube to a course manipulator it is feasible to rapidly apply

agonists to attached cultured cells in addition to patches and lifted cells.  The Dilger drug

applicator  also  achieves  submillisecond  solution  exchanges  but  can  only  work  with

patches  and  lifted  cells  that  must  be  moved  by  the  recording  pipette  to  the  drug

application tubing.  Furthermore, the theta tube allowed the valve-driven drug application

system to reliably  elicit  rapidly  rising fast  ligand-gated ion channel  currents,  such as

AMPA glutamate receptor activity, in brain slices. 

A limitation of our drug application system is the relatively large size of the theta

tube  tip  (300-400  μm).   This  precludes  very  focal  drug  application  that  may  be

advantageous in examining the function of receptors in subcellular regions, for example

receptor activity spatially distributed from distal dendrites to soma in neurons which can

be achieved using a picospritzer system (Ji et al., 2001b) or uncaging of caged agonists

(Poisik et al., 2008; Khiroug et al., 2003).

Although  we  have  tested  the  drug  applicator  with  two  subtypes  of  neuronal

nicotinic  receptors  with  different  activation  and  desensitization  kinetics  and  AMPA

glutamate receptors, we are confident that the utility of present drug applicator can be

extended to the detailed study of other fast ligand-gated ion channels including but not

limited to other ionotropic glutamate receptors, GABAA receptors, 5-HT3 receptors and

P2X receptors.  
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Chapter 3 - T Cell Receptor Activation Decreases Excitability

of Cortical Interneurons by Inhibiting α7 Nicotinic

Receptors 

Abstract

Many proteins in the immune system are also expressed in the brain. One such class of

immune  proteins  are  T cell  receptors  (TCRs),  whose  functions  in  T lymphocytes  in

adaptive immunity are well characterized.  In the brain, TCRs are confined to neocortical

neurons but their functional role has not been determined.  In mouse layer 1 neocortical

neurons, TCR activation inhibited α7 nicotinic currents.  TCRs  modulated α7 currents

via tyrosine phosphorylation of α7 nicotinic  receptors (nAChRs) through Src tyrosine

kinases  because  eliminating  Lck kinase  expression,  coexpressing  Fyn kinase  dead or

mutating tyrosine to alanine in α7 blocked the effect of TCR activation.  We found that

TCR stimulation decreased surface α7 nAChRs and reduced single-channel conductance.

These  results  reveal  that  TCRs  play  a  major  role  in  the  modulation  of  cholinergic

neurotransmission in the brain mediated by α7 nAChRs and that  this  has a profound

effect on regulating neuronal excitability.

Publication Information

This chapter has previously been published as Komal P, Geoff Gudavicius, Christopher

J. Nelson and Raad Nashmi.  T cell receptor activation decreases excitability of cortical

interneurons  by  inhibiting  α7  nicotinic  receptors.  J  Neurosci 34(1):  22-35  (2014)

(Featured  article).   P.K.,  C.J.N.  and  R.N.  designed  the  research;  P.K.  and  G.G.

performed the experiments; P.K., G.G. and R.N. analyzed the data; P.K., G.G., C.J.N. and

R.N. wrote the paper.
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3.1  Introduction

The central nervous system has been regarded as an immune privileged organ, owing to

the  blood brain  barrier  and an immunosuppressive  microenvironment  (Sallusto  et  al.,

2012).  However, there is evidence that immune proteins such as major histocompatibility

complex (MHC), cytokines,  and T cell  receptor (TCR)  subunits, originally thought to

have only immune function are also expressed in CNS neurons (Boulanger et al., 2001b)

(Syken and Shatz,  2003a). TCRs are known for their  role in adaptive immunity on T

lymphocytes (Irvine et al., 2002) but this restrictive role in only immune system function

has  recently  been challenged.  TCR expression in  the  adult  brain  is  restricted  to  the

neocortex  (Syken and Shatz,  2003a).  The TCR is an octameric  complex of subunits

where the αβ subunits bind to the peptide/MHC complex (Huang and Wange, 2004).  T

cell  antigen  receptor  β (TCRβ)  along with  MHC class  I  and CD3ζ are  expressed in

neurons, with the latter two proteins known to play a role in the induction of synaptic

plasticity  (Baudouin et al., 2008;  Escande-Beillard et al., 2010).  However, there is no

reported evidence that TCRs can modify activity of any ligand-gated ion channel in the

CNS.  The earliest  activated  kinases  following TCR stimulation  are  downstream Src

family kinases (Weiss and Littman, 1994).  

 α7 nicotinic acetylcholine receptors (nAChRs) are members of the pentameric

cys loop family of ligand-gated ion channels.  These receptors constitute the high affinity

α-bungarotoxin (α-BTX) binding sites in the CNS and are the second most prevalent

nAChR subtype in the CNS after α4β2 (Chen and Patrick, 1997).   α7 nAChRs play an

important role in cognition such as attention and memory (Levin et al., 2006;  Young et

al.,  2007)  These  receptors  are  expressed  most  abundantly  in  the  hippocampus  and
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neocortex  (Freedman et al., 1993;  Christophe et al., 2002).  The long intracellular loop

between the third and fourth membrane spanning regions of each  α7  subunit  contains

putative  protein  kinase  phosphorylation  sites  including  at  least  one  tyrosine

phosphorylation site (Charpantier et al., 2005).  Tyrosine phosphorylation of α7 nicotinic

receptors is known to modulate their activity (Charpantier et al., 2005; Cho et al., 2005).

Since α7 nAChRs and TCRs are both highly expressed in the cerebral cortex and

TCRs can signal  via  tyrosine  kinases,  this  opens the  possibility  that  TCRs can  have

downstream effects on α7 nAChRs.  We examined whether TCR activation can modulate

α7 nAChRs in  CNS neurons.   We provide  evidence  that  TCR activation  inhibits  α7

currents in cortical  neurons.  The negative modulatory effect of TCRs on α7 nAChR

activity  is  mediated  through  activation  of  Fyn  and  Lck  tyrosine  kinases  and  the

subsequent tyrosine phosphorylation of the cytoplasmic loop of α7.  The TCR negative

regulation of α7 receptors was due to a loss of surface α7 receptors and a decrease in α7

single-channel conductance.  Furthermore, we found that TCR activation decreased the

excitability  of  neurons.   Taken  together  our  results  reveal  a  novel  mechanism  of

modulation  of  neuronal  excitability  by  altering  ion  channel  function  through

phosphorylation mediated by activation of an immune receptor.

3.2  Materials and methods

3.2.1  cDNA constructs

Mouse α7 nAChR and human RIC-3 cDNA plasmids were kindly provided by Dr.

Jerry  Stitzel  (University  of  Colorado  Boulder)  and  Dr.  Neil  Millar  (University  of

London),  respectively.   RIC-3  is  a  chaperone  protein  that  is  a  requirement  for  the
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functional  expression  of  α7  nAChRs in  many  mammalian  cell  lines  (Lansdell  et  al.,

2005).  Venus fluorescent protein was generously provided by Atsushi Miyawaki (Riken

Brain Science Institute,  Tokyo, Japan)  (Nagai  et  al.,  2002).  We constructed a cDNA

construct in which Venus fluorescent protein and hemagglutinin epitope tag were fused to

α7 nAChR in the M3-M4 cytoplasmic loop (α7-Venus) and functions normally in every

respect (Dau et al., 2013)

According  to  ProSite  analysis,  there  is  a  single  putative  tyrosine  kinase

phosphorylation  site  in  the  M3-M4 cytoplasmic  region  of  α7  at  Y442.   Using  gene

synthesis  approach (Bioscience Ltd,  Toronto) the wildtype tyrosine 442 codon (TAC)

was  mutated  to  the  alanine  codon  (GCT)  in  both  α7  (α7(Y442A))  and  α7-Venus

(α7(Y442A)Venus).  

Expression vectors for constitutively active  Fyn kinase (FKA) and Fyn kinase

dead construct (FKD) were kindly provided by Dr. Todd Holmes (New York University,

New York, NY) (Nitabach et al., 2002)

3.2.2  Cell culture and transfection 

In this study we cultured Jurkat cells (clone E6-1, cat# TIB-152, ATCC).  Jurkat cells are

a clonal T lymphocyte cell line, which natively expresses T cell receptors.  Other Jurkat

cells used in the study include the Jurkat TCR β subunit knockout, in which there is loss

of expression of the β subunit of the T cell receptor (clone J.RT3-T3.5, cat# TIB-153,

ATCC) and the Jurkat Lck knockout cells, in which the cells are deficient in Lck tyrosine

kinase  activity  (JCaM 1.6,  cat#  CRL-2063,  ATCC).   Jurkat  cells  were  maintained  in

RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/ml), streptomycin

(100 μg/ml), and 5% glutamine in a humidified CO2 incubator at 37°C.  
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We transiently  transfected  Jurkat  cells  using  electroporation.   On  the  day  of

electroporation,  inside  35  mm  petri  dishes  we  coated  5  mm  diameter  round  glass

coverslips (cat # 64-0700, Warner) with  rat collagen type 1 (0.05 mg/ml,  cat # 92590,

Millipore)  for  3  hours  and  washed twice  with  PBS (pH 7.4).   In  an  electroporation

cuvette (cat # 165-2088, Bio-Rad) 1 x 107 Jurkat cells were incubated with 6 μg of α7

nAChR cDNA, 6 μg of RIC-3 cDNA and 0.6 μg of soluble Venus fluorescent protein

cDNA, in 300 μl of incomplete  RPMI 1640 medium and subjected to electroporation

with  a  Gene Pulser  Xcell  (Bio-Rad)  at  250 V and 960 μF.  RPMI-1640 incomplete

medium was identical to RPMI-1640 complete medium except that fetal bovine serum

was  omitted.   Electroporated  cells  were  then  plated  into  the  35  mm  dishes  each

containing  2.5  ml  complete  RPMI  media.   Whole-cell  patch-clamp  recordings  were

performed two days post electroporation.  For experiments involving confocal imaging of

cells, the Jurkat cells were plated onto collagen type 1 coated coverslip bottom 35 mm

dishes (cat # P35G-0-14-C, MatTek Corp).

HEK293T cells were also used in the study.  They were grown in  DMEM high

glucose medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin,

and  100  µg/ml  streptomycin  (DMEM  complete  medium) and  maintained  in  a  CO2

incubator at 37
°
C.  Three to six days before electrophysiological recordings, the cells

were incubated with trypsin for 3 min, mechanically dissociated, and seeded onto poly-

DL-lysine (1 mg/ml, cat # P9011, Sigma) coated 5 mm glass coverslips (cat # 64-0700,

Warner) placed inside 35 mm diameter petri dishes.  Cells were transfected at 60-70%

confluency using Fugene Transfection Reagent (cat # PRE2311, Promega).  To each dish

2 µg of α7 nAChR cDNA, 2 µg of RIC-3 cDNA and 0.2 µg of soluble Venus fluorescent
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protein  cDNA were  mixed  with  3  μl  of  Fugene  transfection  reagent  and  250  μl  of

incomplete DMEM medium, which was identical to the complete DMEM except lacking

FBS.   Transfection  was  performed  according  to  the  manufacturer’s  protocol.

Electrophysiological recordings were performed 2–3 d post-transfection. 

3.2.3  Whole-cell patch-clamp recordings from cultured cells

Cells were visualized with differential interference contrast illumination using an upright

microscope  (Nikon  FN1)  equipped  with  a  CFI  APO  40X  W  NIR  objective  (0.80

numerical aperture, 3.5 mm working distance).  Transfected cells were identified with

Venus  fluorescent  protein  under  fluorescence  illumination  with  a  mercury  lamp.

Standard  whole-cell  recordings  were  performed  using  a  Multiclamp  700B  amplifier

(Molecular Devices) low pass filtered at 4 kHz and digitized at 10 kHz with a Digidata

1440A (Molecular Devices).  Whole-cell patch-clamp recordings were performed using

extracellular solution (ECS) containing (in mM): 150 NaCl, 4 KCl, 2 CaCl
2
, 2 MgCl

2
, 10

HEPES, and 10 D-glucose adjusted to pH 7.4.  Micropipette recording  electrodes were

pulled from borosilicate glass of 1.5 mm O.D. and 1.0 mm I.D. (cat 1B150F-4, WPI) on a

P-97 Flaming/Brown micropipette puller (Sutter Instrument).  Patch electrodes (7-9 MΩ)

were filled with pipette solution containing (in mM): 108 KH2PO4, 4.5 MgCl2, 0.9 EGTA,

9 HEPES, 0.4 CaCl2, 14 creatine phosphate (Tris salt), 4 Mg-ATP, 0.3 GTP (Tris salt), pH

7.4 with KOH.  Atropine (100 nM) was present in the bath throughout all recordings to

block muscarinic acetylcholine receptor responses.  Series resistance was compensated

50%, and the membrane potential was held at -60 mV.  Holding potentials were corrected

for the liquid junction potential.  ACh was delivered for 1 sec duration using the two-
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barrel glass theta tube valve driven drug applicator, which was positioned ~300 µm from

the recorded cell (Komal et al., 2011).  Solution exchange rates measured from open tip

junction potential changes during application with 10% ECS were typically <500  μsec

(10–90% peak time).   The timing of agonist  delivery  and recordings were controlled

using pCLAMP 10.2 acquisition software (Molecular Devices). 

3.2.4  Whole-cell patch-clamp recordings from brain slices

All  experiments  on  mice  were  performed  in  accordance  of  the  Canadian  Council  of

Animal Care and approved by the Animal Care Committee of the University of Victoria.

10-15  day  post-natal  day  wild  type  C57BL/6J  mice,  TCR β  subunit  knockout  mice

(strain:  B6.129P2-Tcrbtm1Mom/J,  stock  #  002118,  The  Jackson  Laboratory)  or  α7

nAChR knockout mice (strain: B6.129S7-Chrna7tm1Bay/J, stock # 003232, The Jackson

Laboratory)  of  either  sex  were  anesthetized  with  isofluorane  and  decapitated.

Subsequently, the brain was rapidly removed, kept for a minute in slicing solution and

sectioned  coronally  into  320  μm  thick  slices  in  oxygenated  slicing  solution  with  a

vibratome (Leica 1000S).  Slicing solution comprised of (in mM): 250 sucrose, 2.5 KCl,

1.2  NaH2PO4,  1.3  MgCl2,  2.4  CaCl2,  26  NaHCO3 and  11  D-glucose.   Slices  were

transferred and incubated in a 37°C water bath for one hr.  ConA (75 μg/ml) incubation

time of 30 min was used for all our experiments.  Slices were continuously bubbled in

95% O2 and 5% CO2 during incubation and recording.

Using infra-red  video assisted  differential  interference  contrast  illumination  in

combination with an upright microscope  (Nikon FN1) equipped with a CFI APO 40X W

NIR objective (0.80 numerical  aperture,  3.5 mm working distance),  whole-cell  patch-
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clamp recordings  were performed on layer  1  medial  prefrontal  cortical  neurons from

C57BL/6J  mice  (wildtype,  WT) and  TCR β KO mice.   Data  were  acquired  using  a

Multiclamp 700B amplifier (Molecular Devices), low-pass filtered at 4 kHz and digitized

at 10 kHz with a Digidata 1440A A/D converter.  Brain slices were perfused continuously

with extracellular solution comprised of  (in mM): 125 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.3

MgCl2,  2.4 CaCl2,  26 NaHCO3 and 11 D-glucose.   Neurons were visualized  with an

upright microscope (Nikon FN1) equipped with a CFI APO 40X W NIR objective (0.80

numerical  aperture,  3.5 mm working distance)  using infra-red differential  interference

contrast and a video camera (IR-1000, Dage MTI).  The patch electrodes had resistances

between 9-11 MΩ when filled with pipette solution containing (in mM): 130 potassium

gluconate,  5  EGTA,  0.5  CaCl2,  2  MgCl2,  10  HEPES,  3  Mg-ATP,  0.2  GTP  and  5

phosphocreatine tris, pH adjusted to 7.4 with KOH, osmolarity adjusted to 300 mOsm

with sucrose.  Whole-cell voltage-clamp recordings were performed at room temperature

with  a  MultiClamp 700B amplifier  (Molecular  Devices)  and pCLAMP 10.2 software

(Molecular Devices).  Data were filtered at 4 kHz and sampled at 10 kHz with a Digidata

1440A data  acquisition  system  (Molecular  Devices).   The  membrane  potential  was

corrected for liquid junction potential and series resistance was corrected 50%.  Neurons

were held at -60 mV.  The theta tube of the valve driven drug applicator was positioned

~600 µm from the recorded cell  and 100 µM PHA543613 hydrochloride (cat # 3092,

Tocris), a specific agonist for α7 nicotinic receptor, was applied for 1 sec. 

The firing frequency of layer 1 cortical neurons from brain slices of WT mice and

TCR β KO mice for untreated and ConA treatment (75 μg/ml, 30 min) were measured in

current-clamp  mode  of  whole-cell  configuration,  with  bridge  balance  correction.
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Methylycaconitine  (MLA,  10  nM)  was  used  in  control  experiments  to  identify  the

contribution by α7 nicotinic receptors towards the firing rate of layer 1 neurons.  Current-

clamp steps ranging from 0 pA to 200 pA (500 ms duration) in 20 pA increments were

used to induce action potentials in cortical neurons.  Firing frequency was calculated by

dividing the number of action potentials by the 500 ms duration of each depolarizing step

current.  All data acquisition and analysis was performed using pClamp 10.2 software.

Cells were not used for analysis if resting membrane potential (Vm) was more depolarized

than -40 mV, access resistance (Ra) > 35 MΩ or input resistance (Rinput) < 100 MΩ.  

3.2.5  Current fluctuation analysis to estimate single-channel conductance

Estimation  of  single-channel  conductance  of  α7  nicotinic  receptor  was  done  by

fluctuation analysis as previously described (Sigworth, 1980; Lambert et al., 1989; Gill et

al., 1995; Brown et al., 1998).  We used Clampfit 10.2 software (Molecular Devices) to

conduct fluctuation analysis on the whole-cell current traces.  Briefly, repeated whole-cell

α7 currents evoked using 100 µM PHA543613 hydrochloride from brain slices of mice

held at -60 mV were obtained.  The variance of the current at each sample point of each

trace was plotted against the mean current of the averaged traces at the same sample point

in time. Then a linear fit was performed through the sampled points.  The slope of the fit

estimated  the  unitary  current,  i,  of  the  nicotinic  ion  channel.   The  single-channel

conductance was calculated using the equation γ = i / (Vh-Erev) where, Vh is the holding

potential  (-60  mV)  and  Erev is  the  reversal  potential  for  α7  receptors,  determined

experimentally as (-0.7 mV).
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3.2.6  Single-channel recordings

Single-channel recordings in the cell-attached patch-clamp configuration were performed

at  room temperature  on  wildtype  Jurkat  cells  electroporated  with  mouse  α7  nAChR

receptor and RIC-3 cDNA. The bath and pipette solutions contained (in mM): 150 NaCl,

4 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 D-glucose and 10-4 atropine adjusted to pH 7.4,

with 100  µM ACh dissolved in the pipette solution. Micropipette recording electrodes

were 1.5 mm O.D. and 1.0 mm I.D. borosilicate glass (cat 1B150F-4, WPI) that were

pulled  on  a  P-97  Flaming/Brown micropipette  puller  (Sutter  Instrument).  The  pulled

pipettes were coated with Sylgard #184 (Dow Corning) and fire polished.  Recording

micropipettes had resistances between 6-15 MΩ.  A pipette holding potential (Vp) of +60

mV was used throughout the recordings.  Because recordings were made in the cell-

attached configuration this meant that the membrane potential underneath the patch of

membrane was hyperpolarized by -60 mV in addition to the resting membrane potential.

Single-channel currents were acquired using a Multiclamp 700B amplifier  (Molecular

Devices), low-pass filtered at 4 kHz, digitized at 50 kHz with a Digidata 1440A A/D

converter (Molecular Devices) and collected with pClamp 10.2 software.  

Clampfit 10.2 software (Molecular Device) was used to analyze single-channel

recordings to determine single-channel  amplitudes and gating kinetics.  Single-channel

recordings were notch-filtered at 60 Hz followed by 4 kHz Gaussian filter.  The “Event

Detection – Single-Channel Search” feature in Clampfit was used to detect the open and

closed  channel events and analyzed for single-channel amplitudes and closed and open

durations.  Single-channel current amplitudes were analyzed by plotting an amplitude

histogram fitted with two Gaussian functions, one Gaussian corresponded to the closed
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channel  current  level,  and the  other  corresponded to  the  open channel  current  level.

Single-channel  conductance was calculated in  two ways.   One way was dividing the

single-channel amplitude by the driving force  γ = i / (Vh -Erev) where, Vh was estimated to

be  -108 mV by taking an  average  of  the resting  membrane potentials  recorded from

whole-cell recordings from Jurkat cells (-48 mV) minus the pipette potential (+60 mV)

(Vh = Vm – Vp).  Single-channel conductance was also verified by calculating the slopes

of current-voltage relationships of single-channel recordings stepped at various pipette

potentials.  To assess gating kinetics,  open and closed duration histograms of  single-

channel events were graphed on a semi-log plot and fit with functions with multiple.

3.2.7  Immunoprecipitation and Western blot analysis

Jurkat cells (1 x 107 cells/ml) were electroporated with 6 μg of α7-Venus, 6 μg of mouse

RIC-3 in 300 μl of incomplete RPMI media.  α7-Venus contains both a Venus fluorescent

protein and an upstream HA epitope tag inserted into the M3-M4 cytoplasmic loop of the

α7  nAChR subunit.   Electroporated  cells  were  then  plated  onto  35  mm dishes  each

containing 2.5 ml complete RPMI media.  On the second day of post-transfection, WT

α7-Venus  receptor  containing Jurkat  cells  were  treated  with  control  solution  (RPMI

solution) or ConA for 30 min at 37°C.   Prior to immunoprecipitation cells were washed

with  ice  cold  PBS  (pH7.4)  at  4°C  and  resuspended  in  1  ml  freshly  prepared

immunoprecipitation buffer (IP) containing 50 mM Tris-HCl pH 8, 150 mM NaCl, 0.5%

NP40, 0.5% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 2 mM

sodium orthovanadate, 1 μg/mL pepstatin, 1 μg/mL leupeptin, 1 μg/mL aprotinin).  The

cells were lysed on ice for 10 min and clarified by centrifugation at 18,000 x g for 5 min.

α7 receptors were immunoprecipitated using 2 μL of  anti-HA antibody (clone 12ca5, gift
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from Ivan Sadowski, University of British Columbia) and incubated with lysate for 1 hr

prior to addition of 20 μl of BSA blocked protein A/G agarose beads (200 μg BSA in 1 ml

IP buffer with beads) (cat# 20422, Pierce) for an additional hour with rotation.  Beads

were washed 3 times in 1 ml IP buffer and immune complexes were released by briefly

boiling  in  25  μl  SDS  loading  buffer.   Proteins  were  resolved  by  SDS-PAGE  and

transferred to nitrocellulose membrane.  Western blotting was performed using anti-HA

antibody (clone 12ca5) at 1:5000 dilution to detect total cellular α7 nicotinic receptors.

Tyrosine  phosphorylation  of  α7  receptors  was  detected  with  anti-phosphotyrosine

antibodies (1:2000 dilution, Clone 4G10, Millipore).  Horseradish peroxidase conjugated

anti-mouse secondary antibody (cat# NXA931, GE) was used at 1:5000.  Proteins were

detected by chemiluminescence (Amersham Biosciences). 

3.2.8  Surface α-bungarotoxin labeling and spectral confocal microscopy 

Jurkat cells were transfected with 6 μg of mouse α7-Venus or α7(Y442A)-Venus nAChR

cDNA and 6 μg of mouse RIC-3.  For cell surface receptor expression assays, 48 hr post-

transfection cells were incubated on ice for 1 hr to ensure that the temperature was below

4°C.  ConA was incubated (75 μg/ml) for 30 min at 37ºC.  Cells were then fixed with 4%

paraformaldehyde  in  PBS  for  10  min  on  ice  and  washed  twice  with  ice  cold  PBS.

Surface α7 receptors were then labeled with Alexa Fluor 647 α-bungarotoxin (1:200, Fl-

BTx,  cat#  B35450,  Invitrogen)  under  nonpermeabilized  conditions  for  30  min  and

washed twice with ice cold PBS.  Then the cells were plated on rat tail collagen type I

coated dishes prior to imaging (0.05 mg/ml, cat # 92590, Millipore).  Surface expression

of Fl-BTx labeled WT α7-Venus receptors vs mutant α7(Y442A)-Venus receptors was

examined with a Nikon C1si spectral confocal microscope system using a Plan Apo VC
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60X 1.4 NA oil immersion objective (0.13 mm working distance).  A lambda stack of X-

Y images  were  collected  simultaneously  with  one  laser  sweep  onto  an  array  of  32

photomultiplier tubes.  Jurkat cells containing α7-Venus were imaged from 496.5 – 696.5

nm at 5 nm wavelength separation.  Images were acquired at 512 pixels x 512 pixels, at

25 μm x 25 μm field of view and 12 bit intensity resolution.  The pixel dwell time was set

at 5.52 μsec and the pinhole was set to medium (60 μm diameter).  Fl-BTx was excited

with a 638 nm laser line at 15 % maximum intensity, and emission was measured at the

emission peak channel (665 nm).  Images were analyzed for mean signal intensity using

ImageJ v1.43r software.  Using JACoP (just another colocalization plugin) in Image J,

we also calculated the Mander's coefficients, M1 and M2, which quantify the degree of

overlap  between  α7-Venus  and  FI-Bgt  (Manders  et  al.,  1993).   M1  measures  the

percentage of pixels in the red channel that overlaps with the signal in the green channel,

while M2 measures the percentage of pixels in the green channel that overlaps with signal

in the red channel.  M1 and M2 coefficient were calculated for both control and ConA

treated Jurkat cells.

3.2.9  Statistical analysis

Values are reported as mean ± standard error.  Significant difference (p < 0.05) between

two groups of data were determined using a t-test for continuous data meeting parametric

assumptions of equal variances and normality.  Otherwise, a Wilcoxon rank sum test was

performed  for  nonparametric  data.   Comparison  between three  or  more  groups  were

analyzed using an analysis of variance (ANOVA) for parametric data followed by post

hoc multiple  pairwise  analysis  using  a  Tukey's  HSD  tests.   For  nonparametric  data

involving comparison of three or more groups of data a Kruskal-Wallis rank sum test was
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performed followed by pairwise analyses using Wilcoxon rank sum tests.  All statistical

analyses  were  performed  using  the  R  statistical  computing  language  (www.R-

project.org).

3.3  Results

3.3.1  TCR activation decreases α7 nAChR responses in Jurkat cells 

Since the TCR complex is involved in downstream transmembrane signaling through Src

family tyrosine kinases, and α7 nicotinic receptors are negatively regulated by tyrosine

kinases,  we  examined  whether  TCR  activation  could  modulate  the  function  of  α7

receptors. 

To  test  our  hypothesis  we  used  Jurkat  cells,  which  are  a  human  clonal  T

lymphocyte cell line that natively expresses TCRs.  We activated endogenously expressed

TCRs with 75  μg/ml concanavilin A (ConA), a lectin and exogenous agonist of TCRs

(Palacios,  1982).   We found that  Jurkat cells  transiently  transfected  with α7 nicotinic

receptors and incubated for 30 min with ConA resulted in a decrease in nicotinic current

responses elicited by rapid application of ACh (1 mM for 1 sec) as compared to Jurkat

cells incubated with control solution (Fig. 3.18 A).  There was a significant decrease in

the mean α7 peak current response in ConA treated Jurkat cells (185 ± 34 pA, n = 14) as

compared to control (720 ± 113 pA, n = 14) (p < 0.0001, Wilcoxon rank sum test) (Fig.

3.18 B).

To verify the role of TCR mediated decrease in α7 nicotinic responses we used a

TCR β subunit knockout Jurkat cell line.  In this cell line, the absence of the β subunit

renders the TCR receptor complex nonfunctional (Ohashi et al., 1985) .  Accordingly, the
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exogenous ligand ConA should not be able to activate  the incomplete  TCR complex.

Indeed we found no significant  difference in  the ACh mediated  α7 nicotinic  currents

between control (590 ± 147 pA, n = 12) and ConA (470 ± 128 pA, n = 12) treated TCR β

subunit knockout Jurkat cells (p = 0.4, Wilcoxon rank sum test) (Fig. 3.18 D).  

To further rule out the possibility  that  the effect of ConA was due to a direct

interaction with α7 nicotinic  receptors,  we used HEK293T cells,  which are devoid of

TCRs (Shaw et al., 2002).  Similarly, we found no significant difference in α7 nicotinic

currents in HEK293T cells treated with ConA (606 ± 114 pA, n = 6) as compared to

control treatment  (407 ± 77 pA, n = 6) (p = 0.1,  t-test)  (Fig. 3.18 F).  Together, these

results demonstrate that the decrease in α7 nicotinic current responses in Jurkat cells is a

TCR activation dependent event.
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Figure 3.  18   TCR activation decreases α7 nAChR responses in Jurkat cells. 
Whole-cell recordings showing representative traces of ACh (1mM, 1 sec) induced α7
receptor  currents  in  WT  Jurkat  cells  (A) and  TCR  β  KO  Jurkat  cells  (C).   ConA
incubation (75 μg/ml, 30 min) significantly decreased α7 nAChR currents in WT Jurkat
cells (n = 14) as compared to control treatment (n = 14) (p < 0.0001, Wilcoxon rank sum
test) (A, B) while ConA (n = 12) had no effect in TCR β KO Jurkat cells as compared to
control treatment (n = 12) (p = 0.4, Wilcoxon rank sum test) (C, D).  (E, F) Whole-cell
recordings  done in  HEK293T cells  transfected  with  α7 nicotinic  receptor  shows that
ConA incubation (75 μg/ml for 30 min) (n = 6) has no affect on ACh mediated current
responses  as  compared  to  control   treatment  (n  =  6)  (p  =  0.1,  t-test).    Each  circle
superimposed on bar chart represent the average α7 nicotinic receptor response from each
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individual cell and bars represent mean ± SE of responses averaged across all measured
cells.

3.3.2  TCR activation decreases α7 nicotinic currents in layer 1 prefrontal cortical 

neurons 

We next asked if the phenomenon of TCR regulation of α7 receptors we observed in

Jurkat cells could be found in CNS neurons.  TCR β subunits are localized throughout all

layers of the neocortex (Syken and Shatz, 2003) and α7 nicotinic receptors are present in

layer 1 neocortical interneurons (Christophe et al., 2002) in addition to neurons in other

cortical layers (Poorthuis et al., 2012).  Thus, there is a high probability that TCRs and α7

nicotinic receptors are localized on the same neurons.  We restricted our experiments to

layer 1 of the medial frontal and prefrontal cortex, which is a simplified cortical layer

essentially  consisting  almost  entirely  of  GABAergic  interneurons  (Winer  and  Larue,

1989) and  therefore  is  less  heterogeneous  than  other  layers,  that  contain  pyramidal

neurons  and  many  subtypes  of  interneurons.   To examine  the  functional  interaction

between TCRs and α7 receptors we performed whole-cell patch-clamp electrophysiology

on layer 1 cortical neurons of the medial prefrontal cortex 

In wildtype mouse brain slices incubated in ConA, using the α7 selective agonist

PHA543613 (100 μM for 1 sec) we found that TCR activation significantly reduced α7

mediated currents (36 ± 6 pA, n = 10) as compared to control treated brain slices (80 ± 14

pA, n = 12)  (p = 0.003, Wilcoxon rank sum test)  (Fig.  3.19 A).   In order to isolate

nicotinic responses recordings were voltage-clamped at -60 mV and  performed in the

presence of TTX, CNQX and atropine to inhibit action potential firing, glutamateric and

muscarinic neurotransmission, respectively.  
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To confirm that the ConA mediated reduction in peak α7 nicotinic  currents in

brain slices was a TCR mediated event, we repeated the recordings in brain slices from

TCR β subunit knock-out mice (TCR β KO).  We found no significant difference in α7

nAChR peak current  responses  recorded from layer  1  prefrontal  cortical  interneurons

between ConA (156 ± 50 pA, n = 10) and control treatments (136 ± 41 pA, n = 10) (p =

0.7, Wilcoxon rank sum test) (Fig. 3.19 B).  These findings are consistent with our results

in wildtype and TCR β subunit knock-out Jurkat cells (Fig. 3.18).  Interestingly, we also

found a significant elevation in the baseline α7 nicotinic responses from layer 1 cortical

neurons in brain slices from TCR β KO mice (136 ± 41 pA, n = 12) as compared to

wildtype mice (80 ± 14 pA, n = 12) (p = 0.0004, Kruskal-Wallis rank sum test) (p = 0.02,

Wilcoxon rank sum test  post hoc analysis)  (Fig.  3.19 C).   This result  confirmed that

TCRs even in the absence of the exogenous compound ConA had a basal activity that

was sufficient to reduce α7 nicotinic currents in wildtype mice. 

These  data  show that  TCRs,  which  have  traditionally  been known to  play  an

important role in adaptive immunity, also have a neuronal function in the CNS, which

involves the negative regulation of function of α7 nicotinic receptors.
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Figure 3.  19   Activating TCRs decreases α7 nicotinic currents in layer 1 prefrontal
cortical interneurons. 
(A, C) Whole-cell recorded α7 nicotinic current traces elicited by the α7 specific agonist
PHA543613 (PHA, 100 μM for 1 sec) showed a significantly diminished α7 nicotinic
current in brain slices from WT C57BL/6J mice treated with ConA (75 μg/ml for 30 min)
(n = 10) as compared to control treatment (n = 12) (p = 0.003, Wilcoxon rank sum test).
Recordings were performed in the presence of TTX (200 nM) and CNQX (10 µM) to
isolate nicotinic currents.   (B, C) No difference was observed in the amplitude of α7
nicotinic currents in brain slices of TCR β knockout mice treated with ConA (n = 10) as
compared to control treatment (n = 10) (p = 0.7, Wilcoxon rank sum test).  (C) There was
a significant increase in the mean baseline α7 nicotinic current amplitudes from neurons
of TCR β subunit null mice as compared to α7 nicotinic currents from neurons of WT
mice (p = 0.02, Wilcoxon rank sum test).
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3.3.3  TCR activation inhibits α7 nicotinic currents via Src family tyrosine kinases 

The earliest signaling events downstream of TCR stimulation are the activation of protein

tyrosine  kinases  (PTKs)  and  the  subsequent  tyrosine  phosphorylation  of  multiple

intracellular proteins  (Zhang et al.,  1998).  One of the earliest  activated kinases upon

TCR  activation  are  the  Src  family  tyrosine  kinases  (Parsons  and  Parsons,  2004a).

Previous work done by Charpantier et al  (Charpantier et al., 2005)and Cho et al  (2005)

have shown that  α7  nicotinic  receptors  are  prone  to  modulation  by  tyrosine  kinases.

Therefore, we asked whether two Src family kinases involved in TCR signaling, Fyn and

Lck, play a role in the modulation of α7 nicotinic responses following TCR activation.  

To investigate if TCR regulation of α7 nicotinic receptors involves tyrosine kinase

action we compared α7 peak current responses to ConA in the presence and absence of

the broad spectrum tyrosine kinase inhibitor genistein.  Jurkat cells were transfected with

α7 nAChRs and whole-cell electrophysiology was performed to compare the peak current

responses  between  four  different  treatment  groups:  (1)  control  treatment,  (2)  ConA

treatment (75 µg/ml, 30 min), (3) genistein preincubation (10 μM, 20 min) followed by

ConA (75 µg/ml, 30 min) and (4) genistein treated cells (10 μM, 20 min) (Fig. 3.20 A).

When we inhibited tyrosine kinases with genistein alone α7 nicotinic currents increased

significantly (2128 ± 335 pA, n = 14) as compared to control (882 ± 149 pA, n = 20) (p =

0.0005,  Wilcoxon  rank  sum  test  post  hoc analysis)  (Fig.  3.20  B).   Genistein  when

preincubated  for  20  min  prior  to  ConA stimulation  significantly  decreased  the  ACh

mediated responses (902 ± 175 pA, n = 15) relative to genistein alone (2128 ± 335 pA, n

=  14)  (p  =  0.0009,  Wilcoxon  rank  sum  test).   However,  with  genistein  plus  ConA

stimulation α7 nicotinic responses (902 ± 175 pA, n = 15) were not significantly different
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from α7 responses for control treatment (882 ± 149 pA, n = 20) (p = 0.8, Wilcoxon rank

sum test  post  hoc analysis).   ConA alone  (398  ±  62  pA,  n  =  14)  had  significantly

attenuated α7 responses (p < 0.0001, Kruskal-Wallis rank sum test) (p = 0.02, Wilcoxon

rank sum test  post hoc analysis) relative to control treatment (882 ± 149 pA, n = 20).

These results are consistent with previously published work showing genistein mediated

potentiation of α7 nicotinic receptor currents (Charpantier et al., 2005; Cho et al., 2005).

Since  the Lck  and  Fyn  kinases are  the  primary  kinases  activated  upon  TCR

stimulation (Parsons and Parsons, 2004) we next asked if these tyrosine kinases regulate

the activity of α7 nicotinic receptors.  To examine the role of Fyn kinase signaling in TCR

modulation of α7 receptors we cotransfected Jurkat cells with α7 nAChRs and either the

gain  of  function  (FKA) or  the  loss  of  function  (FKD) Fyn kinase  expression  vector.

Whole-cell  recordings  were  then  performed  to  monitor  ACh-induced  α7  nicotinic

currents  (Fig.  3.20  C).   We observed  that  α7  peak  currents  increased  robustly  and

significantly in Jurkat cells cotransfected with FKD (2286 ± 241 pA, n = 34) as compared

to that of control (970 ± 163 pA, n = 39) (p < 0.0001, Kruskal-Wallis rank sum test) (p <

0.0001, Wilcoxon rank sum test post hoc analysis) while ConA treatment alone reduced

α7 current responses (501 ± 87 pA, n = 22) relative to control (p = 0.02, Wilcoxon rank

sum test post hoc analysis) (Fig. 3D).  However, in cells cotransfected with FKD, ConA

stimulation in cells expressing FKD (2706 ± 631 pA, n = 7) did not lead to a significant

change  in  the  peak  α7  current  amplitude  as  compared  to  control  treated  FKD

cotransfected cells (2286 ± 241 pA, n = 34) (p = 0.4, Wilcoxon rank sum test  post hoc

analysis).  The abolition in TCR mediated α7 current inhibition, implicates the active role

of Fyn kinase in negatively modulating α7 nicotinic responses following TCR activation
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(Fig. 3.20 C, D).  When we cotransfected Jurkat cells with FKA and control treatment, it

led to a significant decrease in the ACh mediated α7 nicotinic responses (235 ± 39 pA, n

= 16) as compared to control treatment alone (p < 0.0001, Wilcoxon rank sum test post

hoc analysis) (Fig. 3.20 C, D).  The reciprocal effect of FKA and FKD suggest that Fyn

kinase  modulates  α7  nicotinic  receptor  regulation  and  that  Fyn  kinase  is  one  key

downstream effector following TCR activation.

Because  Lck kinase also plays  a  critical  role  in  mediating  phosphorylation  of

ITAM residues and downstream TCR mediated signaling (Weiss et al., 1992), we tested

the possibility for the involvement of Lck kinase in TCR mediated α7 nicotinic receptor

regulation.   We used Jurkat  cells  devoid  of  Lck kinase (Lck KO).   There  were four

experimental  groups  of  cells  transfected  with  α7  nAChRs:  (1)  wildtype  Jurkat  cells

control treatment, (2) wildtype Jurkat cells ConA treated, (3) Lck KO Jurkat cells control

treatment and (4) Lck KO Jurkat cells ConA treated.  Whole-cell recorded ACh evoked

α7 nicotinic  receptor  responses  showed significant  reduction  in  wildtype  Jurkat  cells

upon ConA stimulation (261 ± 76 pA, n = 13) as compared to control (1036 ± 308 pA, n

= 10) (p < 0.001, Kruskal-Wallis rank sum test) (p = 0.002, Wilcoxon rank sum test post

hoc analysis), consistent with previous data (Figs. 3.18, 3.19).  However, we observed no

significant difference in α7 nicotinic currents between Lck KO controls (1628 ± 420 pA,

n = 13) and ConA treated Lck KO cells (842 ± 179 pA, n = 12) (p = 0.2, Wilcoxon rank

sum test  post hoc analysis)  (Fig. 3.20 F).  Furthermore, neither Lck KO control treated

cells (1628 ± 420 pA, n = 13) (p =  0.4, Wilcoxon rank sum test post hoc analysis) nor

Lck KO ConA treated cells   (842 ± 179 pA, n = 12) differed significantly (p = 0.8,
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Wilcoxon rank sum test post hoc analysis) in α7 nicotinic currents as compared to control

treated wildtype Jurkat cells (1036 ± 308 pA, n = 10). 

Together, these data strongly suggest that both Lck and Fyn kinases are required

for TCR-mediated negative regulation of α7 nicotinic receptor function.  Furthermore,

these data suggest that Fyn and Lck are lined up in series and are not in parallel in the

same TCR signaling pathway, either TCR-Lck-Fyn-α7 or TCR-Fyn-Lck-α7.  Therefore,

Fyn and Lck are  each  not  redundant  in  function.   However,  there  is  one  potentially

confounding result in Fig. 3.20 B.  How can ConA still have an effect on  inhibiting α7

nicotinic  currents  by activating  Fyn and Lck when genistein  preincubation,  a  general

tyrosine kinase inhibitor, should inhibit these enzymes; i.e. should it not be the case that

ConA with genistein incubation show the same level of potentiated α7 nicotinic currents

as  with  genistein  alone?   The  reason  could  be  explained  by  the  fact  that  genistein

reversibly binds to src family of tyrosine kinases (Cho et al., 2005).  Furthermore, unlike

genistein which must diffuse to its target and can also diffuse away, TCRs are structurally

closely associated with Fyn and Lck kinases.  Fyn coimmunoprecipitates with the TCR

complex (Samelson et al., 1990), while Lck physically interacts with the TCR co-receptor

CD4.  This may explain why TCR activation with ConA still attenuated  α7 responses

even with preincubation with genistein because the TCR has tighter association to Fyn

and Lck than genistein.
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Figure 3.  20   TCRs inhibit  α7 nicotinic responses through activation of Src family
tyrosine kinases. 
Whole-cell patch-clamp recordings from Jurkat cells transfected with α7 nAChRs.   (A,
B)  ACh (1 mM for 1 sec) induced α7 nAChR currents in Jurkat cells show that TCR
activation by ConA (75 μg/ml for 30 min) (n = 14) significantly decreased α7 nAChRs
responses as compared to control treatment (n = 20) (p = 0.02, Wilcoxon rank sum test).
Preincubation with the tyrosine kinase inhibitor genistein (10 µM for 20 min) (n = 15)
prior to ConA stimulation blocked the effect of ConA mediated decrease in α7 nicotinic
current.  Genistein alone (n = 14) resulted in a significant enhancement of α7 nicotinic
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currents as compared to control treatment (n = 20) (p = 0.0005, Wilcoxon rank sum test).
The  genistein  alone  treatment  had  significantly  enhanced  α7  nicotinic  currents  as
compared to ConA preincubated with genistein (p = 0.0009, Wilcoxon rank sum test).
(C, D) ConA stimulation (n = 22) significantly reduced α7 nicotinic currents as compared
to control treatment (n = 39) (p = 0.01, Wilcoxon rank sum test).  α7 receptor mediated
currents were significantly enhanced in cells co-transfected with a kinase dead form of
Fyn kinase (FKD) (n = 34) as compared to control cells without FKD (n = 39) (p <
0.0001, Wilcoxon rank sum test), while cells co-transfected with FKD and treated with
ConA (n = 7) still had augmented α7 currents as compared to control (p = 0.01, Wilcoxon
rank sum test).  Cells co-transfected with a constitutively active Fyn kinase (FKA) (n =
16) expressed significantly reduced α7 nicotinic responses as compared to control cells (p
< 0.0001, Wilcoxon rank sum test).  (E, F) α7 nAChR current traces from WT Jurkat
cells and Lck knockout Jurkat cells. A significant decrease in α7 nAChR currents was
observed between control treated (n = 10) and ConA (n = 13) treated WT Jurkat cells (p =
0.002, Wilcoxon rank sum test).   However, there was no significant  difference in  α7
nAChR currents between control treated (n = 13) and ConA treated (n = 12) (p = 0.8 ,
Wilcoxon rank sum test).  These results suggest that both Fyn and Lck contribute to TCR
mediated decrease in α7 nAChR currents.  

3.3.4  Tyrosine 442 in the M3-M4 cytoplasmic loop of α7 nicotinic receptor is 

targeted by TCR activation 

One mode by which TCR activation and Fyn/Lck kinases could affect α7 nAChRs is via

receptor  tyrosine  phosphorylation.  To  test  this  we  monitored  total  tyrosine

phosphorylation of α7 by immunoprecipitation and Western blots.  Whole cell extracts

from Jurkat cells expressing α7-Venus-HA nictonic receptors, which have both a Venus

fluorescent  protein  and an HA epitope  tag were generated  (Dau et  al.,  2013) and α7

receptors  were  captured  with  anti-HA epitope  antibody coated  beads.  Total  α7  and

tyrosine-phosphorylated α7 levels were monitored by Western blots using anti-HA and

anti-4G10 antibodies,  respectively  (Fig.  3.21 A).  Activation of TCRs with ConA (30

min)  showed  immunoprecipitated  α7  nAChRs  with  higher  tyrosine  phosphorylation

signal as compared to that of the control treated cells  (Fig. 3.21 A, B).  Similarly, α7

nAChRs  in  cells  cotransfected  with  constitutively  active  Fyn  kinase  showed  greater
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tyrosine  phosphorylation  than  control  cells  (Fig.  3.21  A).   We calculated  a  tyrosine

phosphorylation index by dividing the α7 tyrosine phosphorylation signal by the total α7

nicotinic receptor expression and found that there was a significant increase in tyrosine

phosphorylation of α7 nAChRs in ConA treated cells as compared to control treatment

(Fig. 3.21 B) (p = 0.02, Wilcoxon rank sum test).  The bands analyzed were specific for

α7 nAChRs as control IPs with IgG coated sepharose beads were devoid of signal with

either  anti-HA or  anti-phosphotyrosine  antibodies  (Fig.  3.21  A).   Thus,  both  TCR

activation and Fyn can potentiate tyrosine phosphorylation of α7 nAChRs. 

Using Prosite analysis  of the amino acid sequence of the M3-M4 cytoplasmic

loop of the α7 nicotinic receptor we identified a putative tyrosine phosphorylation site at

Tyr 442 of the receptor (EEVRYIANR).  There are two other tyrosines (Y317 and Y386)

in the α7 M3-M4 loop (IVLRYHHHD and GNLLYIGFR, respectively), which were not

recognized  as  consensus  sites  for  tyrosine  kinase  phosphorylation  by  Prosite.

Furthermore, Y442 is conserved over all 11 mouse neuronal nicotinic receptor subunits

while  neither  Y317  nor  Y386  is  conserved  in  any  other  neuronal  nicotinic  receptor

subunit.   Thus  we  focused  our  attention  to  investigate  whether  the  effects  of  TCR

activation  and  Fyn  tyrosine  kinase  was  directed  against  the  consensus  tyrosine

phosphorylation site at Y442 of the α7 nicotinic receptor. 

To study the role  of phosphorylation  of α7 Tyr 442 on TCR regulation of α7

nicotinic receptor function we mutated α7 Tyr 442 into alanine (Y442A).  Whole-cell

recordings  were  performed  on  wildtype  Jurkat  cells  expressing  mutant  α7  nictonic

receptors (Fig. 3.21 E, F).  TCR activation with ConA stimulation for 30 min (300 ± 54

pA, n = 6)  resulted in no significant difference in the ACh evoked α7 nicotinic current
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responses as compared to control treatment (255 ± 56 pA, n = 6) (p = 0.7,  t-test)  (Fig.

3.21 E, F).  However, TCR activation with ConA in the Jurkat cells expressing WT α7

nictonic receptors showed a significant decrease in peak response (107 ± 35 pA, n = 10)

as compared to that of control treatment (502 ± 119 pA, n = 9) (p = 0.0004, Wilcoxon

rank  sum test)  (Fig.  3.21  C,  D).   These  data  strongly  suggest  that  Fyn/Lck  kinases

modulate α7 nicotinic receptor function by directly targeting Y442 of α7 nAChRs.  

Figure 3.  21   TCR activation phosphorylates tyrosine 442 of α7 nicotinic receptors to
decrease nAChR function.  
(A)   An  immunoprecipitation  and  Western  blot  experiment  demonstrates  that  TCR
activation results in an increase in tyrosine phosphorylation of α7-Venus nAChRs, which
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also include an HA epitope tag.  Anti-HA antibody coated sepharose beads are used to
immunoprecipitate α7-Venus nAChRs and then probed on Western blots with either anti-
phospho-tyrosine antibody to determine phosphorylated  α7-Venus nAChRs or probed on
a parallel  blot with anti-HA antibody to determine total  α7-Venus nAChRs.  The first
three lanes are negative controls of Jurkat cell samples expressing α7-Venus nAChRs and
immunoprecipitated  using  IgG  antibody.   The  next  three  lanes  are  samples
immunoprecipitated with anti-HA antibody for Jurkat cells expressing α7-Venus nAChRs
that had undergone control treatment, ConA treatment and coexpressing a constitutively
active form of Fyn kinase (FKA).  (B) Quantitative analysis of the density of the bands of
control vs ConA treatment in which the phospho-tyrosine signal is normalized to the anti-
HA  signal  shows  that  ConA  treatment  (n  =  4)  significantly  enhanced  tyrosine
phosphorylation of α7-Venus nAChRs as compared to control treatment (n = 4) (p = 0.02,
Wilcoxon rank sum test).  (C) Whole-cell α7 nicotinic current traces elicited with 1 mM
ACh  (1  sec)  and  recorded  from  transfected  Jurkat  cells  decreases  in  peak  current
amplitude following TCR activation with 30 min of ConA (75 μg/ml) incubation.   (D)
Averaged  data  shows  a  significant  reduction  in  the  mean  current  response  between
control (n = 10) and ConA (n = 9) (p = 0.0004, Wilcoxon rank sum test) treated Jurkat
cells.   (E)  In Jurkat  cells  transfected  with the mutant  α7(Y-A) nicotinic  receptors,  in
which Y442 in the M3-M4 cytoplasmic loop, was mutated to alanine, no difference was
observed in peak nicotinic current responses between control and ConA treated Jurkat
cells. (F) Bar charts illustrating no significant difference (p = 0.7, student t-test) in ACh
mediated mutant α7(Y442A) nAChRs responses between control (n = 6) and ConA (n =
6) stimulated Jurkat cells.   

3.3.5  TCR activation decreases the number of surface α7 nicotinic receptors 

There is conflicting evidence regarding whether tyrosine kinases affect trafficking of α7

nicotinic receptors (Charpantier et al., 2005; Cho et al., 2005).  Since we found that TCRs

signal  through  Fyn  and  Lck  kinases  to  decrease  α7  receptor  function,  we  examined

whether the effect of TCR activation in Jurkat cells could be attributed to a decrease in

the  number  of  surface  receptors.   To test  this,  we  imaged  Alexa  647  conjugated  α-

bungarotoxin (Fl-BTx) binding on the surface of Jurkat cells transfected with α7-Venus

under non-permeablized conditions and normalized the surface bound Fl-BTx to the total

cellular  fluorescence  from  α7-Venus.   ConA  incubation  (75  μg/ml  for  30  min)

significantly decreased the number of surface Fl-BTx bound α7 nAChRs (0.29 ± 0.05, n

= 58) as compared to that of the control treated cells (0.50 ± 0.07, n = 58) (p = 0.0003,

Wilcoxon  rank sum test)  (Fig.  3.22).   However,  the  total  cellular  α7-Venus intensity

remained  same for  both  treated  and untreated  cells  (data  not  shown),  implicating  no

change in the total level of protein.  
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In Jurkat cells transfected with mutant α7-Venus in which the putative tyrosine

phosphorylation site, Tyr 442, is mutated to alanine (α7(Y-A)Venus) ConA activation of

TCRs did not show any significant change in surface Fl-BTx bound α7 nAChRs (0.30 ±

0.03, n = 63) as compared to control treatment (0.22 ± 0.02, n = 58) (p = 0.09, Wilcoxon

signed rank test) (Fig. 3.22 H-N).  We demonstrated the specificity of Fl-BTx labeling of

α7-Venus  receptors  since  preincubation  of  wildtype  α7-Venus  transfected  Jurkat  cells

with 10 nM MLA (0.26 ± 0.05, n = 26) was successful in competing for binding sites and

significantly lowered (p < 0.0001, Wilcoxon rank sum test)  Fl-BTx signal as compared

to cells without MLA (0.79 ± 0.11, n = 26) (Fig. 3.22 O).

Furthermore,  we  analyzed  the  specificity  of  Fl-BTx  labeling  of  α7-Venus

receptors  by  performing  quantitative  analysis  of  colocalization  via  calculation  of  the

Mander's coefficients, M1 and M2, the proportion of colocalized α7-Venus pixels to Fl-

BTx pixels and vice versa, respectively.  We compared these Mander's coefficients to

those calculated when the Fl-BTx was rotated 90° counter clockwise relative to the α7-

Venus  image,  which  should  have  less  colocalization.   We found  that  the  Mander's

coefficient of Fl-BTx colocalized to α7-Venus for both control (0.44 ± 0.03)  and ConA

(0.44 ± 0.03)  treatment was significantly greater (p = 0.002, and p = 0.0005, Wilcoxon

rank sum tests, respectively) than colocalization in the 90° rotated images for control

(0.30 ± 0.03) and ConA treatments (0.28 ± 0.02). Thus, these measurements of Mander's

colocalization coefficients validated the specificity of  Fl-BTx labeling of α7 receptors

and  confirmed  that  TCR  activation  decreases  the  surface  expression  of  α7  nAChRs

without changing the amount of total cellular receptors through phosphorylation of Tyr

442. 
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Figure 3.  22   TCR activation decreases the number of α7 nAChRs expressed at the
cell surface.  
(A-F) Confocal images of Jurkat cells transfected with α7-Venus.  Surface labeling of α7-
Venus  is  performed  with  Alexa  647  conjugated  α-bungarotoxin  (Fl-BTx)  under
nonpermeabilizing conditions.  ConA (75μg/ml for 30 min) stimulation (n = 58) resulted
in a significant decrease in the amount of surface α7-Venus receptors as determined with
Fl-BTx labeling as compared to control treatment (n = 58) (p = 0.0003, Wilcoxon rank
sum test)  (G).  (H-M)  Confocal images of Jurkat cells  transfected with a mutant  α7-
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Venus in which the putative tyrosine phophorylated site (Y442) was mutated to alanine
(α7(Y-A)Venus).  (N) Upon incubation with ConA (75 μg/ml for 30 min) (n = 63) there
was no significant change in Fl-BTx bound surface α7-Venus nAChRs as compared to
control treatment (n = 58) (p = 0.09, Wilcoxon rank sum test).  Note that both bar charts
are displayed in logarithmic scale and represent the means ± SE with each circle showing
the  measure  from  each  individual  cell.   (O)  Control  experiment  demonstrating  the
specificity of Fl-BTx.  Preincubation with 10 nM MLA (n = 26) is able to compete with
and significantly lower Fl-BTx labeling as compared to control treatment (n = 26) (p <
0.0001, Wilcoxon rank sum test).

3.3.6  TCR activation decreases single-channel conductance of α7 nicotinic receptors

A second  potential  mechanism for  the  inhibition  of  nicotinic  current  following  TCR

activation  is  a  decrease  in  intrinsic  channel  function.   Since  Y442  is  located  in  the

amphipathic  helix  of  α7,  which  lines  the  ion  permeation  pathway, the  addition  of  a

phosphate group here could hinder ion conductance because of added steric hindrance.

Hence,  we  used   ionic  current  fluctuation  analysis  of  whole-cell  recorded  nicotinic

currents in brain slices to calculate single-channel conductance.  Ionic current fluctuation

analysis  is  a  reliable  tool  to  estimate  single-channel  conductance  of  ion  channels

(Sigworth, 1980;  1981;  Gill et  al.,  1995).  Using this  method we aimed to  determine

whether a decrease in single-channel conductance of α7 nicotinic receptors contributed to

the mechanism of TCR mediated decrease in α7 whole-cell current responses.  Examples

of  whole-cell  recorded  α7  nicotinic  currents  elicited  with  PHA543613  and  the

corresponding AC filtered α7 nicotinic current (showing current fluctuation) are shown

for each experimental condition (Fig. 3.23).  Current fluctuations are maximal during the

peak  of  the  nicotinic  current  response  and  represent  maximal  number  of  channel

openings.  PHA543613 is applied repeatedly and the variance of the current fluctuations

of each trace is plotted against the mean current of the whole-cell current at each time
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point.  The slope of the relationship gives the unitary current and when divided by the

driving force (Vh – Erev) equals the single-channel conductance (γ). 

The  α7  receptor  mediated  inward  currents  recorded  from  layer  1  prefrontal

cortical interneurons of control treated brain slices from WT mice (118 ± 34 pS, n = 12)

was accompanied by a significantly greater calculated single-channel conductance than

those of ConA treated WT brain slices (30 ± 12 pS, n = 8) (p = 0.02, Wilcoxon rank sum

test)  (Fig. 3.23 A-C).  Exemplary graphs of current variance versus current mean were

plotted and shown for α7 nicotinic receptor single-channel conductances showing 61 pS

and 22 pS, respectively, for control and ConA incubated brain slices (Fig. 3.23 A, B).  To

verify that TCR activation with ConA is responsible for the change in single-channel

conductance  we  performed  fluctuation  analysis  of  whole-cell  recorded  α7  nicotinic

currents  from  TCR  β  KO  mice  (Fig.  3.23  D-F).   We calculated  the  single-channel

conductance  and observed no significant  difference  between brain  slices  treated  with

ConA (130 ± 68 pS, n = 4) as compared to brain slices with control treatment (118 ± 23

pS n = 8) from TCR β KO mice (p = 0.5, Wilcoxon rank sum test) (Fig. 3.23 F).  Plots of

exemplary data of current fluctuation analyses are shown for control treated and ConA

treated brain slices of TCR β KO mice exhibiting single-channel conductances of 101 pS

and 67 pS, respectively (Fig. 3.23 D,E).

We further investigated the effects of TCR activation on modulating α7 channel

gating kinetics recorded from layer 1 interneurons from WT brain slices.  To examine the

activation rate we fitted the rise to peak of the α7 current with a single exponential and

showed that there was no significant difference between the activation time constant for

control treatment (6.4 ± 0.8 ms, n = 11) and ConA treatment (5.6 ± 0.7 ms, n = 7) (p =
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0.8, Wilcoxon rank sum test) (Fig. 3.24).  The time course of the α7 decay kinetics during

PHA543613 application was well fit by the sum of two exponentials.  Similarly, ConA

application did not result in any significant change in either the slow (control: 57.0 ± 7.4

ms, n = 11 vs ConA: 62.1 ± 16.4 ms, n = 7) nor fast time constants (control: 15.0 ± 2.5

ms, n = 11 vs ConA: 14.3 ± 2.2 ms, n = 7) (p = 0.9, Wilcoxon rank sum test, for both

slow and fast time constants).

These  data  demonstrate  that  TCR  activation  inhibits  α7  mediated  whole-cell

currents by decreasing their single-channel conductance but does not alter their gating

kinetics. 
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Figure 3.  23   TCR activation attenuates single-channel conductance of α7 nAChRs. 
Current  variance-current  relations  for  fluctuations  of  PHA543613  (100  µM,  1  sec)
elicited  α7  nicotinic  whole-cell  currents  recorded  for  both  control (A)  and  ConA
treatments (B)  from layer 1 interneurons from WT mice.  Single-channel conductances
(γ) were calculated from the slope of current variance vs mean current response.  Inset
shows  whole-cell  α7  nicotinic  current  waveforms  and  their  respective  AC  filtered

102



waveforms  for  control  (A)  and  ConA treatments  (B).  (C)  The  mean  single-channel
conductance of α7 responses for ConA treated slices (n = 8) was significantly lower than
that of control  (n = 12) (p = 0.02, Wilcoxon rank sum test).  Current variance vs mean
current relations for α7 nicotinic whole-cell currents recorded for both control (D)  and
ConA treatments (E) from layer 1 interneurons from TCR β KO mice.  (F) There was no
significant difference in the mean single-channel conductance for α7 receptors between
control (n = 7) and ConA (n = 5) treated slices of TCR β KO mice (p = 0.5, Wilcoxon
rank sum test ).

Figure 3.  24   TCR activation does not alter gating kinetics of α7 nAChRs. 
Whole-cell recorded PHA-543613 (100 µM, 1 sec) activated α7 nicotinic current traces
from control treated (Aa) and ConA treated (Ba) layer 1 interneurons of medial prefrontal
cortical brain slices.  Insets show at higher time resolution comparable rates of activation
rise times of α7 nicotinic currents for both control (Ab) and ConA treatments (Bb).  (C)
There was no significant difference in the activation time constant between control (n =
11) and ConA (n = 7) treatments (p = 0.8, Wilcoxon rank sum test).  Futhermore, ConA

103



treatment did not result in a significant change in either the fast (control: 15.0 ± 2.5 ms, n
= 11 vs ConA: 14.3 ± 2.2 ms, n = 7) nor the slow (control: 57.0 ± 7.4 ms, n = 11 vs
ConA: 62.1 ± 16.4 ms, n = 7) decay time constants (p = 0.9, Wilcoxon rank sum test, for
both fast and slow time constants).   

3.3.7  Single-channel recordings verify that TCR activation reduces α7 nicotinic 

receptor single-channel conductance

In order to verify the whole-cell fluctuation analysis data that TCR activation decreases

single-channel  conductances  of  α7  nicotinic  receptors,  we  performed  single-channel

recordings in cell-attached configuration from WT Jurkat cells exposed to either control

or ConA (75 μg/ml for 30min) solutions.  Single-channel α7 nicotinic receptor mediated

currents were activated by having ACh (100 μM) in the patch pipette electrode solution.

The extracellular  solution was identical  to  the patch pipette  recording solution minus

ACh.  The patch of membrane in cell-attached mode was voltage-clamped at a pipette

potential of +60 mV.  This would equal to a transmembrane potential of -60 mV plus the

resting  membrane  potential  of  the  cell,  which  was  on  average  -48  mV.  Thus,  the

estimated  transmembrane  potential  was  -108  mV.  When  plotting  histograms  of  the

current  amplitudes  of  the  fitted  open  single-channel  events  there  was  a  significant

reduction (p < 0.0001, Wilcoxon rank sum test) in α7 single-channel  amplitudes of ConA

treated cells (2.4 ± 0.0 pA, n = 13902 open channel events over 4 cells) as compared to

control treatment (6.0 ± 0.1 pA, n = 1471 open channel events over 4 cells) (Fig. 3.25 A-

D).  This corresponds to single-channel conductances of 22.0 ± 0.1 pS for ConA treated

cells  and 55.5  ± 0.6 pS for control  treated  cells.   We also verified   the conductance

change by measuring the slope conductance of single-channel currents measured over

various holding pipette potentials.  Using this paradigm, we examined a control treated
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cell with cell-attached single-channel currents having a higher slope conductance (41.4

pS) than a ConA treated cell (14.6 pS) (data not shown).  

To determine the effects of TCR activation on the gating kinetics of α7 nicotinic

receptors we plotted histograms of durations of single-channel open events and closed

events  for  both  control  and  ConA  treatments  (Fig.  3.25  E-H)  and  then  fitted  the

histograms to multiple exponential functions.  Each histogram represents the combined

data from four separate cell-attached patch-clamp recordings.  We report the fitted time

constants  and  the  standard  errors  of  fit.   For  control  treated  cells  the  open  channel

duration histogram was fitted to a sum of two exponentials with time constants: τ1 = 0.12

± 0.32 ms and τ2 = 0.66 ± 0.49 ms.  For ConA treated cells the open channel duration

histogram was fitted with a sum of two exponentials with τ1 = 0.07 ± 0.10 ms and τ2 =

0.42 ± 0.21 ms.  Therefore, for the duration of the single-channel open events there was

no observable  differences  in  the  distributions  of  the  histograms  between  control  and

ConA treatments.   Similarly, the durations of the closed single-channel events did not

differ  greatly  between  control  and ConA treatments.   Closed  single-channel  duration

events for control treated cells were fit with the sum of four exponentials with τ1 = 0.20 ±

0.12 ms, τ2 = 1.95 ± 0.13 ms, τ3 = 33.7 ± 0.2 ms and τ4 = 1311.8 ± 0.2 ms.  For ConA

treated  cells  the  closed  single-channel  durations  were  well  fit  with  the  sum of  five

exponentials: τ1 = 0.10 ± 0.10 ms, τ2 = 0.47 ± 0.13 ms, τ3 = 3.42 ± 0.09 ms, τ4 = 29.1 ±

0.1 ms and τ5 = 227.0 ± 0.1 ms.    

Thus,  our  single-channel  data  corroborates  the  whole-cell  recorded  current

fluctuation  analysis  that  TCR  activation  attenuates  α7  mediated  single-channel

conductance while having little effect on gating kinetics.
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Figure 3.  25   Single-channel recordings show that TCR activation decreases single-
channel conductance of α7 nAChRs. 
 (A)  Examples  of  Jurkat  cell-attached  single-channel  traces  for  control  and  ConA
treatment.   The  ConA  treated  single-channel  responses  have  smaller  single-channel
current amplitudes than control treatment.  The patch electrode solution contained 100
μM ACh.   (B) Histograms of fitted amplitudes  from single-channel  events from four
separate  patches  show  that  ConA  treatment  had  consistently  smaller  single-channel
amplitudes  than  control  treatment.  (C,  D)  Histograms  of  single-channel  amplitudes
showing the combined data of all patches recorded for control (n = 4) and ConA (n = 4)
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treated Jurkat cells showing that ConA treatment caused a significant reduction of the
amplitudes of open single-channel events (p < 0.0001, Wilcoxon sum rank test).  Only the
amplitudes of open single-channel events are shown for clarity.  (E, F)  Histograms of
open duration of single-channel events compiled from all patches show no difference in
distributions between control and ConA treatment.   (G, H) However, the histograms of
closed duration of single-channel events show similar kinetics between ConA and control treated
cells.

3.3.8  TCR activation decreases action potential firing frequency of layer 1 cortical neurons 

We examined the physiological consequence of decreasing α7 nicotinic receptor currents

following TCR activation by measuring action potential  firing rate of layer 1 cortical

interneurons.   Since  most  cortical  neurons  in  brain  slices  lack  intrinsic  ability  to

spontaneously fire action potentials due to severed afferent inputs, we performed current-

clamp recordings in whole-cell configuration mode from layer 1 interneurons and applied

depolarizing  constant  current  steps  (0  pA to  200 pA,  10  pA steps  for  500 ms).   To

ascertain the excitability of the recorded neuron we plotted input-output curves of current

injection vs action potential frequency.   

To test  whether  α7 nicotinic  receptors  contribute  to  the  firing  rate  of  layer  1

prefrontal cortical interneurons, we bath applied 10 nM MLA (α7 nAChR competitive

antagonist)  (n  =  7)  and  noticed  a  significant  decrease  in  the  action  potential  firing

frequency as compared to baseline control (n = 7) (p < 0.0001, MLA factor, two-way

ANOVA) (Fig. 3.26 A-C).  All the recorded neurons included in the analysis had stable

resting  membrane  potentials  (RMPs)  that  were  more  negative  than  -60  mV  and

overshooting action potentials.  There was no significant difference in the mean RMP and

Rinput  between control  and MLA treated  slices  (data  not  shown).   If  an α7 antagonist

decreased neuronal excitability then a specific α7 agonist, PHA543613, should increase

neuronal excitability.  Indeed, when PHA543613 (100 μM for 575 msec) was applied 75

msec preceding and during a 200 pA (500 msec) depolarization there was a significant
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increase (p = 0.03, n = 7, paired t-test) in action potential firing frequency (30 ± 2 Hz) in

the same neuron as compared when there was only 200 pA depolarization but no co-

stimulation with PHA543613 (27 ± 2 Hz) (Fig. 3.26 G,H).  Since, TCR activation results

in the inhibition of α7 nicotinic receptor currents, to examine the involvement of TCRs in

modulating the firing rate of layer 1 interneurons we compared whole-cell current-clamp

recordings of control treated brain slices from WT mice (n = 7) with ConA treated brain

slices  from WT mice  (n  =  9).   We found  a  significant  decrease  in  the  mean  firing

frequency of ConA treated WT brain slices (18 ± 4 Hz) as compared to control treated

WT brain slices (26 ± 3 Hz) (p < 0.0001, treatment factor, two-way ANOVA) (Fig. 3.26

A,D,F).  If ConA mediated activation of TCRs caused a decrease in neuronal firing rate

due to decreased α7 nicotinic  receptor  currents then we would predict  an increase in

firing rate in TCR β subunit KO mice since baseline α7 nicotinic currents in TCR β KO

mice have elevated α7 nicotinic currents in brain slices (Fig. 3.19 C).  A comparison of

the  mean  action  potential  firing  frequency  showed  a  significant  increase  in  neurons

recorded from control treated brain slices of TCR β KO mice (40 ± 5 Hz, n = 10) as

compared to neurons from control treated brain slices of WT mice (26 ± 3 Hz, n = 7) (p <

0.0001, genotype factor, two-way ANOVA) (Fig. 3.26 A, E, F).  

We performed current-clamp experiments in layer 1 interneurons from brain slices

of  α7  nAChR  knockout  mice  to  determine  whether  TCR  modulation  of  neuronal

excitability was through α7 receptors.  ConA incubation (n = 6) in α7 nAChR null slices

showed similar levels of neuronal excitability as control treatment (n = 11) for much of

the  range  of  stimulation  intensities  (p  =  0.25,  ConA vs  control  treatment,  two-way

ANOVA) (Fig. 3.26 I).  Indeed, when averaging over all current stimulation intensities
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the ConA mediated decrease in frequency in neuronal firing from α7 nAChR null mice (n

= 6) was significantly less than the ConA mediated decrease in neuronal firing frequency

in wildtype mice (n = 9) (p = 0.005, Wilcoxon rank sum test) (Fig. 3.26 J).  This supports

that  TCR  activation  is  attenuating  neuronal  excitability  through  modulation  of  α7

nAChRs.       

This set of data shows that α7 nAChRs contribute to the excitability of layer 1

cortical neurons and that TCR mediated inhibition of α7 receptor function contributed to

reduced neuronal excitability.  The source of ACh to activate α7 nAChRs in the cortex

may be from cut cholinergic terminals from neurons originating from the nucleus basalis

magnocellularis.  There  has  even  been  a  recent  report  showing  local  cholinergic

interneurons in the cerebral cortex (von Engelhardt et al., 2007).
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Figure  3.  26   TCR  activation  modulates  neuronal  excitability  of  layer  1  cortical
interneurons.   
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(A, B) Firing frequency of layer 1 cortical neurons is modulated by α7 nicotinic receptors
as evidenced by the decrease in action potential firing in the presence of a specific α7
antagonist, MLA (10 nM) in brain slices from wildtype mice.  Current-clamp recordings
are shown for current steps (120, 140 and 160 pA).  (C) The action potential firing rate of
layer 1 interneurons in response to current steps (0 pA to 200 pA) was significantly lower
with MLA treatment (n = 7) as compared to control treatment from wildtype mouse brain
slices (n = 7) (p < 0.0001, MLA factor, two-way ANOVA).  (E, F) A significant increase
in the action potential firing rate was observed in layer 1 cortical neurons from control
treated TCR β KO mice (n = 10) as compared to control treated wildtype mice (n = 7)(p <
0.0001, genotype factor, two-way ANOVA) over current steps ranging between 0 and 200
pA.  (A, D, F) Wildtype brain slices with ConA treatment (n = 9) resulted in a significant
decrease in the action potential firing rate of layer 1 cortical interneurons as compared to
control  treated  wildtype  mouse  brain  slices  (n  =  7)  (p  <  0.0001,  two-way  ANOVA)
(current steps ranged between 0 and 200 pA).  (G, H) There was a significant increase (p
= 0.03, n = 7, paired t-test) in action potential frequency upon PHA543613 (PHA, 100
µM) co-application with 200 pA than with 200 pA depolarizing stimulation alone from
brain slice recordings obtained from wildtype mice.  (I) Current-clamp recordings from
layer 1 interneurons from α7 nAChR knockout mice show that ConA treatment (n = 6)
displays similar neuronal excitability as compared to control treatment (n = 11) (p = 0.25,
ConA vs control treatment factor, two-way ANOVA).  Each connected pair  of circles
represent the frequency before and after PHA application for one cell. (J) In brain slices
of wildtype mice there was a significantly greater attenuation in action potential firing
frequency with ConA treatment (n = 9) as compared to ConA treatment of α7 nAChR
knockout mice (n = 6)(p = 0.005, Wilcoxon rank sum test).  Each circle in (J) represents
the  mean  ConA  mediated  decrease  in  firing  frequency  for  one  specific  current
stimulation.

3.4  Discussion

This  study shows for the first  time that  the immune protein,  the T cell  receptor, can

modulate nAChR function and neuronal activity in the brain.  Activating TCRs decreases

the function of α7 nAChRs in Jurkat  cells  and in layer  1 interneurons of the medial

prefrontal cortex.  The mechanism of TCR mediated dampening of α7 nicotinic currents

was due to downstream activation of Src family tyrosine kinases, namely Fyn and Lck

kinases.  TCRs' effect of attenuating α7 nAChR responses is mediated through Y442 of

α7 since mutating Y442 to alanine in the α7 nAChR blocked TCRs' negative modulation.

TCR activation leads to a decrease in the number of surface α7 nAChRs.  TCR activation
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also  decreases  α7  single-channel  conductance.   Furthermore,  TCRs  and  α7  nAChRs

influence neuronal  excitability.  Inhibition of  α7 receptors  decreases the frequency of

action potentials.  Activation of TCRs also inhibited the neuronal firing frequency while

neurons from TCR β KO mice exhibited enhanced firing rate of action potentials.  Thus,

the TCR mediated regulatory mechanism of α7 nAChR function illustrates a novel role of

TCRs in the CNS affecting ligand-gated ion channel function and neuronal excitability.

3.4.1  TCRs modulate neural function and α7 nAChR activity 

To our knowledge this is the first demonstration that TCRs in the CNS can modify

neuronal activity and that one of the mechanisms is through modulation of  α7 nAChR

function.   We have shown that  TCRs can  decrease  α7 currents  in  prefrontal  cortical

interneurons (Fig. 3.19).  Our data also show that there is endogenous activation of TCR

mediated  decrease  of  α7  responses  in  the  CNS  since  TCRβ subunit  KO  mice  had

significantly larger α7 currents than WT mice (Fig. 3.19).  We also observed that TCRs

modulate  neuronal  excitability.   TCR activation  resulted  in  a  significant  decrease  in

current-evoked action potential firing, while in TCR β subunit KO mice neurons had a

significantly enhanced action potential firing  (Fig. 3.26).  In the displayed example of

action potential waveforms during MLA application, it appears that the action potentials

showed  broader  spike  widths  with  no  afterhyperpolarization  as  compared  to  cells

recorded in control solution.  An explanation could be that MLA may also nonspecifically

target other ion channels, including potassium channels.  This is unlikely since there is no

published report of MLA blocking potassium channels and the low concentration that is

used (10 nM) is likely not able to block channels.  It may be possible that the effect of

MLA on action potential broadening may be an indirect effect.  A decrease in the calcium
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influx  due  to  inhibition  of  α7  receptors  via  MLA  may  inhibit  calcium  dependent

potassium channels, which require the influx of calcium via α7 nAChRs to activate the

potassium channels.  Activation of calcium activated potassium channels due to calcium

flux through α7 receptors has been demonstrated in chromaffin cells  (Fuentealba et al.,

2004).  However, the effect of action potential broadening with MLA was not observed

consistently in all the cells that we recorded.

The TCR is an octameric complex that includes the CD3ζ subunit.  CD3ζ plays an

important  role  in  dendritic  structure  and  development  in  cultured  hippocampal  and

cortical neurons (Baudouin et al., 2008).

3.4.2  TCRs decrease α7 nAChR function through phosphorylation of tyrosine 442 

Our  Western  blot  and  electrophysiology  data  support  that  TCRs  have  effect

through phosphorylation of  α7 receptors at tyrosine 442  (Fig. 3.21), which is the only

putative tyrosine phosphorylation site within the cytoplasmic loop of α7 recognized by

ProSite analysis.  We show that both Fyn and Lck kinases are involved in TCR mediated

attenuation of α7 nicotinic responses since FKD or deletion of Lck both prevented ConA

from decreasing α7 activity  (Fig.  3.20).   Overexpressing FKD successfully competed

with endogenously expressed Fyn kinase.  Since genistein, a broad spectrum inhibitor of

tyrosine  kinase,  and  FKD  both  augmented  α7  currents  (Fig.  3.20),  our  results  are

consistent with the results of Charpantier et al (2005) and Cho et al (2005).  Furthermore,

we were able to abolish the effect of ConA stimulated TCR mediated decrease in  α7

responses by mutating tyrosine 442 to alanine.  This is consistent  with the results of

Charpantier et al (2005) who also mutated tyrosine 386 and tyrosine 442 to alanines but

did not distinguish the effect of each tyrosine.  We propose that tyrosine 442 is the key
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tyrosine that is phosphorylated and induces altered  α7 nAChR function following TCR

activation.  However, our results are at odds with that of Cho et al (2005), who mutated

either tyrosine 317, 386 or 442 to phenylalanine without any effect on genistein mediated

potentiation of α7.  One potential caveat of site directed mutagenesis is that mutating one

amino  acid  into  another  may  have  more  than  the  intended  consequence.   Mutating

tyrosine, to another amino acid may alter the structure of the protein since the functional

properties of amino acid side groups and their degree of hydrophobicity plays a role in

stabilizing  protein  conformation  (Yutani  et  al.,  1987).  In  our  study, as  in  those  of

Charpantier  et  al  (2005),  the  mutation  was  made  to  alanine  while  Cho  et  al  (2005)

mutated the residue to phenylalanine, which may explain the discrepancy.

3.4.3  Mechanisms of TCR mediated decrease of α7 currents

Our exploration of the mechanisms of TCR mediated decrease in nAChR function

indicate two contributing parallel steps: 1) a decrease in surface α7 receptors; and 2) a

decrease in single-channel conductance.  Our results showing a decrease in cell surface

receptors upon TCR stimulation using Fl-BTx binding is consistent with the results of

Cho et al (2005), who showed that inhibition of tyrosine kinase with genistein enhanced

surface α7 receptors, while Charpantier et al (2005) showed no alterations in surface α7

receptors  when  inhibiting  tyrosine  kinase  activity.   This  TCR  mediated  decrease  in

surface receptors is mediated by phosphorylation of tyrosine 442 since mutation of this

residue  to  alanine  in  α7  completely  abolished  TCRs'  effect  of  decreasing  surface  α7

receptors (Fig. 3.22).

Interestingly  tyrosine 442 lies within the amphipathic  helix.   The amphipathic

helix lines the cytoplasmic side portals of cys-loop receptors and forms part of the ion
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permeation pathway (Hales et al., 2006).  We found that TCR activation decreases the

single-channel  conductance  of  α7 receptors  (Figs.  3.23,  3.25).   This  allows  a  unique

property of reversible modification of single-channel function through post-translational

modification,  namely  tyrosine phosphorylation.   This  is  consistent  with the  results  of

Charpantier  et  al  (2005),  who  proposed  that  tyrosine  phosphorylation  of  α7,  which

decreased macroscopic currents, was due to alterations in channel function.  We further

examined whether the gating kinetics  of  α7 were also affected by TCR activation.  We

analyzed  the  activation  and  desensitization  kinetics  and  open  and  closed  channel

durations  (Figs. 3.24, 3.25) and determined that α7 gating kinetics were unaffected by

TCR activation.  Thus, only single-channel conductance is decreased by TCR activation.

3.4.4  Physiological role of TCRs in the CNS

Our study demonstrates that an immune protein receptor complex, the TCR, has a

neuronal function in the CNS.  TCRs play an important role in modulating postsynaptic

cholinergic neurotransmission by dampening α7 nicotinic currents (Fig. 3.19).  Although

we used an exogenous compound ConA for stimulation of TCRs, we also have evidence

that  endogenous  activation  of  TCRs  already  occur  in  the  CNS,  which  dampen  α7

currents.  This is shown by significantly augmented α7 nAChR currents from layer 1

interneurons of TCR β KO mice as compared to WT (Fig. 3.19).  Furthermore, both TCR

signaling and α7 mediated neurotransmission affect neuronal excitability since inhibition

of α7 with MLA decreases action potential firing similar to TCR activation with ConA,

while neurons from TCR β KO mice had elevated firing frequency (Fig. 3.26).  

TCR modulation of α7 receptors involve a unique form of cellular signaling in the

CNS.  Unlike the receptor tyrosine kinases, insulin receptor (Ahmadian et al., 2004; Cho
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et  al.,  2005)  and  TrkB  receptor  (Zhou  and  Hablitz,  1996;  Fernandes  et  al.,  2008)

signaling,  which  involve  the  release  and  binding  of  insulin  and  brain-derived

neurotrophic  factors  to  their  respective  receptors,  the  TCR  is  an  octameric  receptor

complex, which binds to an antigen presented by either MHCI or MHCII found on the

surface of the antigen presenting cell.   MHCI molecules are widely distributed in the

CNS  (Huh et  al.,  2000) and reside on neurons and microglia  (Tooyama et  al.,  1990;

Neumann et al., 1997; Corriveau et al., 1998).  We propose that TCR mediated tyrosine

kinase signaling is based on cell-cell contacts and therefore senses neighboring cells by

binding to MHCI of adjacent neurons or microglia.  Interestingly, microglia are involved

in the pruning of synaptic spines as evidenced by synaptic material engulfed by microglia

(Paolicelli et al., 2011).  A purely speculative function of TCR activation is the down-

regulation of  α7 receptors during microglial pruning of neuronal dendritic spines.  This

may be a protective mechanism to decrease calcium influx through the highly calcium

permeable α7 receptors during the trauma of spine pruning.  

TCR  signaling  through  cell-cell  contacts  may  also  be  necessary  for  the

modulation of ion channel expression during formation of synapses.  Cell-cell  contact

signaling may be formed when MHCI molecules  from a presynaptic  neuron binds to

TCRs on the postsynaptic neuron.  Evidence supporting the role of TCR-MHCI complex

in  modulating  neurotransmission  includes  the  fact  that  MHCI  deficient  mice  display

enhanced long-term potentiation in the hippocampus  (Huh et al., 2000).   Futhermore,

CD3ζ subunits  were  shown to  modulate  AMPA glutamatergic  neurotransmission  and

dendritic development (Xu et al., 2010) in neurons of the retina.        
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nAChRs play an important role in affecting not only neuronal excitability but also

synaptic plasticity  in many CNS areas  (Fujii et al., 2000;  Ji et al., 2001;  Couey et al.,

2007).  Our results show that  α7 nAChRs contribute to neuronal excitability of cortical

interneurons.   Therefore,  TCR  inhibition  of  nAChR activity  can  dynamically  and

precisely  tune  the  excitability  of  neurons.   Since  other  ligand-gated  ion  channels

including  GABAA (Wan  et  al.,  1997),  NMDA  (Wang  and  Salter,  1994) and  AMPA

receptors (Ahmadian et al., 2004) can be functionally modulated by Src tyrosine kinases,

this opens the possibility that TCRs can modulate neuronal excitability by impacting the

activity of many other ion channels in the CNS.     
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Chapter 4 - cAMP-Dependent Protein Kinase Decreases α7

Nicotinic Receptor Activity in Layer 1 Prefrontal Cortical

Interneurons

Abstract

Phosphorylation of ion channels in the brain plays a key role in the modification of the

strength  of  synaptic  transmission.   Modulation  of  neuronal  nicotinic  acetylcholine

receptors (nAChRs) in the brain by protein kinases targeting putative phosphorylation

consensus sites in the long cytoplasmic domain may play a critical role in the regulation

of  the functional  properties  of  the receptor  and ultimately  neuronal  excitability.  The

homopentameric  α7 nAChRs are the most prevalent nAChR subtype in the CNS after

α4β2 nAChRs.  Serine 365 residue in the M3-M4 cytoplasmic loop of  α7 nAChR is a

putative  phosphorylation  binding site  for  protein  kinase A (PKA),  making it  a  prime

target for modulation by this kinase.  In this study, we used the cell permeable second

messenger 8-Br-cAMP to directly  modulate the activity  of α7 nicotinic receptors.  We

performed  whole-cell  voltage-clamp  recordings  in  HEK  293T  cells  and  in  layer  1

interneurons of the prefrontal cortex in mouse brain slices.  In both HEK 293T cells and

layer  1  interneurons  α7  nAChR  mediated  whole-cell  currents  were  significantly

decreased upon stimulation with 8-Br-cAMP.  Next, we examined the role of PKA in the

regulation of α7 nAChRs.  Co-transfecting a dominant negative form of PKA (PKA-DN)

abolished 8-Br-cAMP's effect of diminishing  α7 nicotinic currents, while constitutively

active catalytic subunit of PKA (PKA-Cα) decreased α7 currents relative to control.  In

brain slices, KT-5720, an inhibitor of PKA, nullified 8-Br-cAMP's effect on attenuating
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α7 nicotinic currents, while applying a purified catalytic subunit of PKA in the pipette

solution significantly decreased α7 currents.  The decrease in α7 nicotinic currents was

not due to decreases in single-channel conductance, as determined by current fluctuation

analysis nor changes in gating kinetics.  Using mutant α7 receptors, where serine 365 was

mutated to alanine (α7(S365A)) in the M3-M4 cytoplasmic domain, there was no effect

of 8-Br-cAMP on  α7 receptor function indicating that PKA's effect was directly on α7

receptors.  Furthermore, 8-Br-cAMP activation of PKA reduced  surface expression of α7

nAChRs, as visualized by surface labelling with Alexa 647-conjugated  α-bungarotoxin,

but  had  no  effect  on  the  surface  expression  of  the  mutant  form  of  the  receptor,

α7(S365A).  These results demonstrate that the α7 nicotinic receptors constitute a major

substrate  for  modulation  via  the  cAMP/PKA pathway and suggest  that  factors  which

regulate  physiological  intracellular  cAMP  levels  can  modulate  α7  responses  within

neurons.

Publication Information

This Chapter is based in part  on the following manuscript “cAMP-Dependent Protein

Kinase  Decreases  α7  Nicotinic  Receptor  Activity  in  Layer  1  Prefrontal  Cortical

Interneurons”, Pragya Komal, Anthony Renda and Raad Nashmi (in preparation).  P.K.

and R.N. designed the research; P.K. and A.R. performed the experiments; P.K., A.R. and

R.N. analyzed the data; P.K., A.R. and R.N. wrote the paper.
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4.1  Introduction

Neuronal  nicotinic  acetylcholine  receptors  (nAChRs)  have  a  widespread  distribution

throughout the brain and play a key role in mediating neurotransmission in the CNS.  The

homopentameric α7 nAChR receptor is the second most abundant nAChR subtype in the

brain after α4β2 (Clarke et al., 1985; Gotti et al., 2006; Nashmi and Lester, 2006; Perry et

al.,  2002; Whiting et al.,  1987) and is known to enhance cognitive behaviors such as

attention (Levin, 2002; Simon Sydserff, 2009; Young et al., 2007) and memory (Castner

et al., 2011; Thomsen et al., 2010; Yang et al., 2013).  Dysfunction of α7 receptors have

been implicated in various neurological  disorders.  Altered expression of α7 nAChRs

have  been  found  in  the  brains  of  smokers,  people  stricken  with  schizophrenia  and

Alzheimer's  disease  (AhnAllen,  2012;  Freedman  et  al.,  1995;  Wevers  et  al.,  1999).

Therefore,  understanding  how  modifications  to  α7  nAChRs  alter  their  function  and

expression in neurons will further enhance our knowledge of the mechanisms that α7

nAChRs  contribute  to  normal  behaviors  and  pathological  neural  disorders.   Protein

kinases  play  a  major  role  in  modifying  the  activity  of  ion  channels  and  ultimately

neuronal excitability  (Astman et al., 1998; Komal et al., 2014; Liu and Murray, 2012;

Man et al., 2007; Porter et al., 1990).  The two major subclasses of protein kinases are

those that target tyrosine for phosphorylation (tyrosine kinases) and the serine/threonine

kinases.  Protein kinase A (PKA) was first discovered and isolated in 1968 from rabbit

skeletal  muscle  (Walsh et  al.,  1968) and is  an enzyme that  phosphorylates  serines of

target  proteins  (Maller  et  al.,  1978).  PKA is a tetrameric  complex consisting of two

regulatory and two catalytic subunits  (Naira et al., 1985).  Upon binding to cAMP the

regulatory subunits release the catalytic subunits, which are then activated.  In neurons,
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PKA has a wide range of substrates ranging from ion channels to transcription factors

(Meyer  and  Shen,  2000;  Zhong  et  al.,  2009).   For  example,  PKA  mediated

phosphorylation  of  glutamate  receptors  has  been  shown  to  affect  multiple  forms  of

synaptic plasticity (Esteban et al., 2003).

α7 nAChRs, like other nAChRs, are substrates of protein kinases  (Komal et al.,

2014; Moss et al., 1996; Vijayaraghavan et al., 1990).  One major mechanism regulating

the function of α7 nAChRs and other  nAChR subtypes is  the phosphorylation of the

major cytoplasmic loop of the receptor, which contains putative phosphorylation sites for

protein kinases including PKA and tyrosine kinase (Moss et al., 1996; Charpantier et al.,

2005).  Electrophysiological studies have shown that Src-family of tyrosine kinases can

negatively regulate the function of α7 nAChRs(Charpantier et al., 2005; Cho et al., 2005;

Komal et  al.,  2014)  In addition  to  phosphotyrosine,  there is  a  serine in  the M3-M4

cytoplasmic  loop  of  both  chick  and  rat  α7  nAChRs,  which  has  been  shown  to  be

phosphorylated by PKA but not CaMKII, PKC nor PKG (Moss et al., 1996).  There have

been studies that have examined the impact of PKA on nAChR function mainly in the

peripheral nervous system (Margiotta et al., 1987) and in the muscle (Green et al., 1991).

Interestingly, activation of α7 nAChRs themselves results in a signal transduction, which

activates PKA (Cheng and Yakel, 2014; Dajas-Bailador et al., 2002).  However, to date

there has been no report on the effect of PKA on modulating α7 nAChR activity in the

CNS.

In this study, we show that PKA activation via 8-Br-cAMP reduces α7 nicotinic

receptor currents expressed in transfected HEK 293T cells and in layer 1 interneurons of

the mouse prefrontal cortex (PFC).  The PKA mediated effect on receptor function was

121



absent  in  HEK  293T  cells  expressing  an  α7  nAChRs  with  a  serine  365  to  alanine

mutation  in  the  putative  PKA phosphorylation  site.   Additionally,  we  show that  the

cAMP-PKA  pathway  mediates  the  attenuation  of  α7  nAChR  function  since  a

constitutively  active  form  of  PKA in  HEK  293T  cells  also  dampended  α7  nAChR

currents  and  conversely  a  dominant  negative  form  of  PKA prevented  8-Br-cAMP's

negative modulation of α7 whole-cell currents.  Using α-bungarotoxin labeling we found

that 8-Br-cAMP stimulation decreased  surface expression of α7 nAChRs in HEK 293T

cells.  Together, our results show that the PKA signaling decreases α7 nicotinic receptor

mediated cholinergic neurotransmission in layer 1 interneurons of the prefrontal cortex

due to a decrease in surface receptor expression. 

4.2  Experimental Procedures

4.2.1  cDNA constructs

Mouse α7 cDNA  were kindly provided by Jerry Stitzel  (University of Michigan, Ann

Arbor, MI).  Venus fluorescent protein cDNA was provided by Atsushi Miyawaki (Riken

Brain Science Institute, Tokyo, Japan)  (Nagai et al., 2002).  Human RIC-3 cDNA was

provided by Neil Millar (The University College London, UK)  (Lansdell et al., 2005).

The cDNA for mouse α7 nAChR subunit tagged with Venus fluorescent protein (α7-V) in

the M3-M4 cytoplasmic loop, was generated previously in the lab (Komal et al., 2014).

In mutant α7(S365A) cDNA the serine 365 codon (AGC) was mutated to the alanine

codon (GCA) by site directed mutagenesis (Bio Basic Inc.).  A dominant negative mouse

PKA plasmid M7 pdnPKA-GFP cDNA (Ungar and Moon, 1996) and a PKA catalytic
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subunit  C  alpha  (PKA-Cα)  cDNA  (Uhler  and  McKnight,  1987) were  ordered  from

Addgene (cat # 16716 and 15310, respectively) .    

4.2.2  HEK 293T cell culture and transfection

HEK293T cells  were  maintained  in  plating  media  consisting  of  Dulbecco's  Modified

Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin.  For electrophysiology 35

mm petri dishes were coated with 5 mm diameter round glass coverslips (cat # 64-0700,

Warner) with 1% gelatin type B (cat# GX0048-1, EMDTM) or 1 mg/ml poly-DL-lysine

(cat# P9011, Sigma-Aldrich) for 2 hours.  For confocal imaging, HEK293T cells were

grown  on  glass  coverslip  bottom  dishes  (cat#  P35G-1.0-14-C,  MatTek  Corporation)

coated for 2 hrs with 1% gelatin.  Cells were maintained in a 5% CO2 incubator at 37°C.

Cells  were grown to 40-50% confluency and then transiently  transfected  with fugene

transfection reagent (cat # PRE2311, Promega).  To each 35 mm dish, 2  μg cDNA of

either  α7, α7-Venus or their S365A mutant versions,  2  μg cDNA of RIC-3 and 3  μl of

Fugene Transfection Reagent (catalog #PRE2311, Promega)  were mixed with 250 μl of

warmed incomplete media, which is the plating media minus FBS.  Venus cDNA (0.2 μg)

was added to α7 to visually identify transfected HEK293 cells for whole-cell patch-clamp

recordings. 

4.2.3  Drugs

8-Bromo-cAMP, sodium salt  (8  μM,  cat#  1140),   cAMPS-Rp,  triethylammonium salt

(100 μM, cat#1337),  PHA543613 hydrochloride (100 μM, cat# 3092), CNQX disodium

salt (10  μM,  cat# 1065),  KT-5720 (200 nM, cat# 1288) were all ordered from Tocris
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Bioscience.   Acetylcholine  chloride  was  ordered  from  Sigma-Aldrich  (1  mM, cat#

A6625) while tetrodotoxin citrate (0.5  μM,  Cat # T-550) was purchased from Alomone

Labs.  Protein kinase A catalytic subunit protein that was added to the pipette solution

during slice electrophysiology was obtained from Sigma-Aldrich (200 U/ml, cat# P2645).

4.2.4  Whole-cell patch-clamp electrophysiology from cultured cells

HEK 293T cells were visualized with differential interference contrast illumination using

an  upright  microscope  (Nikon  FN1)  with  a  CFI  APO  40X  W NIR  objective  (0.80

numerical  aperture,  3.5  mm working  distance).   We identified  transfected  cells  with

Venus fluorescent protein using fluorescence illumination with a mercury lamp.  Whole-

cell  patch-clamp  recordings  were  performed  using  a  Multiclamp  700B  amplifier

(Molecular Devices), low passed filtered at 4 kHz, digitized at 10 kHz with a Digidata

1440A  (Molecular  Devices)  and  recorded  using  pClamp  10.2  acquisition  software

(Molecular Devices).

During  recordings,  cells  were  perfused  continuously  at  2  ml/min  with

extracellular solution comprised of the following (in mM):  150 NaCl, 4 KCl, 2 CaCl2, 2

MgCl2,  10  HEPES,  and  10  D-glucose  adjusted  to  pH  7.4.   Extracellular  recording

solution  was  maintained  at  31oC  using  a  temperature  controller  (TC-344B,  Warner

Instruments)  and  in-line  heater  (SH-27B,  Warner  Instruments).   Standard  whole-cell

patch-clamp recordings  were performed  using  patch  pipettes  pulled  from borosilicate

glass  electrodes  (1.5  mm OD and 1.0  mm ID,  catalog  #1B150F-4,  WPI)  on  a  P-97

Flaming/Brown  micropipette  puller  (Sutter  Instruments).   Patch  electrodes  had  tip

resistances between 6 and 11  MΩ and were filled with (in mM): 108 KH2PO4, 4.5 MgCl2

, 0.9 EGTA, 9 HEPES, 0.4 CaCl2, 14 creatine phosphate (Tris salt), 4 Mg-ATP, 0.3 GTP
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(Tris salt), pH 7.4 with KOH.  The membrane potential was held at -60 mV and corrected

for liquid junction potential.  Acetylcholine (ACh, 1 mM) was applied rapidly for 1 sec

duration using the two-barrel  glass θ-tube valve driven drug applicator  (Komal et  al.,

2011) positioned 300  μm away from the recorded cell.   Solution exchange rates were

typically  less  than  500  μs  (10-90% peak  time)  as  measured  from open  tip  junction

potential changes using 10% extracellular solution. 

4.2.5  Whole-cell patch-clamp electrophysiology from brain slices

All  experiments  on  mice  were  performed  in  accordance  of  the  Canadian  Council  of

Animal Care and approved by the Animal Care Committee at the University of Victoria.

Postnatal day 10-20 C57BL/6J mice (stock# 000664, The Jackson Laboratory) of either

sex were used for all our electrophysiology experiments.  Mice were deeply anesthetized

with isofluorane and decapitated.  Brains were removed and placed in ice-cold slicing

solution containing the following (in millimolar): 250 sucrose, 2.5 KCl, 1.2 NaH2PO4, 1.3

MgCl2, 2.4 CaCl2, 26 NaHCO3 and 11 D-glucose.  Coronal slices (320 μm thick) were cut

with a vibratome (Leica 1000S) from prefrontal and frontal cortices and transferred to an

extracellular  recording solution filled incubation chamber in a 32°C water bath for at

least 45min, before being transferred to the recording chamber.  During recordings, slices

were  perfused  continuously  at  2  ml/min  with  extracellular  solution  comprised  of  the

following  (in  mM):   125 NaCl,  2.5  KCl,  1.2  NaH2PO4 ,  1.3  MgCl2 ,  2.4  CaCl2,  26

NaHCO3 , and 11 D-glucose, aerated with 95% O2  and 5% CO2  during incubation and

recording.   Layer  1 interneurons  of  the medial  prefrontal  cortex  were visualized  and

targeted for whole-cell recordings using an upright microscope (Nikon FN1) with a CFI

APO 40X W NIR objective (0.80 numerical  aperture,  3.5 mm working distance)  and
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equipped  with  infra-red  video-assisted  differential  interference  contrast  illumination.

Patch electrodes had tip resistances between 6 and 11 MΩ and were filled with pipette

solution containing (in mM): 130 potassium gluconate, 5 EGTA, 0.5 CaCl2, 2 MgCl2, 10

HEPES, 3 Mg-ATP, 0.2 GTP, and 5 phosphocreatine Tris, pH adjusted to 7.4 with KOH,

osmolarity adjusted to 300 mOsm with sucrose.  Whole-cell voltage-clamp recordings

were performed at 31°C using a temperature controller  (TC-344B, Warner Instruments)

and in-line heater (SH-27B, Warner Instruments),  with a MultiClamp 700B amplifier

(Molecular Devices) and pCLAMP 10.2 software (Molecular Devices).  Data were low

passed filtered at 4 kHz and sampled at 10 kHz with a Digidata 1440A data acquisition

system (Molecular Devices). The membrane potential was corrected for liquid junction

potential, and series resistance was monitored throughout the experiment.  Neurons were

held  at  -60  mV.  A specific  agonist  for  α7 nicotinic  receptor,   100 μM PHA543613

hydrochloride was applied for 1 s duration, every 1 minute, using a valve driven θ-tube

drug applicator system (Komal et al., 2011)

4.2.6  Current fluctuation analysis to estimate single-channel conductance

Single-channel conductance of α7 nicotinic receptors was determined by performing non-

stationary fluctuation  analysis  on whole-cell  mediated α7 nicotinic  receptor  responses

from brain slices, elicited via application of 100 μM PHA543613 hydrochloride, at -60

mV.  This technique has been previously described by (Brown et al., 1998; Komal et al.,

2014; Sigworth, 1980).  We used Clampfit 10.2 software (Molecular Devices) to conduct

fluctuation analysis on the whole-cell current traces.  In brief, an ensemble of  α7 nAChR

responses was aligned by the point of maximal rise and averaged.  The mean responses

was scaled to the peak and substracted from individual responses.  The variance of the
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current at each sample point of each trace was plotted against the mean current of the

averaged traces at the same sample point in time. Then a linear fit was performed through

the sampled points.  The slope of the fit estimated the unitary current, i, of the nicotinic

ion channel.  The single-channel conductance was calculated using the equation γ = i /

(Vh-Erev) where, Vh is the holding potential (-60 mV) and Erev is the reversal potential for

α7 receptors, determined experimentally as (-0.7 mV).

4.2.7  Alexa Fluro-647 α-bungarotoxin labeling of surface α7 nAChRs

We  utilized  Venus  fluorescent  protein  tagged  α7  nicotinic  receptor  (α7-V)  cDNA

construct tagged with venus fluorophore (α7-V) and hemagglutinin epitope present in the

long intracellular cytoplasmic loop spanning third and fourth transmembrane  domains.

HEK 293T cells   plated on  coverslip  bottom 35 mm culture dishes were transiently

transfected (per dish) with 2 μg each α7-V, RIC-3 and 3 μl of Fugene.  On second day of

post-transfection,  cells  were  treated  with  sterile  H2O  or  100  μM  8-Br-cAMP  and

incubated  at 37ºC for 30 min.  Cells were washed once with ice cold PBS (pH 7.4) and

then labeled with Alexa Fluor 647 α-bungarotoxin (1mg/ml, Fl-BTx, Cat# B35450, Life

Technologies) at 1:200 dilution for an hour at 4°C .  Subsequently, cells were washed and

fixed with 2% PFA for 10 min at 4°C  and washed twice again before imaging.  Surface

expression of Fl-BTx labeled α7-Venus receptors vs mutant α7-Venus ( α7(S365A)-V)

receptors were examined with a Nikon C1si spectral confocal microscope system using a

Plan  Apo VC 60X 1.4 NA oil  immersion  objective  (0.13 mm working distance).   A

lambda stack of X-Y images were collected simultaneously with each laser sweep onto an

array  of  32  photomultiplier  tubes  and  averaged  over  four  laser  sweeps.   Venus

fluorophore  intensity  was  imaged  between  496.5  –  696.5  nm  at  5  nm  wavelength
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intervals.  Fl-BTx was excited with a 638 nm laser line at 20% maximal intensity and

wavelength emissions were collected between 590 – 750 nm, averaged over four laser

sweeps and Fl-BTx was analyzed at the peak emission of Alexa Fluor 647 (670 nm).

Images were acquired over a 50 μm x 50 μm field of view at 512 pixels x 512 pixels

digital resolution, and 12 bit intensity resolution.  The pixel dwell time was set at 5.52

μsec and the pinhole was set to medium (60 μm diameter).  Using ImageJ v1.43r software

images were analyzed for mean signal intensity of Fl-BTx per cell and normalized to

mean Venus intensity per cell  to quantify surface expression of α7-V nicotinic receptors

for both control and 8-Br-cAMP treated cells.

4.2.8  Statistics

All data are presented as mean ± standard error (S.E.).  Significant difference (p < 0.05)

between two groups of data were determined using a  t-test for continuous data meeting

parametric assumptions of equal variances and normality.  Otherwise, a Wilcoxon rank

sum test  was performed for nonparametric  data.   Comparison between three or more

groups  were  analyzed  using  an  analysis  of  variance  (ANOVA)  for  parametric  data

followed  by  post  hoc multiple  pairwise  analysis  using  a  Tukey's  HSD  tests.   For

nonparametric  data involving comparison of three or more groups of data a Kruskal-

Wallis rank sum test was performed followed by pairwise analyses using Wilcoxon rank

sum tests.  We also performed two-way ANOVAs on data with more than one treatment

group that was repeated over time.  All statistical analyses were performed using the R

statistical computing language (www.R-project.org).
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4.3  Results

4.3.1  8-Br-cAMP decreases α7 nicotinic receptor currents in HEK 293T cells

Catalytic PKA is activated when cAMP binds to the regulatory subunits of PKA.  To test

whether activation of PKA can modulate α7 nAChR function, we used 8-Br-cAMP, a cell

membrane  permeable  analogue  of  cAMP.  8-Br-cAMP, rather  than  cAMP, was  used

because 8-Br-cAMP is resistant to hydrolysis by endogenous phosphodiesterases, which

normally  terminate  cAMP signaling.   The  PKA signaling  pathway  was  triggered  by

incorporating 8-Br-cAMP in the recording pippette.  Since previous studies have shown a

dose dependent (100 μM to 1 mM) effect of cAMP on other nicotinic receptor  subtypes

in insect ganglionic neurons (Courjaret and Lapied, 2001), in the present study we used

100  μM concentration  of  8-Br-cAMP throughout  our  study  to  examine  the  effect  of

activated PKA on α7 naChRs.  We examined the effect of 8-Br-cAMP  on α7 nicotinic

receptor function by performing whole-cell recordings from HEK 293T cells transiently

transfected with α7 nicotinic receptors.   Control α7 nAChR responses recorded from

HEK 293T cells and elicited by 1 mM ACh application (for 1 sec) showed a mean current

amplitude of 603 ± 100 pA (n = 21) that maintained a steady amplitude with repeated

ACh applications  (1  min  intervals)  (Fig.  4.27  A,  C,  D).   The  α7  nAChR responses

showed a significant and progressive attenuation in the peak current over repeated ACh

applications  when 8-Br-cAMP was present  in  the micropipette  solution,  with a mean

current response of 269 ± 82 pA (n = 15) (p = 0.004, Wilcoxon rank sum test) (Fig. 4.27

C) (p  =  0.0005,  treatment  factor,  two-way  ANOVA)  (Fig.  4.27  D).   8-Br-cAMP

stimulation resulted in time dependent decrease in α7 nAChR mediated peak response

amplitude over repeated ACh applications with a mean exponential decay time constant
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of 5.4 ± 1.8 min, with the inset graph of Fig. 4.27 B showing an example of one cell with

a decay time constant of 4 min.  This indicated that the 8-Br-cAMP's effect on decreasing

α7  nAChR  responses  was  not  instantaneous  but  occurred  on  the  order  of  minutes

timescale.  

We next examined  the effect of 8-Br-cAMP on α7 nAChR gating kinetics, by

fitting the time course of α7 current decay during ACh application to the sum of two

exponential functions.  The  time course of α7 nAChRs decay kinetics from HEK 293T

cells showed no significant difference in either the fast (control: 54 ± 10 ms, n = 18 vs 8-

Br-cAMP: 65 ± 19 ms, n = 21) (p =  0.9, Wilcoxon rank sum test) nor the slow time

constants (control: 351 ± 92 ms, n = 18 vs 8-Br-cAMP: 238 ± 39 ms, n = 15) (p = 0.8,

Wilcoxon rank sum test) between control and 8-Br-cAMP treated cells (Fig. 4.27 E).  We

also found no significant difference in the percentage composition of the fast or slow

decay components of the α7 nicotinic responses between control (amplitude co-efficient τ

fast:  22 ± 5 %, n = 18;  τ slow: 78 ± 5%, n = 18) and 8-Br-cAMP stimulated cells

(amplitude co-efficient  τ fast: 21 ± 3%, n = 15;  τ slow: 79 ± 3%, n = 15) (p = 0.6,

Wilcoxon rank sum test for both τ slow and τ fast) (Fig. 4.27 F).  These data indicate that

PKA activation via 8-Br-cAMP decreases α7 nAChR function without affecting channel

gating kinetics.
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Figure 4.  27   8-Br-cAMP stimulation attenuates α7 nAChR currents upon repetitive
ACh application in HEK 293T cells. 
Acetylcholine (1mM) evoked α7 nAChR whole-cell currents traces for control (A) and 8-
Br-cAMP (100 μM) treated cells  showing a decline in α7 currents in the 8-Br-cAMP
treated cells  (B).  (B) Inset graph shows the quantification of the progressive decline in
α7 response,  which  decayed  with  a  time  constant  of  4  min.   (C) The  mean  current
amplitude of α7 nAChRs from control (n = 21) differed significantly from 8-Br-cAMP
stimulated cells (n = 15) (p = 0.004, Wilcoxon rank sum test).  For all the figures, bars
represent mean  ± SE of responses with each measured cell represented as a circle.  (D)
Mean current amplitude of ACh mediated α7 whole cell currents at 1 min time intervals
for 8-Br-cAMP stimulated cells was significantly attenuated as compared to control (p =
0.0006, two-way ANOVA). (E)  Decay kinetics of α7 nicotinic receptor currents during
ACh application showed no change in fast and slow decay time constant for control (n =
18) and  8-Br-cAMP (n= 21) (p = 0.9 for τfast, p = 0.8 for τslow, Wilcoxon rank sum
tests) stimulated cells.  (F)  No difference in the percentage composition of amplitude
coefficients  are  observed  for  fast  and  slow  decay  time  components  of  α7  nAChRs
responses for control (n = 18) and 8-Br-cAMP stimulated neurons (n = 15) (p = 0.6,
Wilcoxon rant sum tests for both τfast and  τslow components). 

4.3.2  8-Br-cAMP stimulation inhibits α7 nicotinic receptor currents in layer 1 

cortical interneurons 

Layer 1 neurons of the prefrontal cortex are predominantly GABAergic and the majority

of these interneurons exhibit  robust α7 nicotinic  receptor  currents  (Charpantier  et  al.,

2005; Christophe et al., 2002; Komal et al., 2014).  Since we found that in cell lines 8-Br-

cAMP activation of PKA attenuates α7 nicotinic receptor function we asked whether the

same  modulation  occurs  for  α7  nAChRs  endogenously  expressed  in  CNS  neurons.

Therefore,  we  targeted  layer  1  medial  prefrontal  cortical  neurons  for  whole-cell

recordings.  Recordings were performed in the presence of TTX (0.5 μM) and CNQX (10

μM) to  block action  potential  dependent  release  of  neurotransmitters  and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic  acid  (AMPA)  receptors.   We  examined  α7

nAChRs  responses  elicited  by  the  rapid  application  of  α7  nAChR  selective  agonist

PHA543613 (100  μM for 1 sec duration,  every 1 min)  from control and 8-Br-cAMP
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stimulated neurons, in which the intracellular pipette solution contained 100  μM 8-Br-

cAMP.  The  average  peak  current  of  the  α7  nAChR  responses  of  the  8-Br-cAMP

stimulated neurons (67 ± 4 pA, n = 26) was significantly reduced as compared to the α7

nAChR responses of control treated neurons (104 ± 9 pA, n = 18) (p = 0.008, t-test) (Fig

4.28 A-C).  Moreover, neurons stimulated with 8-Br-cAMP (100 μM) in the recording

pipette  showed  a  significantly  greater  progressive  time-dependent  decrease  in  α7

mediated whole-cell currents (n = 13) as compared to α7 nAChR currents recorded from

control treated neurons (n = 27) (p = 0.03, treatment factor, two-way ANOVA), which

showed no decrement in amplitude of α7 nAChR currents over time (Fig. 4.28 D).  The

time course of the progressive inhibition of α7 nAChR current responses mediated by 8-

Br-cAMP in layer 1 cortical neurons occurred with an exponential decay time constant of

2.2 ± 0.6 min.  These results indicated that 8-Br-cAMP mediated negative modulation of

α7 nicotinic receptor activity in neurons, just like in HEK cells, occurred on a timescale

of minutes, which is more consistent with 8-Br-cAMP targeting PKA and eliciting signal

transduction  actions  of  PKA,  rather  than  8-Br-cAMP  nonspecifically  inhibiting  α7

nAChRs directly, which would have occurred almost immediately.  

To  examine  whether  8-Br-cAMP  altered  the  gating  kinetics  of  α7  nAChRs

expressed in neurons, we analyzed the current decay of α7 during the 1 sec PHA543613

application by fitting the decay current to a function of two exponentials.  There was no

significant difference in the fast (control τ fast:  20 ±  4 ms, n = 20 vs 8-Br-cAMP τ fast:

26 ± 5 ms, n = 20) (p = 0.4, Wilcoxon rank sum test) nor slow decay kinetics (control τ

slow:  165±  42 ms, n = 20  vs 8-Br-cAMP τ slow:  194 ± 36 ms, n = 20) (p =  0.1,

Wilcoxon rank sum test) of  α7 nicotinic responses recorded from brain slices (Fig. 4.28
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E).  Also, the percentage composition of the fast (control τ fast: 45 ± 6%, n = 20 vs 8-Br-

cAMP τ fast: 44 ± 5%, n = 20) or slow decay components (control τ slow: 55 ± 6%, n =

20 vs 8-Br-cAMP τ slow: 57 ± 5%, n = 20) of the α7 nicotinic responses from layer 1

interneurons, calculated as amplitude coefficients, were not different between control and

8-Br-cAMP treated  neurons (p = 0.4 and p = 0.6, t-tests for slow and fast τ components,

respectively)  (Fig.  4.28  F).   These  observations  indicate  that  8-Br-cAMP stimulated

decrease of α7 nicotinic currents in layer 1 interneurons was not due to alterations in

receptor gating kinetics.
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Figure 4.  28   8-Br-cAMP mediated attenuation of α7 nAChR currents in layer 1 PFC
interneurons. 
(A,B)  Exemplary  traces  of  PHA543613  (100  μM)  activated  whole-cell  α7  nicotinic
responses for control and 8-Br-cAMP dialyzed layer 1 interneurons.  (C) There was a
significant decrease in the mean current amplitude of α7 nAChRs of 8-Br-cAMP (100
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μM) (n = 26) treated interneurons as compared to control (n = 18) (p = 0.008, Wilcoxon
rank sum test).  (D) Time dependent reduction of α7 nAChR responses with 8-Br-cAMP
(n = 13)  as  compared to  control  (n  = 17)  (p = 0.03,   two-way ANOVA).   (E)  An
illustration of desensitization decay kinetics of α7 nAChR currents showing no change in
fast and slow decay time constants for control (n = 20) and  8-Br-cAMP (n= 20) p = 0.4
for τfast, p = 0.1 for τslow, Wilcoxon rank sum tests) administered interneurons.  No
difference in the percentage composition of amplitude coefficients are observed for fast
and slow decay time components of α7 nAChRs responses for control (n = 20) and 8-Br-
cAMP stimulated  neurons  (n  =  20)  (p  =  0.4  and  p  =  0.6  ,  for   τfast  and   τslow
components, respectively, Wilcoxon rank sum tests).

4.3.3  In HEK 293T cells 8-Br-cAMP activates PKA to inhibit α7 nicotinic receptor 

function

We further  investigated  whether  8-Br-cAMP modified  α7  nicotinic  receptor currents

through the activation of PKA by performing experiments  using a dominant  negative

form of PKA (PKA-DN) and alternatively PKA catalytic subunit alpha (PKA-Cα), which

would be a constitutively active form of PKA.  The dominant negative form of PKA has a

single mutation in one of the cAMP binding sites of the regulatory domain of the enzyme

thus resulting in a loss of PKA function.  In HEK 293T cells transfected with only  α7

nAChRs and recorded using control patch pipette solution, application of ACh (1 mM)

elicited an average α7 nAChR response of  484 ± 72 pA (n = 16).  With  8-Br-cAMP (100

μM) in the micropipette, there was a significant attenuation of α7 receptor responses to

273 ± 39 pA (n = 11) (p = 0.01, Kruskal-Wallis rank sum test; p = 0.009, Wilcoxon rank

sum test  post hoc analysis)  (Fig. 4.29).  In contrast, 8-Br-cAMP was unable to alter  α7

nicotinic responses in HEK 293T cells in which α7 nAChRs were co-transfected with the

dominant negative form of PKA (390 ± 36 pA, n = 11) as compared to control responses

(p = 0.57, Wilcoxon rank sum test).  However, the mean α7 nAChR whole-cell currents

recorded from PKA-DN expressing cells that were treated with 8-Br-cAMP (390 ± 36
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pA, n = 11) was significantly greater than cells only expressing α7 nAChRs and exposed

to 8-Br-cAMP (273 ± 39 pA, n  = 11) (p = 0.03, Wilcoxon rank sum test)  (Fig. 4.29).

These results provide additional supporting evidence that 8-Br-cAMP inhibits α7 function

through activation of PKA.

To  further  support  that  PKA  is  negatively  modulating  α7  nicotinic  receptor

function we had undertaken an alternative approach to the previous set of experiments.

We utilized mouse PKA catalytic subunit alpha (PKA-Cα) cDNA and co-transfected it

with α7 nAChRs in HEK 293T cells.  By over-expressing PKA catalytic subunit-Cα via

transient  transfection,  we are essentially  creating a constitutively active form of PKA

since the catalytic subunits would greatly outnumber the PKA regulatory subunits.  ACh

(1mM) mediated whole-cell currents for α7 nicotinic receptor responses co-transfected

with PKA-Cα showed a significant decrease in the average peak current amplitude (416 ±

76 pA, n = 9) as compared to control cells having only α7 receptors (702 ± 73 pA, n =

12) (p = 0.01, t-test) (Fig. 4.30 A-C).  Unlike previous experiments in which 8-Br-cAMP

in the recording pipette resulted in a α7 current amplitude that started equal to control but

diminished progressively greater over time than the steady α7 current of the control cells,

the PKA-Cα expressing cells (n = 9) consistently showed significantly smaller α7 nAChR

current and remained steady at the same diminished current amplitude as compared to the

control cells (n = 12) (p < 0.001, treatment factor, two-way ANOVA)  (Fig. 4.30).  We

also  found no difference  in  channel  gating  kinetics  (data  not  shown).   These  results

strongly  indicate  that  overstimulation  of  PKA activity  in  cells  strongly  attenuates  α7

nicotinic receptor function.
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Figure  4.  29  .  Dominant  Negative  PKA abolishes  the  effect  of  8-Br-cAMP on  α7
nAChR responses.  
(A) Exemplary waveforms of ACh (1 mM) evoked α7 nAChR responses from HEK 293T
cells under three conditions including: control treatment, 8-Br-cAMP treatment and 8-Br-
cAMP treatment  with  co-transfected  dominant  negative  PKA (PKA-DN).   (B) 8-Br-
cAMP (100 μM) (n = 11) stimulation resulted in a signficant attenuation of the mean α7
nicotinic receptor current as compared to control (n = 16) (p = 0.004, Welch t-test).  This
attenuation in nAChR current with 8-Br-cAMP was abolished when PKA-DN (n = 11)
was co-transfected (p = 0.07, Welch t-test). However, 8-Br-cAMP stimulation in α7 only
cells was significantly attenuated α7 receptor currents as compared to cells co-transfected
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with PKA-DN (p = 0.04, Welch t-test).   No effect of 8-Br-cAMP stimulation on cells co-
tranfected with PKA-DN as compared to Control (p = 0.07, Welch t-test).

Figure 4.  30  . Protein kinase A catalytic subunit inhibits α7 nAChR responses in HEK
293T cells.  
(A) Sample traces of ACh (1mM) evoked α7 nAChR responses from HEK 293T cells
transiently  expressing α7 nAChRs only and  (B) α7 receptors  co-expressed with PKA
catalytic  subunit-alpha  (PKA-Cα).   (C)  A significant  decrease  in  the  mean  current
amplitude  of  α7  nAChRs  is  observed  from  cells  co-expressing  PKA-Cα  (n  =  9)  as
compared to control (cells expressing only α7 nAChRs) (n = 12) (p = 0.01, t-test).   (D)
PKA-Cα  and α7 nAChR co-transfected cells consistently showed steady and reduced α7
nicotinic responses with repeated ACh applications as compared to control (α7 nAChRs
only) (***, p < 0.0001, two-way ANOVA).

4.3.4  PKA activation inhibits α7 nicotinic currents in layer 1 PFC neurons 

To confirm that activation of PKA in neurons will also inhibit α7 nicotinic currents we

performed whole-cell recordings from layer 1 PFC interneurons in brain slices.  The PKA
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catalytic  subunit  (200 U/ml)  was  included in  the  patch  electrode  solution  during  the

recording  of  PHA543613  (100  μM)  elicited  α7  responses.   We found  that  neurons

dialized with the active form of the PKA catalytic subunit caused a significant decrease in

the α7 nicotinic responses (56 ± 6.7 pA,  n = 15) from layer 1 interneurons as compared

to responses recorded with control patch electrode solutions (101 ± 9 pA, n = 30)(p =

0.003,  Kruskal-Wallis  rank  sum  test;  p  =  0.002,  Wilcoxon  rank  sum  test,  post  hoc

analysis)  (Fig. 4.31).  The decrease in α7 nAChR current responses with catalytic PKA

(56 ± 7 pA,  n = 15) (p = 0.002, Wilcoxon rank sum test) was similar to that of 8-Br-

cAMP (100 μM) stimulation (62 ± 3 pA,  n = 23).  However, having the PKA blocker

KT-5720 (200 nM) in the patch recording solution  (111 ± 15 pA, n = 14,   p  = 0.7,

Wilcoxon rank sum test) abrogated any decrease with 8-Br-cAMP application.   These

observations suggest that endogenous PKA in CNS neurons play an important role in

regulating synaptic transmission by inhibiting  α7 nicotinic responses in layer 1 cortical

neurons.
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Figure 4.  31  . PKA activation and inhibition have opposing effects on modulating α7
nAChR currents in PFC interneurons. 
(A)  Exemplary traces of PHA543613 (100 μM) evoked α7 nAChRs whole-cell current
responses from layer 1 interneurons for control, 8-Br-cAMP (100 μM), KT-5720 (200nM,
PKA inhibitor) and PKA catalytic subunit (200 U/ml).  (B) Plot illustrating differences in
the mean current  amplitude  for  the four test  conditions.   α7 receptor  responses were
significantly attenuated with 8-Br-cAMP (n = 23) as compared to control responses (n =
30) (p = 0.002, Wilcoxon rank sum test).  Dialyzing neurons with PKA catalytic subunit
in  the  patch  pipette  (n  =  15)  similarly  diminished  α7  current  responses  (p  =  0.002,
Wilcoxon rank sum test).  The effect of 8-Br-cAMP in inhibiting α7 nAChRs responses
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was abolished with the PKA inhibitor KT-5720 (n = 14), which showed α7 responses that
were significantly greater than 8-Br-cAMP (p = 0.04, Wilcoxon rank sum test) and the
PKA catalytic subunit activated neurons (p = 0.02, Wilcoxon rank sum test).

4.3.5  PKA activation does not alter α7 nicotinic receptor single-channel 

conductance 

A possible mechanism for the PKA mediated inhibition of α7 nicotinic receptor responses

could be decreased intrinsic channel function.   To evaluate  if 8-Br-cAMP affected α7

nAChR single-channel conductance, we performed ionic current fluctuation analysis on

whole-cell recorded α7 nicotinic currents from HEK 293T cells and brain slices.  Non-

stationary  current  fluctuation  analysis  provides  a  good  estimate  of  single-channel

conductance of ion channels (Gill et al., 1995; Komal et al., 2014; Sigworth, 1980, 1981).

We tested whether in HEK 293T cells and cortical  interneurons 8-Br-cAMP mediated

stimulation of PKA decreased α7 nAChR single-channel conductance.  The variance of

the current fluctuations of ACh (1mM) mediated α7 whole-current responses is plotted

against the mean current of the whole-cell current at each time point.  The slope of the

relationship gives the unitary current and the single-channel conductance (γ) is calculated

as the unitary current divided by the electrochemical driving force.  Exemplar current

fluctuation analyses are shown for control (γ = 57 pS) and 8-Br-cAMP (γ = 58 pS) treated

PFC interneurons from brain slices (Fig. 4.32 A, B).  On average there was no significant

difference in α7 nAChR single-channel conductance of control treated (43 ± 9 pS, n =

18) vs 8-Br-cAMP treated layer 1 interneurons (34 ± 10 pS, n =  11) (p = 0.6, Wilcoxon

rank sum test) (Fig. 4.32 C).  Also we found no significant difference in the mean single-

channel conductance of α7 receptor responses recorded from HEK 293T cells between

control (63 ± 16 pS, n =  15) and 8-Br-cAMP (74 ± 16 pS, n = 15) (p =  0.6, Wilcoxon
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rank sum test) (Fig. 4.32 D).  Therefore, the 8-Br-cAMP mediated decrease in α7 nAChR

mediated whole-cell currents is not due to alterations in single-channel conductance.

Figure  4.  32   8-Br-cAMP  stimulation  does  not  alter  α7  nAChR  single-channel
conductance.  
(A)  Nonstationary  current  fluctuation  analysis  depicting  mean  current-variance
relationship performed with PHA543613 (100 µM) elicited α7 nAChR responses from
layer 1 interneurons for control and (B)  8-Br-cAMP (100 µM, in the recording pipette)
stimulated interneurons.  Inset shows whole-cell recorded α7 nicotinic current waveforms
and their respective AC filtered waveforms for both control and 8-Br-cAMP stimulation.
(C)  No significant change in the mean single-channel conductance is observed for α7
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responses between control  (n = 18) and 8-Br-cAMP treated cortical interneurons (n = 11)
(p = 0.6, Wilcoxon rank sum test).   (D) No significant difference in the mean single-
channel conductance for α7 responses is observed between control  (n = 11) and 8-Br-
cAMP treated HEK 293T cells (n = 15) (p = 0.6, Wilcoxon rank sum test).

4.3.6  PKA targets serine 365 in the M3-M4 cytoplasmic loop of α7 nAChRs to 

modulate α7 nAChR function

A previous study showed that a serine residue located in the chick and rat neuronal α7

nAChR is phosphorylated only by protein kinase A and not by protein kinase C, cGMP-

dependent protein kinase, or calcium/calmodulin-dependent protein kinase  (Moss et al.,

1996).   Through Prosite  analysis  of  the  mouse  α7 nAChR cDNA we found a single

putative PKA phosphorylation site at serine 365.  Therefore, in order to examine whether

PKA targets serine 365 directly to modulate α7 nAChR  function we produced a mutant

form of the α7 nAChR cDNA, in which we mutated serine 365 to alanine α7(S365A).

Therefore, in HEK293T cells expressing mutant α7(S365A) receptors we compared the

effects  of control solution vs 8-Br-cAMP on α7 nAChR mediated whole-cell  currents

elicited by 1 mM ACh application.  Unlike previous results with wildtype α7 nAChRs,

for the mutant α7(S365A) receptors there was no significant attenuation of the nicotinic

currents  from 8-Br-cAMP stimulated  cells  (809 ± 134 pA, n =  12)  as  compared to

control treatment (826 ± 123 pA, n =  15) (p = 0.4, t-test)  (Fig. 4.33 A-C).  Repeated

application of ACh (every 1 min) showed a consistent amplitude of mutant α7(S365A)

receptor currents over 10 min that were not significantly different between recordings

performed with 8-Br-cAMP in the patch electrode solution and control patch solutions (p

= 0.7, two-way ANOVA) (Fig. 4.33 D).  These results imply that serine 365 in the M3-
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M4 cytoplasmic loop of α7 nAChRs forms a major regulatory site for PKA in modulating

α7 receptor function. 

Figure 4.  33   PKA targets serine 365 of α7 nAChRs to modulate channel function. 

(A) Whole-cell  current traces of α7 nAChRs with the serine 365 to alanine mutation
(α7(S–A)), shows no alterations in the amplitude of the ACh (1 mM) elicited nicotinic
currents  with  8-Br-cAMP  stimulation  of  HEK  293T  cells  (B).   (C) There  was  no
significant difference in ACh mediated mutant α7(S-A) responses between control (n =
15) and 8-Br-cAMP stimulated cells (n = 12) (p = 0.5, t-test).  (D)  Repeated applications
of ACh with 1 min intervals showed no time dependent effect of 8-Br-cAMP stimulation
on mutant α7(S–A) nAChR responses (n = 12) as compared to Control (n = 15) (p = 0.7,
two-way ANOVA).

4.3.7  PKA targets serine 365 to decrease α7 nicotinic receptor surface expression
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Since our results ruled out the possibility that PKA modulation of α7 was due to changes

in  single-channel  conductance  or  gating  kinetics,  we  explored  whether  a  potential

mechanism of the negative regulation of α7 nAChR function may be due to decreased

surface receptor expression following PKA stimulation.  We performed surface labeling

of fluorescent protein tagged α7 nAChRs (α7-Venus) transfected in HEK293T cells using

Alexa Fluor 647 α-bungarotoxin (Fl-BTx) labeling under nonpermeablized conditions.

Spectral confocal images were obtained and the mean intensity of Fl-BTx labeling was

normalized to the mean intensity of Venus fluorescence on a per cell basis to calculate the

amount of surface expression of α7 nAChRs.  We found that 8-Br-cAMP (100 μM for 30

min) stimulated HEK 293T cells transiently transfected with α7-Venus nAChRs, showed

significantly  less  Fl-BTx  labeling  of  surface  α7  nAChRs  (0.21  ±  0.03,  n  =  31)  as

compared to control (0.37 ± 0.05, n = 28) (p = 0.01, Wilcoxon rank sum test) (Fig. 4.34

A-F, M).  The total cellular Venus flurophore intensity remained the same for control and

8-Br-cAMP treated dishes (data not shown).    

Next we tested whether PKA mediates its effect of diminishing surface receptor

expression  by  targeting  serine  365  of  the  α7  nAChR.   Using  the  mutant  receptor,

α7(S365A)Venus transfected in HEK 293T cells we found no significant difference in the

surface expression of mutant α7(S365A)Venus nAChRs with 30 min control treatment

(0.06 ± 0.01, n = 25) and  mutant α7(S365A)Venus nAChRs with 30 min of 100 μM  8-

Br-cAMP incubation (0.07 ± 0.02, n = 13) (p = 0.5, Wilcoxon rank sum test) (Fig. 4.34 G

-L, N).  These results indicate that PKA targets serine 365 of the M3-M4 cytoplasmic

loop of α7 nAChRs to down-regulate expression of surface receptors.
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Figure 4.  34  . PKA stimulation decreases surface expression of α7 nAChRs.  
(A-F) Confocal images of HEK 293T cells transfected with α7-Venus.  Surface labeling
of  α7-Venus  is  performed  with  Alexa  Fluor  647  α-bungarotoxin  (Fl-BTx)  under
nonpermeabilizing conditions.  (M) 8-Br-cAMP (100 μM for 30 min) stimulation (n =
31) resulted in a significant  decrease in the amount of surface α7-Venus receptors  as
determined with Fl-BTx labeling as compared to control treatment (n = 28) (p = 0.01,
Wilcoxon rank sum test).  (G-L)  Confocal images of HEK 293T cells transfected with
mutant α7-Venus in which the putative PKA phophorylated site (S365) was mutated to
alanine  (α7(S-A)Venus).   (N) 8-Br-cAMP (100 μM for 30 min)  stimulation  (n = 13)
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showed no significant  change in  Fl-BTx bound surface mutant  α7-Venus nAChRs as
compared to control treatment (n = 25) (p = 0.5, Wilcoxon rank sum test). 

4.4  Discussion

This study demonstrates that α7 nicotinic receptor function on CNS neurons is negatively

modulated by cAMP dependent protein kinase A.  8-Br-cAMP attenuated α7 nicotinic

receptor  currents  but  did  not  change  the  desensitization  kinetics  nor  single-channel

conductance  of  α7  nAChRs  in  both  HEK 293T cells  and  layer  1  PFC interneurons.

Serine 365 in the cytoplasmic M3-M4 domain of α7 nAChRs appears to be the molecular

substrate of protein kinase A, since 8-Br-cAMP treatment of HEK 293T cells expressing

mutant α7(S365A) nAChRs no longer resulted in a decrease of nicotinic current as was

the case with wildtype α7 nAChRs.  We also showed that PKA activation inhibited α7

nicotinic receptor function in cell lines and in brain slices since co-transfecting dominant

negative PKA or preincubating the brain slice with PKA antagonist, KT-5720 abrogated

the effects of 8-Br-cAMP, while transfecting PKA-Cα in cells or including purified PKA

catalytic subunit in the recording pipette attenuated α7 nicotinic receptor currents in cell

lines and in cortical interneurons.  Using Fl-αBTx labeling we found that the mechanism

of the PKA mediated down-regulation of α7 nicotinic  receptor  currents was due to  a

decrease in the surface expression of α7 nAChRs from the direct action of PKA targeting

serine 365 in the major cytoplasmic domain of α7 nAChRs.

4.4.1  Mechanism of attenuation of α7 nAChR function by PKA 

To our knowledge this is the first study which has demonstrated a direct effect of

the cAMP-PKA pathway in modulating nicotinic receptor function in CNS neurons.  In a

148



study that examined the effects of PKA on GABAA receptors, which are also Cys-loop

receptors, in spinal neurons, Porter and colleagues (Porter et al., 1990) similarly showed

that  PKA inhibited  GABAA currents  that  were  not  due  to  changes  in  single-channel

conductance nor gating kinetics.  Although α7 nAChRs are different members of the Cys-

loop family of receptors,  they display similar  attenuation in current response to PKA

stimulation as GABAA receptors.  Similarly, we found that PKA stimulation did not alter

single-channel conductance nor gating kinetics of α7 nAChRs.  One reason for the lack of

effect of 8-Br-cAMP mediated PKA activation on single-channel conductance could be

due to the fact that the putative PKA phosphorylation site, serine (S365) residue, lies

close to the M3 transmembrane domain in the M3-M4 cytoplasmic loop of the channel,

which  is  away  from  the  pore-lining  amphipathic  helix  situated  close  to  the  M4

transmembrane domain.  The amphipathic helix lines the cytoplasmic side portals of Cys-

loop receptors and forms part of the ion permeation pathway (Hales et al., 2006).  Our

previous  study  showed  that  tyrosine  kinase  phosphorylation  of  a  conserved  tyrosine

(Y442) resulted in decreased whole-cell currents from α7 nAChRs that was contributed

by  attenuation  of  single-channel  conductances  (Komal  et  al.,  2014) in  addition  to

decreased surface receptor expression.  Thus, it  appears that PKA as well  as tyrosine

kinases can decrease α7 nicotinic receptor function in CNS neurons but through slightly

different mechanisms.  The differing mechanisms of effects of PKA and tyrosine kinase

on  single-channel  conductance  is  likely  due  to  the  different  locations  of  the  target

residues,  with Y442 located close to the pore lining amphipathic  helix  while  S365 is

located away from the amphipathic helix.  Our electrophysiology data (Fig. 4.33) and Fl-
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αBTx labeling of surface receptors (Fig. 4.34) of mutant α7(S365A) nicotinic receptors

clearly demonstrate that this serine residue forms the major target of PKA.

Previous  studies  have  also  monitored  the  effect  of  8-Br-cAMP  on  nicotinic

receptor  function  in  bovine  adrenal  chromaffin  cells  and  chick  ganglionic  neuronal

culture (Dubin et al., 1992; Margiotta et al., 1987).  Dubin et al found no effect of 8-Br-

cAMP on nAChR responses.   Margiotta  et  al  (1987)  found potentiation  of  nicotinic

responses on 8-Br-cAMP treatment in chick ganglionic neurons.  The discrepancy among

the results  could be due to the differences in the nAChR subunit  composition or the

concentration of 8-Br-cAMP.  α3β4 nAChRs constitute the main nAChR subtype found

in adrenal chromaffin cells and chick ganglionic neurons (Sala et al., 2008).  Also it was

shown that α7 nAChRs do not contribute to catecholamine secretion from chromaffin

cells  (Sala  et  al.,  2008).   Moreover,  both  of  these  studies  used  20  fold  higher

concentration of 8-Br-cAMP (2 mM) and monitored nAChR responses on a longer time

scale ranging from 6–48 hrs.  Under physiological conditions the level of PKA activation

determines the net effect on receptor function as demonstrated in the case of GABAA

receptors (Cai et al., 2002).  It can be argued that different concentrations of 8-Br-cAMP

could  have  opposing  effect  on  receptor  function.   In  our  studies,  we  monitored  the

functional modulation of α7 nAChRs directly in CNS neurons, using 100 μM 8-Br-cAMP

at an acute time scale of 1-30 min.  However, we found that the mechanism of attenuation

of α7 peak responses with PKA activation was solely due to a loss of surface expression

of α7 receptors, with no change in single-channel conductance.  This is in contrast to the

Margiotta and colleagues (1987) study, which showed an increase in nicotinic current in

ganglionic  neurons that  was not  due to alterations  in expression of surface receptors,
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single-channel conductance nor gating kinetics.  The difference again is likely due to the

difference  in  make-up  of  nAChR  subunit  composition  and  that  they  studied  more

prolonged effects of 8-Br-cAMP (3-48 hrs).

The question remains, what is the mechanism that PKA is activated in layer 1

cortical interneurons of the PFC?  Neurotransmitters such as dopamine, norepinephrine

and  serotonin  target  G-protein  coupled  receptors  and  signal  through cAMP mediated

PKA pathways  (Cai et al., 2002; Seamans and Yang, 2004; Seamans et al., 2001; Yan,

2002).  These neuromodulators have been shown to regulate other ionotropic receptors

like GABAA and glutamate ion channels, thereby, modulating neurotransmission (Flores-

Hernandez  et  al.,  2000;  Wang  and  O’Donnell,  2001).  In  pyramidal  neurons  of  the

prefrontal  cortex  serotonin  was  shown  to  modulate  post-synaptic  GABAA receptors

depending  on  the  strength  of  PKA activation  level  (Cai  et  al.,  2002).   In  addition,

neuronal activity itself is considered one potent mechansim of PKA activation (Dunn et

al., 2006).  Based on these evidence, it is reasonable to speculate that neuromodulators

such as dopamine, norepinephrine or serotonin would have a net impact on α7 nicotinic

receptor function under physiological conditions.

4.4.2  Physiological relevance of PKA in synaptic plasticity and neurotransmission 

Our study demonstrates the physiological importance of PKA regulation on α7 nicotinic

receptor function in CNS neurons.  Postsynaptic α7 nAChRs are involved in fast synaptic

transmission where it modulates firing properties of neurons (Frazier et al., 1998; Jones

and Wonnacott, 2004).  Therefore, it is crucial to understand the cellular mechanisms ion

channels are regulated in order to have a better  understanding of neural function and

excitability in the brain (Alkondon et al., 1998).  It is well documented that protein kinase
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A activation in neurons has been shown to contribute to long-term potentiation (LTP) in

the dentate gyrus of the hippocampus.  Since α7 nicotinic receptors have been shown to

contribute  towards  LTP (Matsuyama et  al.,  2000;  Ondrejcak  et  al.,  2012),  a  cellular

mechanism for learning and memory, PKA modulation of α7 nicotinic receptor function

may influence synaptic plasticity and memory formation in different brain regions.

Layer  1  cortical  interneurons  can  influence  layer  2/3  pyramidal  neuronal

excitability  by  either  inhibiting  pyramidal  neurons  directly  via  GABAergic

neurotransmission  or  conversely  increase  pyramidal  neuronal  excitability  through

disynaptic disinhibition  (Arroyo et al., 2012; Christophe et al., 2002). If we assume a

monosynaptic inhibition of pyramidal neurons, then the action of PKA on inhibiting  α7

nicotinic  receptor  activity  would  putatively  lead  to  an  overall  increase  in  pyramidal

neuronal  excitability.   One  mechanism  that  PKA  would  be  stimulated  is  through

activation of G protein coupled receptors that signal through the cAMP-adenylate cyclase

pathway.  One important neurotransmitter system that signals through this pathway is the

dopamine neurotransmitter that acts on D1 or D5 dopamine receptors.  Dopamine in the

prefrontal cortex is known to play an important role in executive cognitive function such

as  enhancing motivation  and working memory  (Phillips  et  al.,  2004,  2008).   Thus if

dopamine were to increase activation of PKA, we would predict that dopamine would

attenuate α7 nAChRs on layer 1 cortical interneurons; thus providing less inhibitory input

to  pyramidal  neurons  and  enhancing  their  excitability.   It  was  shown that  dopamine

release through VTA afferents in the PFC results in “up states” of pyramidal neuronal

excitability (Lewis and O’Donnell, 2000).  These “up states” are plateau depolarizations

of the membrane potential that results in burst firing.  Perhaps PKA modulation of α7
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nAChRs  is  a  contributing  mechanism  of  these  “up  states”  of  neuronal  excitability.

Through the actions of dopamine α7 nAChRs may be an important regulator of working

memory and motivation.  Although in our study we examined postsynaptic α7 nAChRs,

α7  receptors  are  also  located  presynaptically,  where  they  facilitate  neurotransmitter

release.  The attenuation of α7 nAChR function by PKA activation could also potentially

affect the release of neurotransmitters like dopamine and glutamate as shown in the rat

prefrontal  cortex  (Livingstone  et  al.,  2010) and  modulate  postsynaptic  excitability.

However, due to multiple isoforms of PKA expressed in neurons and the difference in

their subcellular localization, it remains unclear which isoform combination of regulatory

and catalytic subunits of PKA has the major effect of modulating α7 nAChRs as well as

other ion channels (Meinkoth et al., 1990).
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Chapter 5 - General discussion

The aim of the present study was to examine the effects of Fyn, Lck and  protein kinase A

activation directly on α7 nicotinic receptor function and trafficking.  Three major findings

arise from the study.  Firstly, T cell  receptor activation via downstream Fyn and Lck

kinases attenuates α7 nicotinic receptor function, decreases surface expression and single-

channel conductance but not the gating kinetics of the receptor.  Secondly, the effect of

tyrosine kinase in attenuating α7 currents is due to direct phosphorylation of α7 nicotinic

receptors at a conserved tyrosine 442 located in the M3-M4 cytoplasmic loop.  Thirdly, 8-

Br-cAMP  mediated  PKA activation  also  negatively  modulates α7  nicotinic  receptor

function directly  by decreasing the  expression of receptors at the surface  but does  not

effect single-channel conductance or channel kinetics.  

5.1  Ion-channel regulation by immune proteins

The results from chapter 3 from this thesis expand our current understanding of

immune proteins role in neuronal function.  There has been a significant progress ion our

understanding  of  the  regulation  of  nervous  system by  immune  cell  specific  proteins

expressed  in  the  nervous  system  and  their  altered  expression  in  neurodegenerative

conditions  (Rogers et al., 1988; Stubbs et al., 1985; Wolozin et al., 1986; Wong et al.,

1984).  Here, I will put my findings into broader context of immune receptor signaling

and its regulation of ion channels.
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5.1.1  Immune specific proteins have neuronal functions

One of the breakthroughs in the field of immune-neuronal interaction came 25 years ago

when neuroscientists  first  formally  discovered  that  the  cytokine,  interleukin-1  (IL-1),

activated a subgroup of hypothalamic neurons  (Berkenbosch et al., 1987; Dunn, 1988).

There  exists  a  complex  interaction  between  the  brain  and  the  immune  system  via

expression  of  proteins  originally  known  to  have  a  role  in  immune  function  and

considered native only to immune cells.  One of the specific immune gene families first

discovered was the major histocompatibility complex class I (MHCI), whose expression

contributed to activity  dependent  plasticity  of synapses within the mammalian central

nervous system (CNS) (Corriveau et al., 1998).   Shatz et al ((Huh et al., 2000) examined

the role and expression of MHC I in the retina.  An unbiased differential gene screening

was conducted to identify genes regulated by the blockade of endogenous action potential

activity  during eye-specific  segregation.   Unexpectedly, the most  promising candidate

found from this screening was the MHC I gene (Huh et al., 2000).  Thereafter, the other

components  of MHC I molecules  β2 microglobulin  (a  co-subunit  of  MHC I) and its

potential binding partner CD3ζ (a protein complexed to receptors for MHC I) were found

to  be  expressed  in  neurons.   A neuronal  function  of  MHC I  in  the  CNS  was  then

elucidated by the use of mice genetically deficient for cell surface MHC I (Fourgeaud et

al.,  2010).   This  study showed for  the first  time  that  in  the  hippocampus CA3–CA1

synapses, loss of MHC I caused a significant drop in the AMPA/NMDA receptor ratio.

The increase in basal NMDAR-mediated responses in MHC I deficient  neurons were

associated with changes in the trafficking of AMPARs in response to NMDA.  Thus, in
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addition to its immune role, this was the first study which provided a neuronal function of

MHC I in the regulation of ion channel function and trafficking in CNS neurons.

Despite these recent advances, many questions remained unresolved with regards

to the signaling mechanism and the potential pathways of interaction between immune

proteins  and  their  neuronal  targets.   First,  if  MHC  I  regulates  glutamate  receptor

trafficking, what is the potential mechanism of interaction and receptor regulation?  Is it

possible that MHC I utilizes the same signaling pathways in immune cells as it does in

neurons but for specific neuronal functions?  What are the different targets for MHC in

neurons?  Do they target specifically neuronal proteins or do they have broad specificity?

What are the potential binding partners for MHC I in neurons for its proper function and

expression?  Does MHC I function autonomously or does it require additional immune

proteins like TCRs for execution and function like that in immune cells?

5.1.2  T cell receptor - MHC I interaction

Chapter 3 of this thesis presents the first evidence for a nonclassical function of the T cell

receptor in CNS neurons, specifically that TCRs can modulate neuronal excitability by

dampening α7 nAChR physiology and surface expression.  While it had been previously

found that  TCR β  and  CD3ζ subunits  of  TCR are  expressed  in  the  cortical  neurons

(Baudouin  et  al.,  2008;  Syken  and  Shatz,  2003) so  far  no  study  demonstrated  their

function in CNS neurons.  The results of this thesis, utilizing a mouse line deficient in

TCR β subunit (TCR β knockout mice) exclusively provided a systematic assessment of

increased  function  and  excitability  of  layer  1  interneurons  of  the  PFC cortex  by  α7

nicotinic receptors.  Though we used an exogenous ligand Concanavilin A (ConA) for

TCR activation, we clearly show that downstream activation of Fyn and Lck kinases were
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mandatory  for  TCR effect  on α7 nAChR function  and expression.   Furthermore,  we

proved that the TCR effect on α7 channel function was due to the downstream activation

of Src kinases.

Though  a  well  described  function  of  MHC  I  have  been  well  elucidated  by

previous studies, we provide first evidence for the TCR, a potential binding partner of

MHC I, in neuronal function.  Despite being known that the source of MHC I can be in

both neurons or microglia,  it  still  remains unclear under what physiological  condition

MHC presents endogenous signal peptides to TCR signaling.  

Given the central importance of the homomeric α7 receptor function in working

memory  and  attention  tasks,  ample  evidence  of  α7  receptor  dysfunction  and  low

expression  have  been  observed  in  neurodegenerative  conditions  like  schizophrenia

(Martin-Ruiz et al., 2003; Thomsen et al., 2010; Wallace and Bertrand, 2013).  Recently,

the genetic  linakge of MHC I  gene in  chromosome 6,  containing  a  single-nucleotide

polymorphism  (SNPs)  has  been  identified  and  associated  with  cognitive  impairment

performance in patients with schizophrenia and healthy comparison subjects (Walters et

al.,  2013).  SNP  rs6904071  showed  an  association  with  episodic  memory  and

hippocampal  volume,  consistent  with  the  studies  focusing  on  the  role  of  MHC I  in

synaptic  plasticity  and glutamate  receptor  function.   This  finding  opens  the  question

whether over-expression of MHC I with SNP rs6904071 would result in upregulation of

TCR signaling and thus cause downregulation of α7 receptor function in schizophrenia.

Neuronal MHC I upregulation have also been observed during inflammation  (Foster et

al.,  2002),  seizures  (Corriveau  et  al.,  1998),  injury  (Thams  et  al.,  2008) and  aging
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(Edström et al., 2004).  However, presently it is unknown if under these conditions there

is a concomitant increase in TCR expression.  

5.2  Protein kinase A mediated regulation of α7 nicotinic receptor 

function

In this  dissertation,   direct  regulation  of  α7 nAChR function by PKA was studied in

HEK293T cell line and layer 1 cortical interneurons.  My research also investigated the

effects  of  PKA activation  on  receptor  trafficking.   Patch-clamp  electrophysiological

techniques along with cortical neuronal cell culture were used to analyze the effect of 8-

Br-cAMP  stimulation  on  receptor  function,  surface  expression  and  kinetics.   Other

studies have used a wide range of concentrations of cyclic AMP over longer time scale

from minutes to days in cell lines  (Madhok et al., 1995; Quik et al., 1997).  One study

showed  enhancement  of  nicotonic  responses  in  chick  ciliary  ganglion  neurons  with

cAMP  analogues  using  0.2  mM  concentration.   The  authors  proposed  that  the

enhancement in whole-cell currents were due to the conversion of surface non-functional

receptors into functional ones  (Margiotta et al., 1987).  They showed that there was no

change in mAb35 labelled surface nAChR expression nor in single-channel conductance.

In our study, we monitored  α7 nAChR modulation by PKA at an acute time scale of

minutes.  We showed that PKA can attenuate α7 nAChR currents in both HEK293T cells

and in layer 1 interneurons of the frontal and prefrontal cortices.  The modulation requires

PKA and a conserved serine in the M3-M4 cytoplasmic loop of α7 (Ser 365).  We also

provide  evidence  of  a  loss  of  α7  nAChR expression  on  the  cell  surface  upon  PKA

activation (Simonson et al., 2010).  
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Neuromodulators like dopamine,  norepinephrine and serotonin target G-protein

coupled receptors and signal through cAMP mediated PKA pathways  (Cai et al., 2002;

Seamans and Yang, 2004; Seamans et al., 2001; Yan, 2002).  These neuromodulators have

been  shown  to  regulate  other  ionotropic  receptors  like  GABAA and  glutamate  ion

channels, thereby, modulating neurotransmission  (Flores-Hernandez et al., 2000; Wang

and  O’Donnell,  2001).  In  pyramidal  neurons  of  the  prefrontal  cortex  serotonin  was

shown to modulate post-synaptic GABAA receptors depending on the strength of PKA

activation level (Cai et al., 2002).  In addition, neuronal activity itself is considered one

potent mechansim of PKA activation (Dunn et al., 2006).  Based on this evidence, it is

reasonable to speculate that the electrical activity of the neuron in combination with these

neuromodulators  would  have  a  net  impact  on  α7  nicotinic  receptor  function  under

physiological conditions.  The broad substrate targets of PKA and the variety of different

PKA isoforms and their different subcellular localizations in neurons through association

with anchoring proteins (AKAPs) further adds complexicity to PKA function in neurons.

It is through the subcellular localizations of specific PKA isoforms that PKA achieves

some degree of specificity in signal transduction (Francis and Corbin, 1994; Rosenmund

et al., 1994; Zhong et al., 2009).  The subcellular localization and therefore specificity in

PKA signaling  is  believed  to  arise  in  part  from compartmentalization  of  PKA itself

through AKAPs (Buxton and Brunton, 1983; Wong and Scott, 2004).  This gives another

level of complexity in regulation of α7 nAChRs in neurons.  In the future, it  will be

important  to  investigate  how PKA activation  changes  subcellular  translocation  of  α7

nicotinic  receptors  in  neurons  through  its  distinct  PKA isoforms  and  whether  such

regulation  differs  in  neurons  of  different  brain  regions.   Any  changes  in  receptor
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translocation via distinct PKA isoforms would be critical  to our understanding of the

regulation of synaptic strength and plasticity.  In our study, we provide evidence using

brain slices and HEK293T cells that PKA activation targets Ser365 on α7 nAChRs to

decrease α7 whole-cell currents.  Mechanistically we determined that the attenuation of

α7 currents was due to a reduction of cell surface receptors and not due to alterations in

single-channel  conductance.   Overall,  our  results  provide  a  molecular  basis  for

understanding PKA signaling effect on homopentameric α7 nicotinic receptor in neurons .
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Chapter 6 - Future directions

6.1  Role of TCR in CNS neurons

In this thesis, I provide the first evidence of direct regulation of α7 receptor function and

subcellular trafficking by TCR mediated Src kinase and protein kinase A pathway.  Future

experiments  for TCR mediated  effects  on α7 receptor  function  should investigate  the

subcellular expression of α7 nicotinic receptor in layer 1 of prefrontal cortex in wildtype

and TCRβ knockout mice.  Since, we showed that TCRβ KO mice displayed increased

excitability in layer 1 interneurons, monitoring the level of receptor expression as well as

the subcellular  expression in neurons would increase our understanding towards TCR

regulation of α7 nAChR expression and neuronal excitability.  Also, increased excitability

observed in these TCRβ KO mice begs the question what effect elevated neuronal TCR

expression might have in neuronal function.  Furthermore, although MHC I is known to

play a critical role in the MHC I-TCR interacting complex in the immune system, it is

unknown whether  a  similar  complex is  functional  in the brain.   Therefore,  it  will  be

important  to  examine  whether  MHC  I  deficient  mice  would  experience  similar

upregulation of α7 nAChR currents as the TCRβ KO mice.   In addition,  it  would be

interesting to investigate  the subcellular  localization patterns in CNS neurons of both

MHC  I  and  TCR  relative  to  α7  nAChRs  using  immunogold  labelling  and  electron

microscopy.  Another point to examine is whether MHC I, α7 nAChRs and TCRs regulate

each  other's  expression  levels.   MHC I  molecules  are  the  presenters  of  endogenous

peptide needed for TCR activation (Ekeruche-Makinde et al., 2013).  If the level of MHC

I decreases in TCR β KO mice, it will strengthen our proposal that in the CNS MHC I
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functions by presenting an endogenous peptide to the TCR.  Also the peptides that are

presented by MHC I on the surface of neurons are presently unknown and is an important

issue that needs to be addressed.  What are these endogenous peptides?  Are they unique

for  different  neuronal  cell  types  and  do  they  form  a  specific  signal  for  specific

interactions with other neurons is still unknown and are big questions to tackle for future

research.

6.2  α7 nicotinic acetylcholine receptor modulation by PKA

In  this  thesis,  we  provide  evidence  of  α7  nAChR  modulation  by  the  cAMP-PKA

signaling pathway. However, a number of issues need attention.  In all my experiments, I

have used a direct activator of PKA, 8-Br-cAMP, and monitored  α7 nicotinic receptor

function  by  performing  whole-cell  patch-clamp  recordings.   Under  physiological

conditions the level of PKA activation determines the net effect on receptor function as

demonstrated in the case of GABAA receptors (Cai et al., 2002).  A dose response, using

nM-mM concentrations of 8-Br-cAMP could be done in future to examine the effect on

α7  receptor  function  and  expression  in  HEK293T  cells.   This  experiment  would

determine whether different concentrations of cAMP have similar or opposing effects on

receptor  modulation.   An endogenous physiological  activator  of  cAMP-PKA pathway

like the neurotransmitter dopamine could be used to examine its effect on  α7 mediated

currents and neuronal excitability of layer 1 interneurons of the PFC in wildtype vs  α7

knockout  mice.   It  is  known  that  layer  1  interneurons  of  the  PFC  receive  dense

dopaminergic projections from the midbrain (Livingstone et al., 2009).  The latter study

with dopamine would reflect if dopamine release alone in the PFC would be sufficient to

impact α7 receptor function.  It may be that co-release of other modulators are required to
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have a significant impact on α7 receptor activity.  Another issue which was not covered in

the present study is to examine whether different isoforms of PKA, PKA I and II, have

differential effects on α7 receptor activity.  Since, these PKA isoforms differ in the level

of expression and subcellular localization, it would be important to know if both isoforms

have the same or differerent effects in their regulation of  α7 function and trafficking.

Nevertheless, I did show direct effect of PKA on α7 receptor function via mutation of  the

serine 365 residue in the M3-M4 cytoplasmic loop of  α7.  Using prosite analysis and

from a published list of phosphorylation motifs for variety of kinases (Pearson and Kemp

1991), the M3-M4 cytoplasmic loop of the  α7 nAChR also appears to contain putative

serine/threonine protein kinase phosphorylation sites for calcium calmodulin dependent

kinase and caesin kinase.  However, one study clearly showed in an in vitro assay that out

of the four serine/threonine kinases tested, which included calcium calmodulin dependent

kinase II, cGMP dependent kinase, PKC and PKA, only PKA resulted in phosphorylation

of a serine residue located in the cytoplasmic loop of the α7 receptor (Moss et al., 1996).

Since α7 nAChRs have a high degree of calcium permeability, calcium influx

through the  α7 nAChRs themselves could provide the calcium secondary messenger to

activate  other  signaling  pathways.   Therefore,  α7 nAChR activation  along with PKA

stimulation, could lead to cross-talk of multiple signal transduction pathways  (Liu and

Berg, 1999; Shen and Yakel, 2009b).  In such a scenario, I propose that the association of

a macromolecular complex with the intracellular loop of α7 nicotinic receptors could be

regulated by PKA and involved in the regulation of receptor function.  Altogether, based

on numerous investigations and my own studies of protein modulation of α7 nAChRs, I

revealed the diversity and complexity of the effects of an immune protein, namely TCR,
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and  different  protein  kinases,  including  PKA and  tyrosine  kinase,  in  modulating  α7

nAChR function.  Although these studies examined at a basic level how specific proteins

may  modulate  the  function  of  α7  nAChR function,  these  findings  may  increase  our

understanding of the role  of nAChRs in cognitive  performance such as attention  and

working memory and how dysfunctional alterations in modulation of α7 nAChR function

may  potentially  contribute  to  the  pathogenesis  of  neurological  disorders  such  as

schizophrenia or Alzheimer's disease. 
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