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ABSTRACT

Neuronal nicotinic acetylcholine receptors (nAChRs) are wide spread in the nervous
system. Ample evidence indicates that many central nAChRs are located at the nerve
terminals, where they act to facilitate neurotransmitter release; however, little is
known about how these receptors carry out their function. The focus of my study is to
understand the mechanism(s) that underlie the function of neuronal nAChRs.
Neuronal nAChRs conduct inward current at negative membrane potentials, but
conduct little or no outward current at positive membrane potentials, a process known
as inward rectification. Inward rectification prevents the ACh-evoked conductance
increase from short-circuiting the action potential at the nerve terminal, thereby
ensuring optimal depolarization of the terminal and effective neurotransmitter release.
Using the outside-out single channel patch-clamp technique, I demonstrate that
intracellular polyamines block neuronal nAChRs with high affinity and in a voltage
dependent manner; this is true for native nAChRs expressed by sympathetic neurons
as well as recombinant a3f4, a4p2 nAChRs expressed in Xenopus oocytes. Given
the physiological concentrations of polyamines inside cells, this block can fully
account for the strong macroscopic inward rectification. Furthermore, using a
combined approach of site-directed mutagenesis and electrophysiology, I show that
the negatively charged residues at the cytoplasmic mouth of the pore (known as the
intermediate ring) mediate the interaction of intracellular polyamines with the
receptor; partial removal of these residues abolishes the strong inward rectification.
Interestingly, I show that the intermediate ring influences the permeation of calcium

through the receptor, indicating that a molecular link exists between calcium



permeability and inward rectification of neuronal nAChRs. My experiments also
show that extracellular polyamines and a polyamine-related toxin, Joro spider toxin,
block neuronal nAChRs. Unlike the block by intracellular polyamines, extracellular
polyamines and Joro toxin do not interact with the intermediate ring. [ show that a
single phenylalanine residue in the pore region of the receptor is in part responsible
for the high sensitivity of a3p4 neuronal nAChR to Joro toxin; by increasing the open
channel burst duration, this residue allows the toxin to interact with the receptor more

readily.



RESUME

Les récepteurs nicotiniques de 1’acétylcholine (nAChR) sont largement distribués
dans le systeme nerveux. Tout indique que la majorit¢é des nAChR centraux est
localisée aux terminaisons nerveuses, ou ils facilitent la libération de
neurotransmetteurs; toutefois la maniére dont ces récepteurs fonctionnent demeure
méconnue. Le but de mon étude est de comprendre les mécanismes qui soutendent
leur fonction. Les nAChR neuronaux sont des canaux qui conduisent un courant
entrant pour des potenticls membranaires négatifs, mais ne conduisent que peu ou pas
de courant sortant pour des potentiels membranaires positifs, un processus appelé
rectification entrante. Ce phénoméne empéche I’augmentation de la conductance
évoquée par I’acétylcholine de court-circuiter le potentiel d’action a la terminaison
nerveuse et assure ainsi une dépolarisation optimale de la terminaison et une
libération efficace de neurotransmetteur. Par la technique d’enregistrement de type
patch-clamp de canaux unitaires en conformation “outside-out”, je démontre que les
polyamines intracellulaires bloquent les nAChR avec une haute affinité et de fagon
voltage-dépendante. Cela est vrai tant pour les récepteurs natifs nAChR des neurones
du systeme nerveux sympathique que pour les nAChR recombinants a334 et ad4fp2
exprimés dans des ovocytes de Xenope. Etant données les concentrations
physiologiques élevées des polyamines dans les cellules, ce blocage peut parfaitement
expliquer la forte rectification entrante des nAChR observée au niveau
macroscopique. De plus, en utilisant une approche combinée de mutagénése dirigée et
d’électrophysiologie, je montre que les résidus chargés négativement situés sur le
bord cytoplasmique du pore (I’anneau intermédiaire) meédient 1’interaction des
polyamines intracellulaires avec les récepteurs. En effet, le retrait partiel de ces
résidus entraine une perte de la forte rectification. J’ai identifié I’anneau intermédiaire
servant de filtre ionique pour la perméation du calcium a travers le récepteur,
indiquant un lien moléculaire entre la perméabilité au calcium et la rectification
entrante des nAChR neuronaux. Mes expériences montrent aussi que des polyamines
et une toxine apparentée, celle de I|’'araignée Joro, appliquées de maniére
extracellulaire, bloquent le récepteur neuronal nAChR. Contairement au blocage par
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des polyamines intracellulaires, les polyamines extracellulaires et la toxine
n’interagissent pas avec |’anneau intermédiaire. Un seul résidu phénylalanine dans la
région du pore du récepteur est en partic responsable de la forte sensibilité du
récepteur neuronal nAChR a3@4 a la toxine de |’araignée Joro: en augmentant la
durée d’ouverture du canal, ce résidu permet a la toxine d’interagir plus étroitement

avec le récepteur.
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CHAPTER 1

Introduction



INTRODUCTION

My main interest has been to study the functional properties of ligand-gated
receptors; in particular. I have been investigating the mechanisms underlying ionic
conductance and selectivity of neuronal nicotinic acetylcholine receptors (nAChRs)
using a combined molecular biological and electrophysiological approach. A large
body of evidence implicates neuronal nAChRs in a variety of physiological and
pathophysiological conditions including learning and memory, nicotine addiction.
epilepsy and Alzheimer’s disease. However, there is little known about the structure-
function relationship of these receptors and the mechanisms underlying their
functional properties.

One common feature of all neuronal nAChRs is that their current-voltage
relationship (I-V curve) exhibits strong inward rectification; that is. they conduct
inward currents at negative membrane potentials, but conduct no outward current at
positive membrane potentials. This property is particularly important for the function
of central nAChRs expressed at nerve terminals. The focus of my thesis is to
elucidate the mechanism(s) underiving inward rectification of neuronal nAChRs.
Based on previous data, I hypothesize that this inward rectification is not an intrinsic
property of the receptor and can be regulated.

I will first describe the existing model of the conducting pathway of nAChRs
primarily based on our knowledge of the muscle nAChRs and then discuss how
existing data on neuronal nAChRs and other inwardly rectifying ion channels led me

to formulate my hypothesis.

Muscle nAChRs
Since the initial description of nicotinic transmission at the vertebrate neuromuscular

junction (Dale et al., 1936; Fatt and Katz, 1951), this synapse has become the best

~



studied of all synapses and has served as a model for chemical synapses in both the
peripheral and the central nervous system (Sanes and Lichtman, 1999). Our
understanding of synaptic transmission at the neuromuscular junction has benefited
from many biochemical, molecular biological and electrophysiological studies that
have focussed on elucidating the structure-function relationship of the muscle (or
Torpedo) nAChRs, rendering the muscle nAChR one of the best characterized of all
ligand-gated ion channels (for reviews see: Dani, 1989: Karlin, 1991; Duclert and
Changeux. 1995; Karlin and Akabas. 1995). Although much less direct data is
available for neuronal nAChRs. our present knowledge of the neuronal nAChR3
points to a similar structure-function relationship (Sargent, 1993: Galzi and

Changeux. 1995. McGehee and Role. 1995).

lonic selectivity of muscle nAChRs
Since the early studies by Takeuchi and Takeuchi (1960) that demonstrated low
selectivity of endplate nAChRs to monovalent cations. a number of studies have
established the permeability of muscle and Torpedo nAChRs to cations and the lack
of permeability to anions (Jenikson and Nicolls, 1960: Katz and Miledi, 1969; Huang
etal., 1978: Lewis, 1979; Adams et al., 1980: Dani and Eisenman, 1987).

The current carried by an ionic species through an ion channel can be
described by the Goldman-Hodgkin-Katz constant field equation (Goldman, 1943:
Hodgkin and Katz, 1949:; Lewis. 1977):

1‘= FZZZXP‘ VIRT {([/ﬂo"[X]l er.F"RT)/( l_e(ZxFl"Rﬂ): ,
where P, is the permeability coefficient, Z is the valence, and [X], and [X]; are the

outside and inside concentrations, respectively, and F, R and T have their usual

meanings. When there are several ionic species in the solution this equation can be



solved for the equilibrium potential or the reversal potential (Er,, the potential at
which the total current is zero) of the total current. For example when Na®, K* and
Ca™ are the conducting ions one can solve this equation for the reversal potential

according to the constant field voltage equation:

Erevcay Eveviva) = RT/F In {([Na]o+Py/ Py, [K}o+4P’ ca/ Pva[Calo)/
([Nali+Px/Py, (K]i+4P" co/ Pral Cali)}
where

P’ ;= Pc/(1+ exp (Erevca) FIRT)

and Py is the permeability coefficient of ion X, [X], is the extracellular concentration
of ionic specie X, and R, T and F have their usual meanings.

Experimentally measured E., comresponding to different concentrations of
conducting ions can be used in the constant field voltage equation to calculate the
relative permeability of these ions (Lewis, 1979).

Hille and colleagues carried out a thorough examination of the permeability of
endplate channels to monovalent and divalent cations using intracellular
electrophysiological techniques (Adams et al., 1980; Dwyer et al., 1980). They
calculated the relative permeability of different ionic species to that of Na* using the
constant field equations. They demonstrated that the endplate nAChRs has a weak
selectivity for monovalent cations with the following permeability ratios: Cs™ (1.4)>
Rb* (1.3)> K" (1.1)> Na’ (1.0)> Li* (0.9). Compared to monovalent cations, divalent
cations are significantly less permeant with the following sequence: Mg™> Ca™>
Ba™> Sr"" (Adams et al., 1980).

Hille and colleagues also found that the endpiate nAChR is permeable to a
number of large organic cations (Dwyer et al., 1980). In this extensive study, they
calculated the relative permeability of over 45 organic cations to that of Na* at the



muscle endplate. They then constructed molecular models of the permeant ions based
on the Corey-Pauling-Koltum (CPK) space-filling approach and found that there is an
inverse relationship between the size of the molecules and their relative permeability
through the endplate nAChR. Based on these molecular models, they estimated that
the minimum size of the narrowest region of the open receptor to accommodate the
largest permeating ion is most likely a square of approximately 6.5 x 6.5 A° with cut
off corners (Dwyer et al., 1980).

Ca"" permeability of the muscle nAChRs:

Muscle nAChRs have a low permeability to extracellular Ca™. Early electro-
physiological experiments on the frog neuromuscular junction suggested that the
muscle nAChR has some permeability to extracellular Ca™, since small amplitude
spontaneous miniature endplate potentials (MEPPs) could be recorded in the presence
of Ca™ as the only charge carrier (Katz and Miledi, 1969). Later examination of Ca™
permeability of the endplate nAChR revealed that the relative permeability of Ca™ to
Na’ (Pca/Pra) is as low as 0.15- 0.3 (Lewis, 1979; Adams et al., 1980; Decker and
Dani, 1990). Similar values for Pcs/Pns or Pcy/Pcs have reported from dissociated
muscle fiber preparations (Villarroel and Sakmann, 1996) or from heterologously
expressed muscle nAChRs (Costa et al., 1994). There is also evidence that the
permeability of the muscle nAChRs to Ca™ increases up to 2 fold during
development and this change is caused by replacement of the fetal y subunit with €
subunit in adult muscle (Villarroel and Sakmann, 1996). Since the pore size of the
muscle nAChR is large enough to accommodate divalent cations, these results
indicate that the muscle nAChR has an ionic filter that selects monovalent ions over

divalent cations.



Muscle nAChR subunit genes and the overall membrane topology:

In the 1960’s. 70's and 80's many laboratories used biochemical and molecular
biological approaches to isolate the acetylcholine receptor (for reviews see: Karlin
1991). Two key discoveries immensely contributed to these studies: the discovery of
a rich source of nicotinic receptors in the electric organ of the electric fish Torpedo
californica and the identification of a high affinity ligand. a-bungarotoxin. that could
irreversibly bind to the receptor and label it (for review see Changeux. 1981). These
studies finaily led to purification of the nAChR subunits (Weill et al.. 1974) and
identification of the first 54 amino acids of the receptor (Raftery et al.. 1980). The
knowledge of the amino acid sequence allowed the generation of synthetic DNA
probes that were then used to screen a cDNA library of Torpedo californica electric
organ. Using DNA hybndization methods. full-iength ¢cDNAs encoding nAChR
subunit proteins were cloned (Noda et al.. 1982: Sumikawa et al.. 1982: Noda et al.,
1983; Claudio et al.. 1983). The identification of the amino acid sequence of muscle
nAChR subunits provided important information about the structure of the receptor.
The muscle (or Torpedo) nAChR is formed by coassembly of four subunits a.
B. 4. and v (¢ in adult receptor) with the stoichiometry of a>By6 or a:fve. All five
subunits have a high degree of homology at the amino acid level and have a similar
hydrophobicity profile. The predicted secondary structure for all subunits suggests the
presence of a large hydrophilic extracellular amino terminal, four hydrophobic
transmembrane domains (designated M1-M4), a large cytoplasmic loop between M3
and M4 and a short extracellular carboxy terminus (Fig. 1). Every receptor has two
ACh binding sites that are formed mainly in the extracellular domain of the a-
subunits marked by a pair of cysteine residues (for review see Karlin and Akabas.
1995). Based on the images reconstituted from electron micrographs of the receptor
in closed and open states, the ion channel pore of the nAChR is formed in the center

of the molecule facing all the subunits (Unwin, 1993). Several lines of evidence






Figure 1.1. Membrane topology of nAChR subunits and putative structure of the M2
region. A. Each nAChR subunit has four transmembrane domains (M1 to M4), a large
amino-terminus and a short carboxy-terminus. Co-assembly of five subunits forms B.
The receptor. For heteromeric neuronal nAChRs two a subunits and three B subunits
form the functional receptor. C. This figure shcws a cartoon of the putative pore
region. The two M2 segments correspond to the two a subunits. There are three rings
of charged amino acids neighbouring the M2 segment: extracellular ring. intermediate
ring and cytoplasmic ring. At these positions. the five charged residues corresponding
to two a and three § subunits are shown. The circles connecting the charged residues

are only to emphasize the ring-like formation of these residues.



indicate that the second transmembrane domain, M2, of each subunit lines the

conductive pathway of the receptor.

The M2 membrane spanning segment lines the ion channel pore:

In the past two decades. a number of laboratories have provided evidence that the M2
hydrophobic segment forms the major part of the ion channel pore. These studies
have used mainly three approaches to characterize the conducting pathway of the
receptor: site-directed mutagenesis techniques, use of non-competitive open channe!
blockers and substituted-cysteine accessibility method (SCAM).
Site directed mutagenesis experiments:
One line of evidence pointing to the M2 as the main pore-forming segment of the
receptor comes from several studies on recombinant nAChRs by Numa, Sakmann and
colleagues in the mid to late 1980°s by combining expression of recombinant
receptors in Xenopus oocytes site-directed mutagenesis and single channel patch-
clamp techniques. In their initial studies with recombinant 7orpedo nAChR in
Xenopus oocytes. Mishina et al. addressed the question of whether all four subunits
are required for expression of a functional receptor. To test this. all four subunits or
three subunits at a time were expressed in Xenopus oocytes and the responses to ACh
were measured with the two-electrode voltage-clamp technique. In the absence of a
or 3 subunits in the combination. no ACh-evoked responses were detected: however,
a.p.y and a.p.8 combinations did give rise to small but detectable ACh-evoked
currents (Mishina et al., 1984). Thus it appeared that although 7 and & subunits can
partially substitute each other, all four subunits are required for receptor function.

In their first attempt to locate ihe region of the subunit involved in the
formation of the ion channel pore. Mishina et al. (1985) generated several a subunit
mRNA constructs containing deletions in each of the transmembrane segments and in

the cytoplasmic loop between M3 and M4. When these constructs were coinjected



with the other three wild type subunits in Xenopus oocytes, deletions in each of the
transmembrane domains rendered the receptor non-functional (Mishina et al.. 1985).
Therefore, no conclusions could be made as to which region(s) of the subunit is
involved in lining the pore of the receptor.

A major breakthrough came from experiments using chimeric &-subunit
constructs containing different regions corresponding to the Torpedo or bovine &
subunits (Imoto et al., 1986). The rationale was based on the finding that the
coexpression of the bovine 8-subunit (but not a-subunit) with Torpedo a-. B- and y-
subunits resulted in a receptor with similar single channel conductance to that of the
bovine nAChR. Therefore, by expressing chimeric bovine &-subunit constructs that
contain homologous regions of Torpedo &-subunit, the domain of the subunit
responsible for the change in the single channel conductance can be determined.
Using this strategy. Imoto et al. demonstrated that the M2 transmembrane domain is
involved in determining the single channel conductance of the receptor.

In subsequent studies. Imoto et al. (1988) provided further evidence for the
involvement of the M2 region in the conductive pathway of the receptor by
demonstrating that the negative charges surrounding the M2 region greatly influence
the single channel conductance of the receptor. In the Torpedo nAChR (a:fy9d),
alignment of the amino acid sequences of all the subunits suggests the presence of
three ring-like accumulations of negatively charged residues. one on the extracellular
side of M2 with three negative charges (the extracellular ring) and two on the
cytoplasmic side of M2 each bearing four negative charges (the intermediate and the
cytoplasmic ring) (Figure 1). Imoto and colleagues reasoned that if the M2 region is
the major part of the conducting pathway, these negative charges may interact with
conducting cations and thus influence the single channel conductance of the receptor.
This hypothesis was addressed by substituting the negatively charged residues with

neutral or positively charged residues and correlating the net charge change with the



single channel conductance of the receptor. The results indicated that all the negative
charges are important for the single channel conductance. Interestingly but not
unexpectedly, the extracellular ring mutations mainly affected the inward current,
whereas the cytoplasmic ring mutations mainly affected the outward current. The
intermediate ring mutations, however. had the largest effect and reduced both inward
and outward currents. These results not only provided evidence for the essential role
of the M2 region in forming the receptor pore, but aiso suggested that the
intermediate ring residues are most likely located at a position where they can closelvy
interact with the conducting cations (possibly at the narrowest part of the pore).

Later studies by Konno et al. (1991) and Wang and Imoto (1992) provided
further suppont for the involvement of the rnings of negatively charged residues in
determining the permeability and ionic selectivity of the nAChR. Konno et al. studied
the effect of charge substitution on the permeability and selectivity of the Torpedo
nAChR for small monovalent cations. Their results indicated that the wild type
receptor is weakly selective for K™ and Na™ over Li” or Cs™: while Cs” has a higher
relative permeability than K", the single channel conductance for Cs” is about 25%
less than that of K*. This selectivity is abolished in receptors that have a charge
substitution in the intermediate ring (but not the extracellular or the cytoplasmic ring),
further supporting the critical role of the intermediate ring residues in determining the
conductance and permeability of the nAChR. Wang and Imoto examined the effect of
charge substitutions on the permeability of large organic cations. Similar to previous
findings for small monovalent cations, the conclusion was that the intermediate ring
mutations have the greatest effect on relative permeability of large organic cations.

Taken together, these findings strongly suggested that the M2 region of each
subunit is the major component that participates in forming the ionic pathway of the

nAChR. Moreover, these results indicated that the rings of negatively charged



residues surrounding the M2 region, in particular the intermediate ring residues, are
important for ionic conductance and permeability of the receptor.

Interaction of open channel blockers with the receptor:

Another line of evidence implicating the involvement of the M2 region in the ion-
conducting pathway of the nAChRs is based on the interaction of the receptor with
open channel blockers. The advantage of using these blockers is that they interact
with the channel pore without affecting the binding of the ligand to the receptor.

The sedative antipsychotic drug Chiorpromazine (CPZ) is one such compound
that was demonstrated to block the open nAChR (Koblin and Lester. 1979). CPZ can
covalently bind to the open nAChR upon ultraviolet light irradiation (photolabeling)
(Oswald and Changeux. 1981; Heidmann and Changeux, 1984). Therefore
radioactively labeled CPZ. (*H)CPZ. can be used to label the receptor. Changeux and
colleagues took advantage of this photolabeling method to identify the conducting
pathway of the nAChR. They first demonstrated that all four subunits of the Torpedo
nAChR can be photolabeled by (*HYCPZ in the presence of agonist. suggesting a site
of interaction along the axis of the channel (Oswald and Changeux, 1981).
Subsequently, Changeux and colleagues identified several residues on the a. f. 8. and
v subunits that interacted with CPZ (Giraudat et al., 1986; Giraudat et al., 1987;
Revah et al., 1990). Interestingly, all these residues belong to the M2 segment of the
subunits and correspond to a nonpolar ring of leucine residues and two polar rings of
serine and threonine residues (Revah et al.. 1990). Since these three identified rings of
amino acids are three or four amino acids apart, it is plausible that the side-chains of
these residues face the same side of an a-helical structure (Revah et al., 1990).
Therefore, these results not only further implicated the M2 segment as the pore-
forming region of the receptor, but also provided evidence for an a-helical structure

of the M2 region.
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Another open channel blocker that has been used to identify residues lining
the pore of the nAChR is QX-222, a quaternary ammonium local anesthetic
derivative (Neher and Steinbach, 1978; Leonard et al., 1988). Analysis of the action
of local anesthetics on the nAChR at the neuromuscular junction had suggested that
they only interact with the receptor when it is opened by ACh (Steinbach, 1968).
Neher and Steinbach (1978) later confirmed these results at the single channel level.
In the presence of QX-222, single channel openings appeared to be chopped into
much briefer bursts of opening (Neher and Steinbach, 1978). These results indicated
that QX-222 most likely interacts with the residues along the conducting pathway of
the receptor.

Lester and colleagues used a combined approach of site-directed mutagenesis
and electrophysiology to identify a residue(s) that would interact with QX-222 upon
opening of the receptor. They took advantage of previous findings that pointed to the
M2 region as the major part of the pore, and thus targeted residues in this region.
First, they substituted a polar serine residue (aS248 and 3S262) 6 amino acids down-
stream of the cytoplasmic side of M2 with a neutral alanine residue in both a and 3
subunits of mouse nAChR (Leonard et al., 1988). Mutated subunits were then
coexpressed with the wild type subunits in Xenopus oocytes and the kinetics of the
block by QX-222 were analyzed at both the single channel and the macroscopic level.
The results indicated that each serine substitution progressively decreases the lifetime
of the blocked state. These results suggested that the serine residues are important for
interaction of QX-222 with the receptor and are therefore within the ion channel pore.

Lester and colleagues extended their findings by examining the effect of
additional amino acid substitutions on the blocking kinetics of QX-222. QX-222 has
two functional groups that are 5-6 A° apart: an ionizable amino group and a
hydrophobic aromatic group (Charnet et al., 1990). Therefore, QX-222 can

potentially interact with adjacent turns of an a-helix. To test this, Charnet et al.
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mutated another serine residue four amino acids up-stream from aS248 (aS252 or
BT263). Receptors with mutation of aS252 and T263 to neutral alanines (aS252A
and BT263A, respectively) affected the blocking kinetics of QX-222, suggesting that
aS252 is also facing the lumen of the pore and is most likely on the same side of an
adjacent a-helix structure. I[nterestingly. in contrast to aS248A, aS252A mutants
showed a higher binding affinity and faster blocking kinetics for QX-222. This
paradoxical effect can be attributed to a stronger interaction between the hydrophobic
aromatic group of QX-222 with the nonpolar alanine side chain than the interaction
with the polar OH group of serine. Altogether, these results indicated that the two
functional groups of QX-222 most likely interact with an adjacent turn of an a-helix
of the M2 region. thus providing further evidence for an a-helical structure for the
M2 segment.

Substituted-cvsteine accessibiliny experiments:

Finally, a third line of evidence that locates the M2 region in the conductive pathway
of the nAChR is based on results of substituted-cysteine accessibility experiments.
This method is based on the covalent interaction of small. charged. highly water
soluble sulfhydryl-specific molecules (such as the positively charged methanethio-
sulfatonate ethylammonium. MTSEA) with exposed sulfhydryl group of cysteine
residues (Akabas et al., 1992). If candidate residues along the conducting pathway of
the receptor are substituted with cysteine residues, MTSEA can potentially bind to
those residues while passing through the pore and block the ACh-evoked current
through the receptor.

Using this method. Karlin, Akabas and colleagues mapped the entire M2 region of
mouse muscle a-subunit (Akabas et al., 1994). One at a time, they substituted 22
amino acids spanning the M2 and flanking regions of the a-subunit. All but one
construct resulted in functional nAChR receptors when combined with 8, ¥ and

subunits in Xenopus oocytes. When control ACh-responses were compared with those
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measured following a | min treatment with extracellular MTSEA in the absence of
ACh and 5 min wash, 10 mutant receptors containing a cysteine residue at one of ten
positions from the extracellular ring to the intermediate ring showed a significant
reduction in their response. This suggests that MTSEA can interact with the closed
receptor at 10 different positions along the M2 segment. Based on the assumption that
substituting cysteines have similar accessibility to that of the corresponding wild-type
residues, the authors concluded that these ten residues normally face the lumen of the
nAChR (Akabas et al.. 1994). Although the cysteine accessibility assays provided a
powerful tool to map the conducting pathway of ion channels, the question arose
whether or not these substitutions had any effect on the overall tertiary structure of
the protein. On the other hand. the consistency of these findings with data on
previously identified residues facing the lumen of the nAChR and the proposed a-
helical structure of the M2 transmembrane domain indicated that this method can be

used reliably.

The location of the gate of the receptor

An important feature of the conducting pathway of all ion channels is the presence of
a barrier or gate that allows the passage of ions only in the open state. Unwin has
suggested that a ring of conserved leucine residues (7orpedo al.251) in the middle of
the M2 forms the narrowest part and the gate of the receptor {Unwin, 1993). This
suggestion is based mainly on the estimation of the position of an observed kink in
the middle of the putative pore of the receptor at 9 A° resolution electron micrographs
(Unwin, 1993). This idea also gains support from the results of photolabeling (Revah
et al.. 1990; White and Cohen, 1992) and site-directed mutagenesis experiments
(Revah et al., 1991). In contrast, the results of the cysteine-substitution experiments
demonstrated that all the residues facing the lumen of the pore up to the intermediate

ring (aE241) can interact with extracellularly applied MTSEA in the closed state of
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the receptor (Akabas et al, 1994). Therefore, the barrier or gate of the receptor is most
likely more cytoplasmic than the originally proposed ring of leucine residues.

These conflicting results prompted Karlin and colleagues to further explore
the location of the gate of the muscle nAChR (Wilson and Karlin, 1998). They
substituted 6 residues at the cytoplasmic side of M2 including the intermediate ring
residue (S239 to aT244) with cysteines and expressed each mutant subunit with B. y
and 3 subunits in human embryonic kidney (HEK-293) cells. The blocking effect of
both intracelluiar and extracellular MTSEA on the mutant receptors was then
measured using the whole-cell patch-clamp technique. To quantify the differences in
the reactivities of the mutant receptors with MTSEA. they measured the rates of
reaction with MTSEA at different concentrations and different application intervals.
In the absence of ACh. extracellular MTSEA reacted with aT244C 2000-5500 times
faster than with aK242C, aE241C and aG240C. whereas intracellular MTSEA
reacted more than 100 times faster with aG240C than with aT244C. In the presence
of ACh, all mutants reacted faster with MSTEA resulting in greater rate constants.
The location of the substituted cystetnes relative to the gate were then estimated by
measuring the gate index. described as the ratio of the effect of ACh on the rate
constant for the reaction of the extracellular MTSEA to the effect of ACh on the rate
constant for the reaction of the intracellular MTSEA (Pascual and Karlin. 1998;
Wilson and Karlin, 1998). The gate index places aG240C on the intracellular side of
the gate and aT244C on the extracellular side of the gate. Based on these results the
gate of the receptor is most likely at or close to the intermediate ring, consistent with
the critical role of the intermediate ring in determining the single channel
conductance (Imoto et al., 1988), ion selectivity (Konno et al., 1991) and permeability

(Wang and Imoto. 1992) of the nAChR.



Basic science solves clinical problems

Studies on structure-function relationship of the muscle nAChR pioneered a large
body of work on a variety of ligand-gated and voltage-gated ion channels. Our ability
to study the structure-function relationship of ion channels using advanced molecular
and patch-clamp electrophysiological techniques has allowed researchers 10 explore
the role of these membrane proteins in many pathophysiological conditions. In recent
years, this approach has led to identification of several ion channel related diseases
(Ackerman and Clapham. 1997). Among these are several cases of congenital
myasthenic syndromes that have been linked to mutations in the muscle nAChR
(Vincent et al.,, 1997). Our understanding of the underlying cause of this disease
would have been impossible without our knowledge of the structure-function
relationship of the muscle nAChR.

Congenital mvasthenic svndromes and muscle nAChR malfunction:

Congenital myasthenic syndromes (CMS) are genetic disorders that are characterized
by defects at the neuromuscular junction. Similar to mvasthenia gravis (MG), CMS
are accompanied by severe muscle weakness and fatigue: however, unlike the
autoimmune mediated MG. the underlying cause of CMS are defects in the pre- or
post-synaptic apparatus (Engel et al., 1998. Boonyapisit et al.. 1999). Slow channel
syndrome is a form of CMS that is characterized by abnormally prolonged miniature
endplate currents (MEPCs) and end plate myopathy (Engel et al.. 1998). In the past
decade. examination of patients with siow channe! syndrome. mainly through the
work of Engel. Sine and colleagues, has led to the identification of a number of
mutations in the extracellular domain, the cytoplasmic loop, the M1 region and the
M2 region of their muscle nAChRs (Vincent et al.. 1997; Engel et al.. 1998:
Boonyapisit et al., 1999). Interestingly, mutations in the M2 region appear to cause

more disabling symptoms than mutations in the M1 region and the extracellular
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domain (Engel et al., 1998) consistent with the critical role of the M2 region in
forming the ionic pore.

Using patch-clamp electrophysiology, Ohno et al. (1995) examined the
intercostal muscle nAChRs of a 20-year-old patient suffering from slow-channel
syndrome. When single channel records from end-plates of the CMS patient were
compared to those of control specimen, CMS channels revealed a population of
channels with significant prolongation of channel openings (Ohno et al., 1995). The
mutational analysis of the nAChR subunits revealed the presence of a heterozygous
single nucleotide transversion leading to the alteration of a conserved threonine
residue in the M2 to a proline residue in the € subunit (€T264P). When recombinant
mutant €T264P or wild type € were coexpressed with wild type a. B and & subunits in
HEK-293 (human embryonic kidney) cells. mutant receptors showed similar open
channel properties to those recorded from CMS nAChRs. while wild type receptors in
HEK cells were similar to the control nAChRs. These findings established a direct
link between this mutation and the abnormally prolonged nAChR openings in the
patient.

In a similar study. Milone et al. (1997) examined the single channel properties
of the muscle nAChR of another CMS patient, a 12 year old boy. that had been
confined to wheel-chair with extreme muscle fatigue. Similar to the previous case.
single channel data from the patient’s end-plates indicated a population of the
receptors with more prolonged channel openings compared to normal end-plates.
Mutational analysis of the patient’s genomic DNA revealed the presence of a
heterozygous nucleotide transversion in the a subunit resulting in alteration of a
valine residue in the M2 region to a phenylalanine residue (aV249F). Surprisingly,
this mutation was not detected in any of the patient’s parents or relatives; however,
closer examination of the father’s genomic DNA by allele specific PCR (polymerase

chain reaction) indicated mosaicism for aV249F. Therefore, for the son to be



affected, the aV249F mutation must have been carried by a sperm, suggesting that
the father is a mosaic for both germ-line and somatic cells (Milone et al., 1997).
Further single channel analysis of mutant receptors in HEK-293 cells indicated that
aV249F both enhances ACh affinity at rest and stabilizes the open state of the
receptor resulting in prolongation of channel openings (Milone et al.. 1997). The
increase in channel openings at the single channel level due to this mutation (also the
case for €T264P) is thought to underlie the prolonged MEPCs observed in slow
channel CMS. These prolonged MEPCs in turn could lead to a depolarization block
of transmission at physiologic rates and cationic overloading of the postsynaptic
muscle resulting in end-plate myopathy (Engel et al., 1998). These results further
highlight the critical role of the conducting pathway of the muscle nAChR for normal

physiology of the neuromuscular junction.
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Neuronal nAChRs:

Neuronal nAChRs are widely expressed in the peripheral and the central nervous
system. The functional role of these receptors in the central nervous system (CNS) is
still ambiguous; however, in the peripheral nervous system (PNS), it is well known
that neuronal nAChRs underlie the excitatory synaptic currents in postsynaptic
autonomic ganglionic neurons that receive cholinergic preganglionic innervation.
Studies on the effect of drugs on ganglionic transmission date back to the late 1800°s
{Langley and Dickinson. 1890). Fast excitatory postsynaptic potentials (EPSPs) in the
ganglionic neurons in the PNS are similar to the endplate potentials (EPPs) at the
neuromuscular junction in that they are genecrated by presynaptic release of ACh
(Feldberg and Gaddum. 1934). Released ACh interacts with postsynaptic receptors
and increases the membrane conductance to Na~ and K~ (Eccles, 1963: Rang, 1981).
However. ACh-evoked responses in muscle and neurons have different sensitivities to
antagonists. The competitive antagonist hexamethonium is a more effective blocker
of the autonomic ganglionic transmission than the neuromuscular transmission { Paton
and Zaimis, 1951; Ascher et al., 1979; Rang and Rylett, 1984). On the other hand, the
high affinity blocker of the muscle nAChRs. a-bungarotoxin, does not block the
ganglionic transmission (Brown and Fumagalli. 1977: Carbonetto et al.. 1978) despite
the presence of high affinity binding sites for the toxin on many peripheral neurons
(Fumagelli et al., 1976: Carbonetto et al., 1978; Ravdin and Berg. 1979). These
findings strongly suggested that neuronal nAChRs most likely share many structural
element with the muscle nAChR. while having their own unique features. In addition.
these findings suggested that neuronal nAChRs most likely comprise a heterogeneous
population of receptors.

Neuronal nAChR subunit genes and the overall membrane topology

Molecular cloning of neuronal nAChR subunit genes has revealed the presence of a

number of subunits in the PNS and the CNS. To date, 11 vertebrate genes have been
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cloned that encode neuronal nAChR subunits: al-a9 and $2-f4. Similar to muscle
nAChRs. neuronal nAChRs are pentameric in structure. but unlike the muscle
receptor a functional neuronal nAChR can be formed by coassembly of two a and
three B subunits (Cooper et al., 1991). The exceptions to this stoichiometry are the
a7. a8 and a9 subunits, which can form homomeric receptors without incorporating
any B subunits. Unlike the heteromeric neuronal nAChR subtypes. homomeric a7. a8
and a9 show sensitivity to the muscle nAChR blocker a-bungarotoxin (a-BTX). In
the PNS. a3 and P4 are the most abundant nAChR subunits (Boyd et al., 1988;
Couturier et al, 1990: Mandelzys et al.. 1995). whereas in the CNS, a4 and B2 are the
most abundant subunits (Wada et al., 1989). a7 is also present at high levels in both
the PNS and the CNS (Bertrand et al.. 1990: Seguela et al.. 1993). These findings
suggest that neuronal nAChR comprise a large family of receptors with
pharmacological heterogeneity and functional diversity.

Neuronal nAChR subunits are highly homologous to the muscle subunits and
have a similar membrane topology. The hydropathy profile of the subunits predicts an
extracellular amino terminus, four transmembrane domains (M1-M4), and a short
extracellular carboxy terminus (Fig. 1). Similar to the muscle nAChR a subunit, each
neuronal a subunit has the characteristic pair of cysteine residues in their amino
terminus that are involved in the binding of the agonist, and several studies have
demonstrated that the M2 transmembrane domain is a critical part of the conducting
pathway of these ion channels.

Ionic selectivity of the neuronal nAChRs

Although less extensively studied, it appears to a large extent that ion selectivity
properties of neuronal nAChRs are similar to those of the muscle nRAChR (Mathie et
al.. 1991; Nooney et al., 1992). Nutter and Adams measured the relative permeability
of neuronal nAChRs for several monovalent and divalent cations in cultured rat

cardiac parasympathetic ganglion neurons (Nutter and Adams, 1995). They found

19



that, similar to the muscle nAChRs, neuronal nAChRs have a weak selectivity for
monovalent (alkali metals) and divalent (alkaline earth metals) cations. The striking
difference between the muscle and neuronal nAChRs is their permeability to Ca™
(Pc,) relative to that to monovalent alkali metals (Px) (Fieber and Adams. 1991;

Sands and Barish. 1991; Vernino et al.. 1992; Trouslard et al., 1992).

Neuronal nAChRs are highly Ca™ permeable

Compared to muscle nAChRs. neuronai nAChRs have a much higher relative
permeability to Ca™", and the degree of their Ca”™ permeability is dependent on the
subunit composition of the receptor. High Ca™ permeability has been reported for
neuronal nAChRs in cultured rat parasympathetic neurons (Fieber and Adams, 1991),
PCI12 cells (Sands and Barish. 1991]), rat medial habenula neurons (Mulle et al.,
1992). bovine chromaffin cells (Vernino et al.. 1992) and cultured rat svmpathetic
neurons (Trouslard et al.. 1993). In heterologous expression systems, Ca "
permeability of nAChRs shows strong subunit dependence. with a7 homomers
having the highest (Pc,/P\a. =10-20) (Seguela et al.. 1993; Bertrand et al.. 1993) and
a3P4 the lowest (Pcy/Pny = ~1) (Costa et al., 1994) Ca™ permeability. More recently
it has been demonstrated that incorporation of a3 subunit into a3pf4 or a4f2
receplors causes an increase in Pg,/ Py, of the receptor (Gerzanich et al.. 1998: Yu and
Role. 1998). Therefore, the subunit composition of the native nAChRs expressed in
different parts of the nervous system may in part underlie their different Ca™

permeability.

Molecular mechanisms underlving Ca™ permeability of neuronal nAChRs

Calcium influx through ion channels has been shown to trigger important signal
transduction mechanisms involved in modulation of gene expression implicated in

leaming and memory. Despite the functional importance of the high Ca™
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permeability of neuronal nAChRs, the molecular mechanisms invoived have not been
extensively studied. In one study. Bertrand and colleagues. using site-directed
mutagenesis and electrophysiology, identified two sites that appeared to be important
for Ca™ permeability of the a7 receptor expressed in Xenopus oocytes (Bertrand et
al.. 1993). Interestingly. one of these sites is the intermediate ring that has been
implicated in determining the single channel conductance and ion selectivity of the
muscle nAChR (Konno et al.. 1991: Wang and Imoto. 1992). Although. the
homomeric nature of the «7 receptor is ideal for site directed mutagenesis
experiments. the fast desensitization properties and the lack of reliable a7 single
channel recordings has created a significant amount of inconsistency in interpreting
electrophysiotogical recordings of this receptor. Also. since many of these
experiments used the oocyte expression system. some of the results may have been
contaminated by a contribution of the endogenous Ca™ -activated Cl current in
oocytes (compare Seguela et al..1993 and Costa et al.. 1994). Similar experiments on
heteromeric neuronal nAChRs. that could point to subunit specificity and minimum
net negative charge on the intermediate ring affecting Ca™ permeability, are lacking.
It is plausible to hypothesize that the number of charges at the intermediate ring may
correlate with the degree of Ca™ permeability of the receptor.

Neuronal nAChR are modulated by extracellular Ca™

In addition to having high permeability to Ca™". nAChRs appear to be modulated by
extracellular Ca™ (Mulle et al.. 1992a: Vemino et al.. 1992). Increasing the
concentration of extracellular Ca™ in the low milimolar range potentiates the ACh-
evoked responses of neuronal nAChRs. Changeux and colleagues examined the effect
ot extracellular Ca™ on ACh-evoked currents in neurons from the rat medial
habenular nucleus using single channel recording techniques (Mulle et al., 1992).
These results indicated that the potentiation of rmacroscopic ACh-evoked currents is

due to an increase in the frequency of channel opening at the single channel level.



This effect was unlikely due to a cytoplasmic action of Ca™, since it was
instantaneous in outside out patches and persisted in the presence of Ca™ chelators in
the recording electrode. Therefore, Changeux and colleagues proposed an allosteric
modulatory role for extraceilular Ca™*, whereby Ca™ can bind to an extracellular site
on the receptor and cause a conformational shift to a state that favours higher
frequency opening of the receptor (Mulle et al., 1992a).

Bertrand Changeux and colleagues have explored the site of action of
extracellular Ca™ in at least two studies. Eisele et al. (1993) constructed a chimeric
receptor that contained the N-terminal region of the nicotinic a7 receptor (up to M1)
and the complementary C-terminal segment of the serotonergic receptor, SHT3
(including all four transmembrane domains and the C-terminus). When expressed in
Xenopus oocytes, this chimeric receptor exhibited an a7-like pharmacological profile:
both ACh and nicotine activated the receptor and a-BTX blocked the ACh-evoked
response. However, the selectivity and conductance profile of the receptor were
similar to those of the wild type SHT-3 receptor: a very mild inward rectification and
a very low Ca™ permeability. Eisele et al. reasoned that if the modulatory site for the
action of Ca™ is in the extracellular region of the receptor, the ACh-evoked current in
the chimeric receptor should exhibit potentiation in response to increasing
extracellular Ca™ concentrations. To test this hypothesis, they rapidly exposed the
chimeric receptor to different concentrations of Ca™ following activation by ACh.
The results suggested a Ca™-dependent increase in the inward currents at -100 mV.
This increase in the amplitude of the inward current may have been in part
contaminated by the Ca™ -dependent chloride current in the cocytes, since only small
amounts of Ca™ is enough to trigger large inward Cl currents at =100 mV (E, for
Cl' is ~-20mV in oocytes). One control for this contamination would have been to
examine this potentiation at a range of membrane potentials in the presence and

absence of extracellular CI’; a lack of shift in the E. of the ACh-evoked I-V curves
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then would have suggested minimal contribution by Cl” current. If we assume the
contribution of CI” currents to this potentiation to be negligible. these results suggest
that extracellular Ca™ acts on the extracellular region of the receptor to potentiate the
ACh-evoked response.

More recently, Galzi et al. (1996) identified a region in the extracellular
domain of a7 subunit that appears to contain a modulatory binding site for
extracellular Ca™. This site spans amino acids 161-172 and overlaps with parts of the
ACh binding pocket. Thus. one mechanism for potentiation of the receptor by
extracellular Ca™ is likely through an interaction between extracellular Ca™ and the

agonist at this site (Galzi et al., 1996).

M?2 segment lines the pore of the neuronal nAChRs

Since the cloning and characterization of neuronal nAChR subunit genes. several
groups have used a combination of site-directed mutagenesis and electrophysiological
techniques on heterologously expressed recombinant neuronal nAChRs to elucidate
the conducting pathway of these receptors.

In one of the initial studies. Cooper and colleagues demonstrated that. similar
to the muscle nAChR. removal or addition of negative charges at the extracellular
ring (¢E266 and BK260) of @432 neuronal nAChR subtype has significant effects on
the single channel conductance of the receptor (Cooper et al, 1991). Substitution of
the glutamic acid in the extracellular ring of the « subunit to a lysine residue
(a4E266K) caused a 50% reduction in the single channel conductance. whereas
substitution of a lysine residue at the corresponding position on the B subunit
(B2K260E) doubled the single channel conductance. Since each of the conductance
mutant a4 or B2 subunits introduced a new single channel conductance level, Cooper
et al. reasoned that by coexpressing a mutant and wild type a4 or 82 subunit in the

same oocyte the number of single channel conductance states can be used as an
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indication of how many a4 or B2 subunits have been incorporated into the receptor
complex. When a4E266K and wild type a4 subunits were coexpressed with
B2K260E subunits tn Xenopus oocytes. only three distinct single channel conductance
levels were detected: one corresponding to the single channel conductance of
a4B2K260E receptor. one corresponding to the single channel conductance of
ad4E266KPB2K260E and one intermediate conductance most likely corresponding to
a4a4E266KB2K260E. On the other hand, when B2K260E and wild type B2 subunits
were coexpressed with one a4 subunit, four different single channel conductance
states were measured. Based on possible arrangements of subunits in one complex
these results indicated that the receptor is most likely a pentamer made up of two a4
and three B2 subunits (Cooper, 1991).

Subsequently, Ballivet. Bertrand. Changeux and colleagues used site-directed
mutagenesis and electrophysiology to identify important amino acids in the
conducting pathway of a7 receptor (Revah et al.. 1991: Galzi et al.. 1992; Bertrand et
al.. 1992; Eisele et al.. 1993: Corringer et al.. 1999). Revah et al. (1991) mutated
several residues in the M2 region of a7 that would be facing the ion channel pore
based on sequence homology to the muscle (Torpedo) nAC hR. They found that a ring
of leucine residues in the middle of the M2 segment is important for the
desensitization kinetics of the receptor. When this non-polar residue was substituted
with a more polar serine or threonine residue, the mutant receptor expressed in
Xenopus oocytes exhibited significantly less desensitization than the wild type o7
receptor in response to application of the agonist. Examination of the mutant
receptors at the single channel level suggested the presence of an additional open
channel state at levels of ACh that causes desensitization of the wild type a7 receptor
(Revah et al., 1991). These recording were only done in the cell attached
configuration, a method of recording that usually activates intrinsic stretch-activated

receptors in cocytes that appear to have very similar characteristics as the ACh-



activated single channels (Methfessel et al., 1986). It is not clear in this report what
measures were taken to control for these endogenous currents. [n addition. the single
channel properties of the wild type a7 receptor have not been extensively examined;
therefore, it is difficult to make conclusive interpretations when comparing the single
channel properties of the mutant and wild type receptors. Despite these technical
complexities, the authors speculated that the additional open state observed in
a7L247T is normally blocked by the leucine residues in the wild type receptor:
therefore. substitution of these leucines with smaller, more polar amino acids allows
the transition to this open state resuiting in an apparent removal of desensitization.

In subsequent studies, Gaizi et al. (1992) explored the region(s) in the receptor
that determine(s) cation-selectivity of the a7 receptor. Cation conducting muscle and
neuronal nAChRs have a high degree of homology in their pore region with anion
conducting GABA , and glycine receptors: however. there are several residues in this
region that are not shared between the two types of receptors. Galzi et al reasoned that
the substitution of these residues in the M2 of the a7 receptor with the corresponding
residues of the M2 region of GABA, and glycine receptors may be sufficient to
change the charge selectivity of a7 from cationic to anionic. The chloride
permeabilities of the mutant and wild-type receptors were examined
electrophysiologically upon expression in Xenopus oocytes. When extracellular
chloride was replaced with isothionate or mannitol (impermeable through nAChRs)
the reversal potential for the mutant receptor, but not the wild type receptor. showed a
large positive shift indicating high CI” permeability of the receptor. A positive shift in
the E., of ACh-activated single channels in the mutant receptor was also observed.
These results indicated that only three amino acid changes are sufficient to change the
a7 receptor to an anion selective channel: introduction of an additional proline
residue adjacent to the intermediate ring, substitution of the negatively charged

residues of the intermediate ring to neutral alanines, and substitution of a nonpolar
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valine in the M2 region to a polar threonine residue. These results again suffer from
the same technical complexities involved with recordings from the a7 receptor. In
particular, the single channel records in this report are less convincing for two
reasons. First the data only represent recordings from two patches. and secondly there
is no recordings from the wild-type receptor that could be used for comparison.

Corringer et al. (1999) have further examined the selectivity filter of the a7
receptor. The important finding of these experiments is that the insertion of the
proline residue can only be done between the positions 234 to 238 in order to
construct a functional anion selective receptor. Insertions up stream of 234 vielded
cationic receptors and insertions down stream of 238 resulted in non-functional
receptors (Corringer et al.. 1999). These results are consistent with the role of the
corresponding region of the muscle nAChR in forming the selectivity filter and gate
of the receptor (Wilson and Karlin, 1998).

Taken together. these results indicate the importance of the M2 region in
determining the conductance and selectivity of neuronal nAChRs, as is the case for
the muscle nAChR. These studies also suggest that there is a high degree of
homology between the overall pore geometry among anion- and cation-selective

members of the ligand-gated ion channel super family.

Neuronal nAChRs and diseases of the nervous svstem

The function of neuronal receptors in the CNS remains unclear. despite the
accumulating evidence implicating neuronal nAChRs in a variety of physiological
and pathophysiological conditions. A large body of evidence in the past two decades
suggests that most central neuronal nAChRs are located presynaptically and are
involved in the modulation of neurotransmitter release (Role and Berg, 1997,
McDermott et al., 1999). Recent findings, showing linkage between two mutations in

the a4 subunit gene and autosomal dominant nocturmal frontal lobe epilepsy
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(ADNFLE). have provided the first direct evidence for involvement of neuronal
nAChRs in causing disease (Steinlein et al., 1995 Steinlein et al., 1997), highlighting
the important role of these receptors for normal physiology of the nervous system.
ADNFLE is caused by mutations in the M2 region of the a4 subunit:

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) is an idiopathic
partial epilepsy that is characterized by clusters of brief motor seizures during sleep.
Clinical onset of this disorder is usually in childhood with persistence of symptoms
through adulthood (Sheffer et al.. 1994). Recently, two mutations in the a4 subunit
gene have been linked to ADNLE (Steinlein et al., 1995 Steinlein et al.. 1997). The
first mutation, found in all affected members of a large Australian pedigree with
ADNLE (Philips et al.. 1995). is a single nucleotide missense mutation in the a4
subunit gene leading to substitution of a serine to a phenylalanine in the middle of the
M2 region (a4S248F) (Steinlein et al.. 1995). The second mutation. found in a
Norwegian family, is a three nucleotide insertion mutation of the a4 subunit gene
leading to the insertion of a leucine residue near the extracellular end of the M2
region (a4L264ins) (Steinlein et al.. 1997). The functional consequence of these
mutations have been studied by electrophysiological examination of the mutant
subunits coexpressed with the B2 subunit in Xenopus oocytes (Weiland et al.. 1996:
Steinlein et al., 1997; Kuryatov et al., 1997; Figl et al.. 1998). The results of these
experiments indicate that both mutations lead to an increase in the rate of
desensitization and a decrease in Ca™ permeability of the receptor (Weiland et al..
1996. Steinlein et al., 1997. Kuryatov et al., 1997; Figl et al., 1998). Therefore, it
appears that the net effect of these mutations is an attenuation of the nicotinic
response in the regions of the brain that these mutant genes are expressed. Therefore,
if nAChRs in these regions normally potentiate an inhibitory nerve terminal, it is
plausible that the lack of an appropriate nicotinic response can lead to over excitation

and possibly seizure-like activity in those regions.



An alternative mechanism by which these mutations can lead to epileptic
seizures has been proposed by Figl et al. (1998). Electrophysiological experiments
have revealed a use-dependent potentiation of the ACh response in both mutant
receptors u4S252FB2 and a4L264insPB2 compared to the wild type a4f2 (Figl et al..
1998). In contrast to the wild type receptor, both mutant receptors show a significant
increase in their response to ACh upon repeated applications of ACh in a reversible
manner. The degree of this use-dependent potentiation is decreased by either
prolonging the interval between applications or by increasing the concentration of
ACh (Figl et al., 1998). Therefore, in regions of the brain where these mutant
receptors are expressed, high rates of stimulation of the nAChRs can produce higher

levels of excitation leading to epileptic seizures.



Inward Rectification of Neuronal Nicotinic Receptors:

In spite of many structural and functional similanties, muscle and neuronal nAChRs
exhibit drastically different current-voltage relationships (I-V curves). When
macroscopic ACh-evoked currents are measured at different voltages from the
endplate muscle. a nearly linear current-voltage relationship (I-V curve) is obtained.
This indicates that muscle nAChRs allow the passage of cations into and out of the
cell equally well. In contrast, when one records whole-cell ACh-evoked currents from
a neuron, there is no detectable outward current at positive membrane potentials. a
process known as inward rectification.

Macroscopic inward rectification has been reported for native neuronal
nAChRs from rat superior cervical ganglion (SCG) neurons (Selyanko et al.. 1979:
Mathie et al., 1987). rat adrenal chromaffin cells (Hirano et al.. 1987) and rat
pheochromocyvtoma cells (PC12) (Cachelin and Neuhaus. 1989: Ifune and Steinbach.
1990: Sands and Barish, 1992) as well as for heterologously expressed receptors in
Xenopus oocytes (Forster and Bertrand. 1995) and HEK-293 cells (Buisson et al.,
1996).

This strong inward rectification is lost in ACh-evoked single channel currents
recorded from excised patches (Mathie et al., 1990; [fune and Steinbach, 1992: Sands
and Barish, 1992). Colquhoun and colleagues analyvzed the single channel properties
of the ACh-evoked single channel currents in cultured sympathetic neurons using the
outside out patch-clamp technique (Mathie et al.. 1990). They found no significant
differences between the single channel conductance, open channel burst times and
open channel frequency at negative and positive membrane potentials for ACh-
activated single channels. Similarly, [fune and Steinbach (1992) found that in outside
out patches from PCI12 cells ACh-activated single channels show similar single
channel conductance and open channel probability at positive and negative membrane

potentials. These results strongly suggested that the single channel properties of



neuronal nAChRs cannot explain the ACh-evoked macroscopic inward rectification
leading to the hypothesis that an intracellular diffusable blocking agent may be
involved.

Consequently, several groups examined the effect of divalent cations,
specifically Mg™ on inward rectification. Analysis of the effect of Mg~ at the single
channel level revealed that intracellular Mg~ (2-10 mM) can moderately reduce the
ACh-evoked single channel conductance at positive membrane potentials in both
sympathetic neurons and PC12 cells (Mathie et al., 1990; Neuhaus and Cachelin,
1990: Ifune and Steinbach. 1991). However. the common finding was that at the
whole cell level. inward rectification persisted in divalent free solutions in the
presence of chelating agents for intracellular Mg™ (Neuhaus and Cachelin. 1990;
Mathie et al.. 1990; Forster and Bertrand. 1995). These results indicated that a
intracellular Mg™ is not a likely candidate to underlie the strong macroscopic
rectification. and that its effect could be mainly a charge screening effect as opposed
to a blocking effect (Imoto et al.. 1988; Neuhaus and Cachelin, 1990).

In a further attempt to characterize the mechanism of rectification. Sands and
Barish (1992) and Ifune and Steinbach (1993) demonstrated that macroscopic inward
rectification can be partially removed in PC12 cells when cells are dialyzed with Na.-
ATP as a chelating agent. Ifune and Steinbach addressed the possibilities for the
action of ATP. They argued that it is unlikely that this partial removal of rectification
could be due to receptor phosphorylation. or involvement of a GTP-binding protein:
thus, they suggested that the loss or degradation of other cytoplasmic factor(s) may be
involved.

These results of the single channel analysis together with the partial removal
of rectification at the macroscopic level suggest that the strong macroscopic inward
rectification of neuronal nAChRs is not due to an intrinsic property of the receptor

and most likely involves an intracellular factor(s) that is lost in excised patches. If this
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is the case, then the degree of inward rectification of neuronal nAChRs can be
modulated under different physiological or pathophysiological conditions. This
modulation can in turn have important consequences for the synaptic function of

neuronal nAChRs.

Polyamines and Inward Rectification

Polyamines comprise a class of ubiquitous organic cations that have been implicated
in a variety of physiological and pathophysiological conditions. Endogenous
polyamines, spermidine and spermine and the diamine putrescine, are present in all
vertebrate cells and are involved in important functions from DNA synthesis to cell
growth and differentiation (Shaw. 1979: Pegg, 1986). Polyamines are found at
milimolar concentrations in the mammalian brain and have been demonstrated to be
released from cerebral cortex slices (Shaw and Pateman. 1973; Harman and Shaw.
1981; Yoneda et al.. 1991: Gilad and Gilad. 1991). Polyamines have also been
implicated in several pathophysiological conditions, particularly in induction of
tumors (Pegg, 1986). Because of the potential role of polyamines in disease. many
attempts have been made to control the level of polyamines by targeting enzymes in
their biosynthesis pathway (McCann and Pegg, 1992: Swird et al., 1997). These
efforts have encountered many difficulties partly because polyamines are normally
present at high levels and are highly compartmentalized within cells (Pegg, 1986;
Davis, 1990; Watanabe et al.. 1991: Swird et al., 1997). In addition. highly positively
charged polyamines have a high binding affinity for negatively charged
membraneous, cytoplasmic and nuclear macromolecules including DNA. RNA,
phospholipids and ATP (Watanabe, 1991; Meksuriyen. 1998).

In the past decade, a number of studies have implicated polyamines in
modulation and block of several ion channels (Williams, et al., 1990; Ficker et al,,

1994; Bowie and Mayer, 1995). More relevant to my study, intraceliular polyamines
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have been implicated recently in blocking inward rectifier potassium channels and
Ca™ permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
and kainate glutamate receptors (for reviews see Nichols and Lopatin, 1997:
Dingledine et al., 1999). This block has been demonstrated to be a high affinity block
with strong voltage dependence. Results from several studies strongly suggest that the
voltage-dependent biock by intracellular spermine and spermidine underlies the
inward rectification of inward rectifier potassium channels and AMPA and kainate

glutamate receptors (Falker et al., 1995; Bowie and Mayer, 1995).

Polvamines cause the inward rectification of Inward rectifier K" channels

Inward rectifier potassium channels constitute a family of potassium channels (Kir
family) that are responsible for maintaining the membrane potential close to the K™
reversal potential (Nichols et al.. 1993; Kubo et al.. 1993: Wang et ai.. 1993: Ashfort
et al., 1994 for review see Nichols and Lopatin, 1997). These ion channels conduct
inward currents at membrane potentials negative to potassium reversal potential (Ey).
small outward current at potentials slightly more positive than E; and close at more
depolarized membrane potentials. This unique inward rectification profile has
important physiological consequences. In cardiac ventricular cells. where Kir
channels are primary potassium channels. the lack of a large outward current at
depolarnized potentials leads to a lengthening of the action potential duration (Kurachi,
1983; Vanderberg, 1987: Hille. 1992). In addition. the current profile of Kir channels
near E;, both prevents overhyperpolarization by giving rise to inward currents at
potentials negative to E, and opposes small depolarizations by conducting outward
currents at potentials positive to Ey; in other words, Kir channels clamp the membrane
resting potential near E,.

The mechanism of rectification of Kir potassium channels has been the focus

of a number of studies in the past decade (Vandenberg, 1987; Matsuda, 1991 Lopatin

32



et al., 1994; Falker et al., 1995). In excised membrane patches. Kir potassium
channels loose their inward rectification and do not exhibit any intrinsic voltage-
dependence (Matsuda et al., 1988; Lopatin et al., 1994; Ficker et al., 1994) suggesting
that a diffusible intracellular factor may act as a gating molecule. Ruppersberg and
colleagues elegantly demonstrated that the inward rectification can be restored to
excised patches of Xenopus oocytes expressing Kir2.! channels upon exposure of the
cytoplasmic side of the patch to oocyte cell extracts (Falker et al.. 1995). They further
showed that including strong chelators of Mg~ in the cell extracts did not have any
effect on the inward rectification. whereas the addition of Na.-ATP to the extracts
partially removed the inward rectification suggesting that polyamines are involved.
The effect of polyamines was then directly tested in excised patches by including
different concentrations of spermine and spermidine in the recording electrode. The
results together with previous analysis of polyamine block of Kir2.1 channels (Falker
et al.. 1994) indicated that both spermine (IC50=40 nM at +50 mV) and spermidine
(with less affinity) block Kir2.1 channels at physiological concentrations in a voltage-
dependent manner, and thus underlie the macroscopic inward rectification of Kir2.1
channels.

Since the identification of polyamines as the intracellular agents conferring
rectification to Kir channels, several studies have focused on characterizing the
structural element(s) of the channel that interact with polyamines. One such element
is a negatively charged aspartate residue (D172) in the second transmembrane domain
of Kir2.1 (Wible et al., 1994; Lopatin et al., 1994; Falker et al., 1994; Yang et al..
1995). Substitution of this negatively charged residue with neutral giutamine (Q)
significantly decreases the affinity of spermine for the receptor and resuits in a
shallower rectification; interestingly one native subtype of Kir family. Kirl.l, has a
neutral amino acid at this site and exhibits very little rectification (Falker et al., 1994;

Lopatin et al., 1994; Falker et al., 1995). These results suggest that positively charged
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polyamines interact with negatively charged residues within the conducting pathway

of the 1on channel.

Polyamines cause the inward rectification of AMPA and kainate receptors

Another subfamily of ion channels that exhibit strong inward rectification are Ca™
permeable subtypes of AMPA/kainate receptors (Hume et al., 1991; Dingledine et al..
1999). The mechanism of inward rectification of AMPA/kainate receptors has been
explored in a number of recent studies. Similar to neuronal nAChRs and inward
rectifier K* channels, inward rectification of both native and recombinant
AMPA/kainate receptors is lost in excised patches. suggesting that a diffusible
cytoplasmic factor most likely accounts for the macroscopic inward rectification
(Bowie and Mayer. 1995: Donevan and Rgawski. 1995: Isa et al., 1995; Kamboj et
al.. 1995; Koh et al.. 1995). Based on the effect of polyamines on Kir channels,
Bowie and Mayer hypothesized that polyamines may have a similar effect on
AMPA/kainate receptor. In an extensive study. they examined the effect of
polyamines on inward rectification of homomeric GIuR6 receptors expressed in
HEK-293 cells using outside out patch clamp technique. They found that in outside-
out patches both spermine and spermidine block GluR6 receptors when applied to the
cytoplasmic side of the patch. To further analyze their results. they used a derivation
of the Woodhull model for voltage-dependent ion channel block (Woodhull, 1973).
This model predicts that a blocker can enter the open receptor and bind to a
site within the membrane electrical field. This binding occludes the ion channel and
its strength depends on the membrane potential according to the following equation:
G/Gmax= 1/ {1+ [SVKy}
where

K= Ky, exp{-Vm=OF/[RT]}
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and G is the conductance in the presence of the blocker at any given Vy, Gmax is the
maximum unblocked conductance, [S] is the internal concentration of the blocker, Ky
is the dissociation constant at a given ¥, Ky, is the dissociation constant at 0 mV, z
is the valence of the blocker, J is the fraction of the membrane electric field sensed by
the blocker, and F, R and T have their usual meanings.

Using this model, Bowie and Mayer fit the conductance-voitage curves (G-V
curves) at different concentrations of spermine and spermidine for GluR6 and
calculated the Ky, and & values for the block by spermine and spermidine. Using
these values, they estimated the whole-cell concentration of intracellular spermine
and spermidine by fitting the macroscopic G-V curves to the Woodhull equation.
These values, 64 uM for spermine and 322 uM for spermidine, are well within the
physiological concentrations of these polyamines in mammalian cells (Watanabe et
al., 1991). Therefore, the authors concluded that the voltage-dependent block by
spermine and spermidine is the underlying mechanism of inward rectification of
AMPA/kainate receptors. These conclusions have been supported by findings of a
number of similar studies on both native and recombinant AMPA/kainate receptors
(Isa et al., 1995; Kamboj et al., 1995; Koh et al., 1995).

In the mammalian brain, there are four known genes encoding AMPA
receptor subunits (GluR1-4) and five genes encoding kainate receptor subunits
(GluRS-GluR7, KAl & KA-2) (Hollmann and Heinemann, 1994, Dingledine et al.,
1999). Structure of glutamate receptors is different from that of the nAChR
superfamily; each subunit has a large extracellular N-terminus with four hydrophobic
domains (M1-M4). M!, M3 and M4 are transmembrane which leaves the C-terminus
in the cytoplasm. The M2 domain, however, forms a reentrant loop into the
membrane (similar to the P-loop of K' channels) and is thought to line the ion

channel pore (Bennett and Dingledine, 1995; Dingledine et al., 1999).
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All AMPA and kainate subunits (except for GluR2, GiuRS and GluR6)
whether in a homomeric receptor or a heteromeric receptor show a strong inward
rectification and high calcium permeabtlity in heterologous expression systems
(Dingledine et al., 1999). However, the majority of GluR2, GluRS and GluRé6
subunits naturally undergo RNA editing; this editing changes a glutamine (Q612)
residue to an arginine (R) within the M2 pore forming region of the subunit.
Expression of edited subunits in homomeric receptors or in combination with other
subunits leads to a drastic decrease in the single channel conductance. removal of
inward rectification and a substantial decrease in Ca™ permeability of the receptor
(Hume et al., 1991; Verdoom et al.. 1991; Egebjerg and Heinemann. 1993: Swanson
et al.. 1996). Consistent with the role of polyamines in inward rectification of AMPA
and kainate receptors, intracellular polyamines have no effect the non-rectifying Q/R
edited GluR2, and GluR6 in outside out paiches (Bowie and Mayer. 1995: Washbum
et al., 1997). Examination of native AMPA receptors in hippocampal interneurons
using the single cell PCR method combined with patch-clamp electrophysiology
suggests that differential expression of Q/R edited GluR2 and GIuRS5 is a major
determinant of both Ca™ permeability and rectification properties of the native
heteromeric receptors (Geiger et al.. 1995; Washburn et al.. 1997). These results
indicate that polyamines also act as gating molecules to block neurotransmitter

receptors in a voltage dependent manner, leading to inward rectification.
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Hypothesis and Outline of the Proposed Experiments

Mechanism of inward rectification of neuronal nAChRs

Hyvpothesis:

Polyamines can interact with neuronal nAChRs in a voltage-dependent manner to
confer inward rectification to neuronal nAChRs.

Rationale:

At least two lines of evidence support this hypothesis. First. the partial removal of
ACh-evoked inward rectification in PC12 cells upon dialysis with Na>-ATP (Sands
and Barish. 1992; [fune and Stetnbach, 1993) and the fact that ATP is a good chelator
of polyamines spermine and spermidine (Nakai and Glinsmann, 1977; Watanabe et
al., 1991; Meksuriyen et al.. 1998) suggest that positively charged polyamines may be
involved in conferning rectification to neuronal nAChRs. Second. a large body of
evidence indicates that polyamines. spermine and spermidine. confer inward
rectification to inward rectifier K~ channels and Ca™ -permeable AMPA/kainate
receptors.

Experimental outline:

[ will test this hypothesis using whole-cell and outside-out single channel patch-
clamp techniques on native nAChRs expressed by SCG neurons as well as
recombinant neuronal nAChRs expressed in Xenopus oocytes. If cytoplasmically
applied polyamines show a voltage-dependent blocking effect on nAChRs in outside-
out patches, [ will fit the data to the Woodhull model to find the dissociation constant
of this block. Finally, to test whether this effect can account for the macroscopic
inward rectification of nAChRs, I will estimate the concentrations of polyamines
needed to confer inward rectification to nAChRs at the whole-cell level and compare
those values to the physiological levels of intracellular polyamines. I will describe

these results in the second chapter of my thesis.
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Characterization of the site of interaction of polvamines

Hypothesis:

Two ring-like collections of negatively charged residues at the intracellular mouth of
the pore are essential for the interaction of intracellular polyamines with neuronal
nAChRs.

Rationale:

Results from studies on both inward rectifier K™ channels and AMPA/kainate
receptors suggest that polyamines interact with negatively charged (or polar) residues
in the conductive pathway of the ion channel. For both muscle and neuronal nAChRs
two rings-like accumulations of negatively charged residues (cytoplasmic and
intermediate rings) near the cytoplasmic mouth of the pore influence the single
channel conductance and ion selectivity of the receptor (Imoto et al., 1988: Konno et
al.. 1991; Bertrand et al., 1993). Therefore, it is likely that these negatively charged
residues interact with intracellular polyamines.

Experimentai outline:

[ will use a combined approach of site-directed mutagenesis and electrophysiology to
test this hypothesis on recombinant neuronal nAChRs expressed in Xenopus oocytes.
[ will use the two-electrode voltage clamp technique to examine the inward
rectification properties of mutant receptors. In addition. | will use ion substitution
experiments to examine the Ca”™ permeability of the wild type and mutant receptors. [

will describe these results in the third chapter of my thesis.
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Permeability and block by large organic cations, extracellular polyamines and

polyamine-related toxin, Joro toxin, of neuronal nAChRs:
Hypothesis:

Joro toxin blocks neuronal nAChRs with high affinity as an open channel blocker.
Rationale:

A number of studies implicate extracellular polyamines and polyamine-related
neurotoxins, including the Joro spider toxin (JSTX), to have inhibitory effects on
cation selective neurotransmitter receptors (Scott et al., 1993). In particular, these
molecules have been shown to block Ca™ permeable, inward rectifying
AMPA/kainate receptors with high affinity (Blaschke et al., 1993; Tsubokawa et al.,
1995), suggesting that these toxins may also target neuronal nAChRs.

Experimental outline:

To test this hypothesis, [ will examine the effect of JSTX on ACh-evoked currents
using electrophysiological techniques and recombinant neuronal nAChRs expressed

in Xenopus oocytes. [ will discuss these results in the fifth chapter of my thesis.
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CHAPTER 2

Neuronal Nicotinic Acetylcholine Receptors Are Blocked By

Intracellular Spermine In A Voltage-Dependent Manner



Abstract

A common feature of neuronal nicotinic acetylcholine receptors (nAChR) is that they
conduct inward current at negative membrane potentials but little outward current at
positive membrane potentials, a property referred to as inward rectification.
Physiologically. inward rectification serves important functions. and the main goal of
our study was to investigate the mechanisms underlying the rectification of these
receptors. We examined recombinant aifBs and ouf: neuronal nAChR subtypes
expressed in Xenopus oocytes and native nAChRs expressed on superior cervical
ganglion (SCG) neurons. Whole-cell ACh-evoked currents recorded from these
receptors exhibited strong inward rectification. In contrast, we showed that single
channel currents from these neuronal nAChRs measured in outside-out patches
outwardly rectify. Based on recent findings that spermine, a ubiquitous intracellular
polyamine, confers rectification to glutamate receptors and inwardly-rectifying
potassium channels, we investigated whether spermine causes neuronal nAChRs to
inwardly rectify. When spermine was added to the patch electrode in outside-out
recordings. it caused a concentration- and voltage-dependent block of ACh-evoked
single channel currents. Using these single channel data and physiological
concentrations of intraceilular spermine. we could account for the inward rectification
of macroscopic whole-cell ACh-evoked conductance-voltage relationships.
Therefore, we conclude that the voltage-dependent block by intracellular spermine
underlies inward-rectification of neuronal nAChRs. We also found that extracellular
spermine blocks both a;B; and asf; receptors; this finding points to a mechanism
whereby increases in extracellular spermine, perhaps during pathological conditions,

could selectively block these receptors.
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INTRODUCTION

Neuronal nicotinic acetylcholine receptors (RAChRs) are widespread in the nervous
system where they function as postsynaptic receptors to excite neurons or as
presynaptic receptors to modulate neurotransmitter release (Role and Berg, 1996).
Structurally, neuronal nAChRs are pentamers (Anand et al.. 1991; Cooper et al..
1991); however. the precise subunit composition of functional nAChRs on a given
neuron has not been fully resolved (McGehee and Role, 1995). In the peripheral
nervous system (PNS), a; and B, are the most abundant transcripts (Boyd et al.. 1988:
Couturier et al., 1990; Mandelzys et al.. 1994), and most nAChRs are located
postsynaptically at synapses formed between cholinergic preganglionic nerve
terminals and postganglionic autonomic neurons. In the central nervous system
(CNS). as and B- transcripts are the most abundant (Wada et al.. 1989: Flores et al.,
1992). and many nAChRs appear to be located on presynaptic nerve terminals
(McGehee et al., 1995; McGehee and Role, {996). The recent finding that a missense
mutation in the a; gene underlies autosomal dominant noctumnal frontal lobe epilepsy
highlights the importance of neuronal nAChRs for normal CNS function (Steinlein et
al.. 1995: Weiland et al., 1996).

One striking feature common to all functional neuronal nAChRs, regardless of
whether they are expressed on neurons or heterologously in non-neuronal cells, is the
strong inward rectification that results from a progressive reduction in channel
conductance as the membrane potential depolarizes over the physiological range
(Bertrand et al., 1990; Mathie et al., 1990; Ifune and Steinbach, 1991; Ifune and
Steinbach, 1992; Sands and Bansh, 1992). Physiologically, this inward rectification
serves important functions. For presynaptic receptors, inward rectification ensures
that the receptors will not depress transmitter release by decreasing the input
resistance of the terminal. For postsynaptic receptors, fluctuations in membrane

potential near rest change the receptors’ conductance and consequently affect
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synaptic effectiveness. The factors that cause neuronal nAChRs to rectify have not
been fully characterized. If rectification is not constant, then changes in rectification
can alter synaptic efficacy.

Previous studies suggest that both intrinsic channel propenies and block by
intracellular Mg™ contribute to inward rectification of neuronal nAChR channels
(Mathie et al.. 1990; Ifune and Steinbach, 1991; Sands and Barish. 1992). However.
these factors only partially account for the rectification, suggesting that unidentified
factors are involved (Ifune and Steinbach, 1993). Interestingly, inward rectification of
whole-cell ACh-evoked currents in rat phaeochromocytoma (PC12) cells was reduced
when cells were extensively dialyzed with Na,ATP (Sands and Barish, 1992; Ifune
and Steinbach, 1993). ATP is known to effectively chelate spermine. a ubiquitous
polyamine (Watanabe et al.. 1991). Therefore. it is conceivable that intracellular free
spermine contributes to the inward rectification of neuronal nAChRs, as demonstrated
for inward rectifier potassium channels and glutamate receptors (Ficker et al., 1994
Falker et al., 1995; Bowie and Mayer, 1995). The objective of our study was to
examine whether intracellular spermine produces inward rectification of neuronal
nAChRs. We studied ouf: and «;PB, receptors expressed in Xenopus oocytes, as well
as native nAChRs expressed on rat superior cervical ganglion (SCG) neurons. Our
results suggest that inward rectification of neuronal nAChRs can result from a
voltage-dependent block by intracellular spermine. We have reported our preliminary

results previously (Haghight and Cooper. 1997).
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METHODS and MATERIALS

Preparation of SCG Neurons

SCG ganglia were dissected from postnatal day 18-26 Sprague-Dawley rats (Charles
River. Canada) and dissociated mechanically and enzymatically as previously
described (McFarlane and Cooper. 1992). Briefly. the ganglia were dissected under
sterile conditions from animals sacrificed by cervical dislocation. The gangiia were
dissociated at 37°C either in collagenase (I mg/ml, type I. Sigma, St. Louis, MO) for
1 5min followed by dispase (2.4 mg/ml. grade [1. Boehringer-Mannheim, Indianapolis,
IN) for 30-45min or in an enzyme mixture containing trypsin (Img/ml. Sigma).
deoxyribonuclease (Sug/ml, Sigma) and bovine serum albumin (6mg/ml. Sigma)
(Mathie et al., 1990) for 45min. All enzymes were dissolved in Hank's balanced salt
solution (HBSS, without Ca™ or Mg™"). The ganglia were gently triturated following
the enzyme treatment using a fire-polished Pasteur pipette until they were completely
dissociated. Dissociated neurons were washed with L-15 medium supplemented with
10% horse serum and plated onto laminin-coated (40 ug/ml, overnight at 4°C; gift of
Dr. S. Carbonetto, McGill University) Aclar coverslips (Allied Chemicals. Clifton.
NJ) in modified petri dishes. The neurons were incubated in 1.5 ml of L-15 medium
supplemented with 5% rat serum. vitamins. cofactors. penicillin, streptomycin, and
sodium bicarbonate as described previously (Hawrot and Patterson. 1979). The media
was also supplemented with nerve growth factor (2.5S NGF. 25 ng'mi: gift of Dr. S.
Carbonetto). The cultures were maintained at 37°C in a humidified incubator with an
atmosphere of 5% CO, and 95% air. Neurons were used for electrophysiology within

48h (often within 24h) after plating.

Preparation and Nuclear Injection of Oocytes
Xenopus oocytes were defolliculated and prepared as described by Bertrand et al.

(1991). We injected 1-3 ng of pairwise combinations of cDNAs coding for neuronal



nAChR subunits a and Ba, a;and $E260 or a3 and B. into the nucleus of cocytes. In
B.E260. the lysine (K) residue at the position 260 (part of the extracellular ring of
charged residues) has been substituted with an glutamic acid residue (E). which
increases the single channel conductance (Cooper et al., 1991). Rat a;and B; cDNAs
were cloned into the pPCDNAI expression vector (Invitrogen. San Diego. CA). and
chick aq. B2 and B:E260 were cloned into derivatives of pSV2.cat expression vectors
(Bertrand et al.. 1991). Oocytes were incubated at 19°C for 48-72h before recording.
For single channel experiments, the vitelline membrane surrounding the oocytes was

removed.

Electrophysiology

Whole-cell recordings from oocvtes: In order to measure the macroscopic ACh-
evoked currents in oocytes, we used two-electrode voitage clamp techniques
(Bertrand et al.. 1991). These experiments were performed at room temperature (22-
24°C) using a standard voitage-clamp amplifier (built by Mr. A. Sherman. McGill
University). During the recordings. oocytes were perfused with control perfusion
solution or agonist solutions at 10-20ml/min; switching from one solution to another
was done manually. Currents were sampled at 100-350Hz on-line with a 386-based
PC computer (AT class running at 33MHz and a 64K cache and A/D card: Omega.
Stamford, CT). The program PATCHKIT (Alembic Software. Montréal) was used for
stimulation and data acquisition. Recording electrodes had tip diameters of 10-15um
and were filled with 3M KCI. Only oocytes that gave rise to large inward currents
(>1HA in response to luM ACh for a3, expressing oocytes or 10uM ACh for asf,
expressing oocytes when voltage clamped at —60mV) were used for single channel
recordings. External perfusing solution contained 96mM NaCl, 2mM KCl. 1mM

NaH;PO;, ImM BaCls, 10mM HEPES and 1uM atropine; pH was adjusted with
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NaOH to 7.4-7.5. Spermine (Sigma) was dissolved in sterile water and aliquots were
kept frozen at —20°C.

Single channel recordings from oocytes: Outside-out recordings were carried out
using a List EPC-7 amplifier at room temperature (22-24°C) (Hamill et al.. 1981).
Pipette resistance ranged from 5-10MQ for outside-out recordings. and electrodes
were coated with Sylgard (Dow Coming). Recordings were obtained in the
continuous presence of ACh (0.1-0.2uM) in the recording bath. ACh-evoked single
channel activity gradually diminished in 2-5min after excision of the patch. Signals
were digitized with a PCM (501, Sony) and stored on VCR tapes. For off-line
analysis, the stored signals were first filtered at 1.5-2kHz with an eight-pole Bessel
filter (Frequency Devices Inc.) and sampled at 10-20kHz using a 386-based PC
computer. The program PATCHKIT was used for stimulation and data acquisition.
External solution contained 100mM KCl. ImM CaCl-, 10 HEPES and |uM atropine,
and pH was 7.4 adjusted with KOH. Recording electrodes contained 80mM KEF,
20mM KAcetate, 10mM HEPES and 10mM EGTA; pH=7.4 adjusted with KOH.
Whole-cell recordings from SCG neurons: Whole-cell patch-clamp recordings on
SCG neurons were performed at room temperature (22-24°C) using a List EPC-7
amplifier (Hamill et al., 1981). Throughout the recordings neurons were perfused
with the external solution at a rate of Iml/min. and agonists were applied by pressure
ejection from pipettes with tip diameters of 20-30um (Mandelzys et al., 1995).
Currents were filtered at 1.5kHz with an eight-pole Bessel filter (Frequency Devices
Inc.), sampled at 2.5-5kHz, displayed and stored on-line with a 386-based PC
computer. The program PATCHKIT was used for stimulation and data acquisition.
The resistance of patch pipettes ranged from 2-6 MQ, and 50-60% of the series
resistance was compensated. External perfusing solution contained 140mM NaCl,
5.4mM KCl, 0.33mM NaH,POs, 0.44mM KH,PO4, 2.8mM CaCl,, 10 mM HEPES,
5.6 mM glucose, 2 mM glutamine, 0.5-1 uM TTX (Sigma) and 1uM atropine; pH
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was adjusted to 7.4. ACh (acetylcholine iodide, Sigma) was dissolved in the same
external perfusing solution (100pM). Recording electrodes were filled with
intracellular solution containing 70mM KF, 65mM KAcetate, SmM NaCl, ImM
MgCl;, 10mM EGTA and 10mM HEPES: pH=7.4 was adjusted with KOH.

Single channel recordings from SCG neurons: Outside-out recordings were
performed on SCG neurons as described above for cocytes. Agonists were applied by
a manual switch through a micropipette, and neurons were washed with control
solutions between each recording. Recording electrodes were fire polished after
coating with Sylgard. SCG outside-out patches also showed a rapid run-down of
single channel activity (2-4min) in all cases. External solution was identical to that
described for whole-cell experiments except that the ACh concentrations were S-
20uM. Recording electrodes contained 70mM CsGluconate. 70mM CsF, ImM
MgCl,, 10mM HEPES and 10 EGTA. pH=7.4 was adjusted with CsOH.
Voltage-Clamp Protocols: For -V curves we measured ACh-evoked currents either
by holding the membrane potentials (Vm) at different levels. or in response to voltage
ramps. Voltage ramp protocols were as follows: Whole-cell oocytes, 333mV/s:
whole-cell neurons, 333 or 200mV/s: outside-out recordings, 1V/S, 333mV/s or
200mV/s. We also used voltage-step protocols where we switched the holding

potential rapidly between +40, 50 or +60mV . and held at each potential for Is.

Analvsis

Whole-cell and single channel ramp [-Vs were obtained by subtracting the current in
the absence of agonist from that in the presence of agonist. All I-V curves were fit by
eye to a polynomial function using Origin 4.1 graphics software (MICROCALTM
Software, Inc.). To measure the amplitude of single channel currents, we used either
all-points histograms of open and closed distributions, or we measured the amplitude

of the channel openings individually using PATCHKIT and then plotted values (>50
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openings) on a histogram. Histograms were fit by Gaussian curves using Origin 4.1
graphics software. Some outside-out patches, especially from SCG neurons. gave rise
to a non-specific steady-state conductance at potentials above +20mV, which made
the clear detection of ACh-evoked single channel openings difficult.

In order 1o measure the relative open channel probability (Pypen). We used
single channel recordings in response to 1 s voltage steps between $40, £50 and
+60mV. At each Vm, we integrated the area under the all-points amplitude
histograms corresponding to closed and open states of the receptors and then divided
the open state's area by the total area. Then we calculated the relative P, for £40,
+50 and +60mV by dividing the Pypen at the positive Vm by that at the corresponding
negative Vm. The conductance (G) was determined from G=I/(Vm-Eey).

We used a derivation of the Woodhull (1973) equation (see results) in order to
fit the G-V relationships. All fits were performed using Origin 4.1 based on a
Levenberg-Marquardt algorithm. and the best fit was achieved by x: minimization.

Statistical significance was examined using analysis of variance.

48



RESULTS

Inward Rectification of Macroscopic ACh Currents

ACh-evoked currents through nicotinic receptors on neurons are carried by small
monovalent and divalent cations. A property common to all functional neuronal
nicotinic receptors is that they conduct inward current when the membrane potential
(Vm) is negative, but pass little outward current when Vm is positive. To observe the
rectification on neonatal rat SCG neurons, we applied voltage ramps to change Vm
from -60mV to +50mV at a rate of 333mV/'s before and during ACh application (Fig.
1A). We obtained the current-voltage (I-V) curve by subtracting the control current
from the current during the ACh application (Fig. 1B). The small amount of
desensitization of the ACh-evoked current had minimal effect on the shape of the -V
curve. The ratio of the whole-cell ACh-evoked current at +50mV to that at -60mV is
0.01+£0.008 (n=10). Similar rectification is observed when Vm is held steady at
different potentials during ACh application (data not shown). Comparable inward
rectification has been reported previously for ACh-evoked currents in adult rat
sympathetic neurons (Mathie et al., 1990 & 1991), rat adrenal chromaffin cells
(Hirano et al., 1987) and in rat PC12 cells (Neuhaus and Cachelin. 1990: Sands and
Barish, 1992; [fune and Steinbach, 1992).

Recombinantly expressed neuronal nAChRs also exhibit strong inward
rectification. Figures 2A and 2B show an example of an ACh-evoked I-V curve and
the corresponding chord conductance-voltage (G-V) curve for a;Bs receptors
expressed in Xenopus oocytes. Figures 2C&D show an example of an ACh-evoked I-
V curve and the G-V curve for ayP: receptors expressed in Xenopus oocytes. These
figures demonstrate that both ayf;and a;pB; receptors show strong inward
rectification, and the conductance of these receptors progressively decreases as Vm

depolarizes from -80mV. We have also investigated a mutant oy receptor in which
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Figure 2.1. Macroscopic ACh-evoked currents recorded from SCG neurons show
strong inward rectification. A, Whole-cell currents were recorded from an SCG
neuron while the membrane potential was ramped from -60 to +50mV (333mV/s).
The upper panel shows the response of the neuron in the absence of agonist. and the
lower trace shows the response to 100uM ACh. B, This figure shows the current-
voltage (I-V) relationship for the neuron in A. The whole-cell I-V curve was obtained
by subtracting the current in control solution from the current in the presence of ACh.

during the voltage ramp. The I-V plot shows strong inward rectification.
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Figure 2.2. Whole cell ACh-evoked current-voltage relationships for recombinant
osBs, ouP: and ayB.E260 expressed in Xenopus oocytes show strong inward
rectification. Figures A, C and E show whole-cell I-V curves for three oocytes
expressing recombinant a;B;, auf> and ayB:E26C, respectively. Macroscopic
currents were recorded in response to voltage ramps from -80 to +50mV (333mV/s)
in the absence or presence of ACh (1uM for o8> and as,E260, and 20uM for a;B.4).
and the net currents were obtained as explained in figure 1. Figures B. D and F show
the corresponding conductance-voltage relationships (G-V plot) for a;B.i. ayf: and

asf32E260 , respectively. Conductance at each holding potential is normalized to the

conductance at -80mV.



the lysine at position 260 on the §, subunit has been changed to a glutamic acid: this
mutation increases the single channel conductance of the asff; receptors (Cooper et
al., 1991; also see Fig. 3), and we refer to it as asf:E260. Our reason for using this
mutant receptor is that altering charged residues at the extracellular mouth of the pore
has been shown to influence rectification of muscle nAChRs (Imoto et al. 1988).
Figure 2E shows an example of an I-V curve for auB.E260 receptors expressed in
Xenopus oocytes. Qualitatively, «yf3,E260 receptors rectify in a manner similar to
wild-type auf: receptors. Similarly, the G-V plot in figure 2F demonstrates that the
conductance of asf3:E260 receptors decreases progressively as Vm depolarizes. At
very positive potentials (>+60mV), all three receptors conduct some outward current
(data not shown). The V, » values obtained from the G-V curves are not significantly
different for 3B, auf-. asfB2E260 subtypes and for native nAChRs on SCG neurons:

this suggests that their inward rectification properties are similar.

Lack of Inward Rectification in Single nAChRs Measured from Outside-Out
Patches of Xenopus oocytes

In contrast to what we observed at the macroscopic level. single nAChRs measured in
outside-out patches conducted current in both directions equally well through the
receptor. Figure 3 shows examples of single channel currents from «;fi. auf: and
aP.E260 receptors recorded from outside-out patches held at 4 different potentials
(Fig. 3A.C&E) and the corresponding single channel [-V curves (Fig. 3B.D&F).
These records were obtained in symmetrical K~ concentrations (100mM), with K~
being the main charge carrier. Under these conditions, a3B4 receptors (Fig. 3A) have
a single channel conductance of 45+0.87pS (meantSE. at -100mV) and rectify
slightly outwards (I@+60mV)/(I@-60mV)=1.2+0.13. Similarly, both oyB. and
asf32E260 receptors in outside-out patches conducted current in both directions (Fig.

3C & 3E). The single channel conductance for ayP. receptors recorded in
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Figure 2.3. Outside-out single channel currents from Xenopus oocytes expressing
a3fs, aufz and ayPB2E260 do not show inward rectification. Figures A, C and E show
steady-state single channel recordings from outside-out patches of oocytes expressing
asPs, asf: or ayPB.E260, respectively. These recordings were performed in the

continuous presence of ACh: 100-200nM for oyf> and ouf:E260 and 1-2uM for

a;Bs. Numbers on the left of each trace correspond to the holding potential at which
that recording was obtained. The dotted lines mark the zero current level for each
trace. Figures B, D and F show the single channel [-V plots for a;Bs. auffa or
oB2E260, respectively. These [-V plots, in contrast to the corresponding macroscopic
I-Vs (Fig. 2A, C and E). show a slight outward-rectification. Each point in the plots
represents the meantstandard error (SE) of single channel current amplitudes from 4

patches for a;Ps. 8 patches for auf- and 8 patches for ay2E260.



symmetrical K* was 49+0.68pS, and that for ayB,E260 was 61+0.81pS. All three
receptors showed a smaller single channel conductance when extracellular K™ was
substituted with Na* (Cooper et al., 1991) or Cs” (data not shown). The I-V curve for
asf:E260 receptors shows less outward rectification than those for @3B and auf-
receptors as a result of introducing negative charges to the extracellular ring of the
pore (Imoto et al., 1988).

The results in figure 3 indicate that inward rectification of macroscopic ACh-
evoked currents is not because neuronal nAChRs cannot pass outward currents.
Similar results have been reported for nAChRs on adult rat sympathetic neurons
(Mathie et al., 1990 & 1991), rat adrenal chromaffin cells (Hirano et al.. 1987) and on
rat PC12 cells (Neuhaus and Cachelin, 1990: Ifune and Steinbach. 1991: Ifune and
Steinbach, 1992: Sands and Banish, 1992).

We investigated whether the rectification of macroscopic ACh-evoked
currents occurs because these receptors have a decreased open channel probability
(Popen) at depolanized potentials. For these experiment. we recorded single channel
currents from asfB2 and asB2E260 receptors in outside-out patches while repeatedly
stepping Vm between +40. +50 (Fig. 4A) and +60mV. The results indicate that there
is a 25-30% reduction in Pgper at +40, +50 and +60 potentials compared to P, at the
corresponding negative potentials: Popen«40v/Popeni<0) = 0.72£0.31 Pypeni+soyPopenc-r0) =
0.75£0.2; Popen(+60v/Popeni-om = 0.71+0.4 (n=3 patches. 10-20 steps per patch). This
reduction of Py, at depolarized potentials. however. is too small to account for the
inward rectification observed at the whole-cell level.

In a few experiments, we also measured ACh-evoked currents from
macropatches in outside-out configuration while ramping the membrane potential
(Fig. 4B). Consistent with what we observed for P in the experiments above, the
ACh-evoked currents from these macropatches exhibited only a small degree of

rectification.
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Figure 2.4. Voltage-dependence at the single channel level cannot account for the
macroscopic inward-rectification. A, Representative trace showing oy single
channel recordings from an outside-out patch while Vm was stepped between -50 and
+50mV (1s at each Vm). Dotted lines mark the zero current level. B, This trace shows
currents recorded from an outside-out macro-patch expressing asff2 nAChR subtypes.
The current was recorded in response to 200nM ACh while Vm was ramped from -85
to +85mV at 1V/s. The IV curve was obtained by subtracting the current after run-
down of single channel activity from the current obtained 30s after excision of the
patch. C, This trace shows two superimposed auf, single channel recordings from an
outside-out patch while the Vm was ramped from -100 to +90mV (1V/s). These
traces were obtained in the continuous presence of 100nM ACh. D. This figure shows
single channel currents from an outside-out patch expressing op:E260
(ACh=200nM) while Vm was ramped from -100 to +90mV (1V/s). For this patch,
ImM Mg~ had been added to the recording pipette. Note: outward single channel
openings at positive membrane potentials are smaller than those in control recordings

suggesting a moderate block by intracellular Mg™.



To test whether fast changes in the membrane potential can affect the opening
of the receptors, we recorded ACh-evoked single channels from outside-out patches
while rapidly ramping the patch holding potential from -100 to +90mV. Figure 4C
shows two superimposed asf. single channel records measured under these
conditions. These records illustrate opening of single channel «f; receptors while the
membrane potential is rapidly changed from -100 to +90 mV at 1V/s. The average
frequency of opening at positive potentials was 20-25% less than that at negative
potentials.

The results of these cell-free single channel experiments suggest that inward
rectification of the ACh-evoked current is due to an intracellular(s) mediator. It had
been suggested that intracellular Mg~ could cause a moderate rectification at single
channel level through a voltage-dependent blocking mechanism (Mathie et al.. 1990:
[fune and Steinbach. 1991). However. extensive chelation of intracellular Mg™™ had
very little effect on the rectification properties of the whole-cell currents (Mathie et
al., 1990: Neuhaus and Cachelin, 1990). We found that including Mg™™ (up to ImM)
in the pipette solution in outside-out recordings had little effect on either the single
channel -V curves for both o> and asB2E260 receptors (figure 4D) or on Py, at
depolarized potentials (data not shown). These findings confirm previous results that
intracellular Mg™™ is not a mediator of inward rectification of macroscopic ACh-

evoked currents.

Intracellular Spermine Blocks Neuronal nAChRs Expressed in Xenopus Oocytes
Recent studies have reported that intracellular spermine, an intracellular polyamine,
can block inwardly-rectifying K~ channels and a-amino-3-hydroxy-5-
methylisoxazole-4-propionate (AMPA) and kainate receptors in a voltage-dependent
manner (Ficker et al., 1994; Fakler et al., 1995; Bowie and Mayer, 1995; Kamboj et

al., 1995). We investigated whether spermine also blocks neuronal nAChRs. To test



this, we recorded single channel currents from af: and af:E260 receptors in
outside-out patches with different concentrations of spermine (100nM-100uM) added
to the pipette solution. Figure SA shows an example of single channel currents for
afB2E260 receptors recorded with 33uM spermine in the recording electrode; the
presence of 33uM spermine abolished single channel current at holding potentials
greater than OmV. At lower concentrations (! to 3.3uM), spermine reduced the
amplitude of the single channel openings (Fig. 5B). The fact that the outward currents
are reduced in size, as seen in figure SB, suggests that spermine acts with fast kinetics
(Hille, 1992). The single channel [-V curves for asp: receptors obtained from 14
outside-out patches in the presence of 3 different spermine concentrations are shown
in the figure 5C; for concentrations of spermine equal or greater than 10uM., outward
currents are abolished for Vm from OmV to +50mV. In addition, by comparing data
in control solutions. it is clear that spermine causes some reduction of the inward
current at negative Vm. The effects of spermine on the single channel I-V curves of
aB> and auP2E260 receptors (n=12) were similar.

The effects of spermine are voltage- and concentration-dependent. Figure 6A
shows the single channel G-V relationship for «sf: receptors with increasing
spermine concentrations. At each Vm. every point represents the single channel
conductance in the presence of spermine as a fraction of the control: all points are
normalized to their single channel conductance at —i100mV. In control solutions
without spermine, the single channel conductance shows slight outward rectification.
However, with spermine in the recording electrode the single channel conductance
decreases with depolarization in a sigmoidal fashion and falls to near zero at positive
potentials (except for spermine concentrations<3.3uM). Higher concentrations of
spermine result in parallel leftward shifts of the G-V curves. With spermine
concentrations greater than 3.3uM the sigmoidal G-V curve at the single channel

level resembled the G-V curves measured at the macroscopic level (compare with
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Figure 2.5. Spermine causes inward rectification of ACh-evoked currents in outside-
out patches. A, These traces are outside-out single channel recordings (100nM ACh)
at different holding potentials from an oocyte expressing osB:E260 receptors with
33uM spermine added to the intracellular pipette solution. Dotted lines mark the zero
current level. B, This figure shows outside-out recordings (ACh 100nM) from an
oocyte expressing asf» receptors with 1uM spermine added to the recording
electrode; the outward ayf3: single channel currents at +60mV are reduced by ~40%.
Dotted lines mark the first open channel level for each trace. C, This figure shows the
steady-state single channel [-V relationship for asB. receptors in the absence
(squares, n=12) or in the presence of |uM (up triangles. n=4), 10uM (circles, n=6) or
100uM (down triangles, n=4) spermine in the recording patch electrode. I-V plots
show progressive inward-rectification of single channel current with increasing

concentrations of intracellular spermine. Solid lines are polynomial fits.



figure 2) suggesting that the voltage-dependent block by intracellular spermine may
underlie the inward rectification observed for the whole-cell ACh-evoked currents. At
membrane potentials positive to +50mV (+20mV for <3.3uM spermine). we observed
an increase in the conductance. Small outward currents were also apparent at these
potentials at the whole-cell level (data not shown).

In order to analyze the effects of spermine at the single channel level we used
a derivation of the Woodhull model (Equation 1) for voltage-dependent ion channel

block (Woodhull, 1973; Johnson and Ascher, 1990):

G/Gmax = 1/{1+[S)/Kd} (1)
where

Kd = Kdw) exp{-VmzdF/[RT]}

and {S] is the internal spermine concentration; K{ is the dissociation constant at a
given Vm: K{,o, is the dissociation constant at 0mV; z is the valence of spermine: d is
the fraction of the membrane electrical field sensed by spermine from the intracellular
side; and R. T and F have their usual meaning.

The solid lines in figure 6 A show that Eq. | provides a good description of the
single channel G-V curves. Assuming the valence of spermine. z, to be 3.8 at
physiological pH (Bowie and Mayer, 1995), this analysis estimates Kd, and 8 to be
3.64 £ 0.25uM and 51%. respectively (26=1.93 £ 0.3). and is based on data from 25
outside-out patches expressing asf. receptors at 8 different concentrations of
spermine. Analysis of the spermine block of asp;E260 receptors gave very similar
results: Kdi)= 3.58+ 0.20 and z6=1.8S. Figure 6B shows the effects of Vm on the
affinity of the receptor for spermine (Kd4). Within a range of Vm from -80mV to
+30mV, the concentration-dependent block by spermine was well described by a

single binding isotherm (solid lines), with the KJ decreasing with increasing
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Figure 2.6. Analysis of voltage- and concentration-dependent block by intracellular
spermine. A, This figure shows single channel G-V relationships for a;f. neuronal
nAChR subtypes in the absence or the presence of 1, 3.3, 10, 33, 50 or 100uM
spermine in the recording electrode. Single channel conductance in control patches
increases with depolarization (n=14). whereas single channel conductance in the
presence of spermine is progressively decreased with depolarization. Increasing the
concentration of spermine causes a leftward shift of the G-V relationship. Solid lines
are fits to data points using equation | (see results). Points represent the single
channel conductance in the presence of spermine as a fraction of the control
conductance for each holding potential; all points are normalized to the conductance
at ~100mV. Data are obtained from 3-6 outside-out patches for every spermine
concentration {mean+SE). Dotted lines are polynomial fits to the data. B. This figure
shows the concentration-response relationship for spermine at different holding
potentials. Affinity of spermine for auf: receptors is increased with depolarization.
Data points are the corresponding points in A, and solid lines are fits using equation
|. The dotted line is the theoretical fit at 0OmV predicted by equation 1 (see results). C.
This figure shows a representative G-V plot of the macroscopic ACh-evoked current

recorded from an oocyte expressing asf3> receptors. We fit this G-V curve with

equation | using the K, and z8 values obtained from single channel analysis (solid

line).



depolarization: 1399, 316, 71.4, 16.1, 3.64 and 0.39 uM for —80, -60. 40, -20, 0 and
+30 mV, respectively. These values are comparable to those for recombinantly
expressed AMPA and kainate receptors (Bowie and Mayer, 1995).

Using the values for z8 and K, from the single channel measurements
above, we fit the G-V curves for macroscopic ACh-evoked currents for
auf2 receptors using equation 1. Figure 6C shows that Eq. | describes the data well
assuming an intracellular spermine concentration [S] of 8245 uM (n=8). It should be
noted that this fit does not take into account the possible contribution of other
polyamines such as spermidine and putrescine or the moderate voltage-dependent

decrease in single channel Pypen.

Spermine Blocks Native neuronal nAChRs On Sympathetic Neurons

Our results on recombinant receptors indicated that intracellular spermine blocks
neuronal nAChRs in a voltage-dependent manner thereby producing inward
rectification of the ACh-evoked currents. To determine whether spermine has a
similar action on native receptors expressed on neurons. we examined the effects of
intracellular spermine on nAChRs expressed by sympathetic neurons. Figure 7A
shows that single nAChR currents measured in cell-free outside-out patches flow in
both directions equally well, as has been reported previously (Mathie et al., 1990).
The single channel conductance measured in outside-out patches from SCG neurons
was 32.5+1.35pS at -60mV (n=12). Spermine (100uM) added to the recording
electrode, completely abolished single channel current at Vm greater than OmV (Fig.
7B). These results suggest that intracellular spermine in sympathetic neurons can
block nAChRs from the inside and produce inward rectification of the ACh-evoked
currents. We plotted the single channel I-V curves using data from 7 control outside-
out patches and 4 outside-out patches in the presence of spermine (Fig. 7C). The

control [-V curve shows slight outward rectification, whereas the single channel [-V
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Figure 2.7. Intracellular spermine blocks native SCG nAChRs at the single channel
level. A, This figure shows single channel recordings obtained from an SCG neuron
in an outside-out patch; native SCG nAChRs show both inward and outward currents
in response to 20uM ACh. Dotted lines mark the zero current and the first open state.
B. Outside-out single channel recordings from another SCG neuron with 100 uM
spermine added to the recording electrode. 100 uM spermine completely blocked the
outward single channel openings and reduced the amplitude of the inward openings
([ACh]=20uM). At positive potentials. dotted lines mark the base-line; and at
negative potentials dotted lines mark the base line and the first open state. C, This
figure shows ACh-evoked single channel I-V curves obtained from outside-out
patches of SCG neurons. The control 1-V curve (open circles, n=7) exhibits slight
outward rectification, similar to recombinant neuronal nAChRs (Fig. 3B. D and F). In
the presence of 100pM spermine in the recording electrode (solid circles. n=4),
however, the I-V relationship exhibits strong inward rectification. Single channel
amplitudes were measured in both steady-state and ramp experiments, and points
represent meantSE. Solid lines are polynomial fits. D, This figure shows the current
in response to 20uM ACh recorded from an outside-out macro-patch of an SCG
neuron in the presence of 100pM spermine in the recording electrode. The current
was recorded while Vm was ramped from —60 to +50mV (at 1V/s). The solid line is a

polynomial fit.



curve in the presence of 100uM spermine exhibits a strong inward-rectification.
similar to that seen at the macroscopic level (compare with Fig. 1B). We also
measured ACh-evoked currents in outside-out macropatches. As shown in figure 7D,
in the presence of spermine (100uM) the ACh-evoked current from a macropatch
shows strong inward rectification.

Figure 8A shows the G-V plot obtained from 4 outside-out patches of SCG
neurons with 100uM spermine added to the recording electrode. Similar to our results
for o3> receptors, the block by spermine of native SCG nAChRs increases as the
membrane is depolarized in a sigmoidal manner. Using equation 1, we fit this single
channel G-V curve and estimated Kd(o) and & to be 4.27+.6 uM and 65%. respectively
(with 26 being 2.48+.16). These resuits suggest that spermine has comparable affinity
for auf2 receptors and native nAChRs expressed on SCG neurons.

Using the parameters obtained from the single channel analysis. we analyzed
the macroscopic ACh-evoked currents in SCG neurons. In figure 8B, we transformed
a whole-cell ACh-evoked I-V curve into a G-V curve, assuming a reversal potential
of -5mV (Haghighi and Cooper. unpublished observations) for ACh-evoked currents
in SCG neurons. The macroscopic chord conductance progressively decreases as Vm
is depolarized from -65mV (Fig. 8B). We used equation | to fit the whole-cell ACh-
evoked G-V curves using Kd,o) and & as determined at the single channel level (solid
line in 8B). Results from 8 different experiments estimated the intracellular spermine
concentration. [S], to be 51+4uM. The exact concentration of free spermine in rat
sympathetic neurons has not been determined, but the value predicted from equation
I is within the range measured for other mammalian cells (Watanabe et al., 1991) and
comparable to that estimated in HEK cells using similar analysis for kainate receptors

(Bowie and Mayer, 1995).
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Figure 2.8. Block by intracellular spermine underlies the inward rectification of
macroscopic ACh-evoked currents in SCG neurons. A. This figure shows the single
channel G-V plot for native SCG nAChR in the presence of 100uM spermine. The
single channel conductance shows a progressive decrease with depolarization. Points
represent the single channel chord conductance (mean+SE. n=4) in the presence of
spermine as a fraction of the control single channel conductance at every potential: all
values were normalized to the conductance at -75mV. The solid line is the fit to the
data using equation l(see results). B, This is a representative whole-cell G-V plot
obtained from an SCG neuron. Similar to the single channel conductance in the
presence of spermine. the macroscopic ACh-evoked conductance in SCG neurons
shows a progressive decrease with depolarization. The solid line is a fit to these data

using equation |. This fit was performed using values for Kq,, and z& from single

channel analysis (see results).



Extracellular Spermine Blocks Neuronal nAChRs
Extracellular polyamines have been shown to block both native and recombinant
AMPA receptors (Robichaud and Boxer, 1993; Washbumn and Dingledine, 1996).
Therefore, we asked whether extracellular spermine can also block neuronal nAChRs.
and whether this effect is similar to the voltage-dependent block produced by
intracellular spermine. Extracellular spermine blocked the inward ACh-evoked
currents in oocytes expressing af-> (Fig. 9A). Co-application of 33uM spermine with
[uM ACh in the extracellular solution resulted in a ~45% block of the macroscopic
ACh-evoked inward current recorded from a,3» receptors (Fig. 9A).

To examine the voltage-dependence, we measured the block when ramping
the membrane potential from -90mV to +50mV. Figure 9B shows the ACh-evoked I-
V curves for ouP: receptors in the absence or presence of 33uM extracellular
spermine. The form of the typical inward rectification of the [-V curve is not affected
by extracellular spermine. We also plotted the changes in macroscopic conductance
(as a fraction of the control conductance) of the receptor versus membrane potential
in the presence of 33uM spermine (Fig 9C). As apparent from this G-V plot, the
blocking effect of extracellular spermine shows little voltage-dependence. To test
whether extracellular spermine can act as a competitive antagonist, we examined the
effect of increasing concentrations of ACh on the block by extracellular spermine.
The blocking effect of 50uM extracellular spermine on inward currents evoked by
either 0.1. | or 10uM ACh in asf» expressing oocytes was not significantly different
(n=5).

We tested the effect of InM to ImM extracellular spermine on ACh-evoked
currents in oocytes expressing aifs, asfz or asfB2E260. The inhibition curves for all
three receptors were well described by a single binding site isotherm according to the

equation: I= Iyax/(1+{S]/ IC5q).
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Figure 2.9. Extracellular spermine blocks macroscopic ACh-evoked inward currents.
A, This figure shows inward ACh-evoked currents recorded from an oocyte
expressing aaf3; in the absence and the presence of extracellular spermine. At —-90mV,
33uM extracellular spermine blocks the current in response to 1uM ACh by 45%. B,
Macroscopic 1-V relationship for the oocyte in A is plotted in the presence and
absence of 33uM extracellular spermine. Macroscopic inward-rectification is not
affected by extracellular spermine. C, This figure shows the change in the
macroscopic conductance versus the membrane potential in the presence of 33uM
extracellular spermine. The macroscopic conductance in the presence of spermine is
presented as a fraction of the control conductance at every membrane potential and
then normalized to the conductance at -90mV. The macroscopic conductance in the
presence of extracellular spermine shows little change with depolarization. D, This

figure shows the inhibition curve for auf, receptors with increasing concentrations of

extracellular spermine. Extracellular spermine blocks the ACh-evoked current in osf3>
expressing oocytes in a concentration-dependent manner. Data points were obtained
using current measurements from 7 oocytes per spermine concentration (meantSE).

Solid line is a fit for single binding site isotherm (see results).



Where [ is the current measured at any Vm in the presence of spermine; Ipax is the
current at the same Vm in the absence of spermine; [S] is the concentration of
extracellular spermine; and ICs( is the concentration of spermine for half-maximal
inhibition. The extracellular block by spermine was concentration-dependent with an
IC5q of 40.3+3.8uM (n=7) (fig. 9D) for aB- receptors. We obtained similar results
for azBs (42.3x4.3uM, n=5) and asP:E260 (39.5+2.7uM. n=6) expressed in oocytes

(data not shown).
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DISCUSSION

[n this study, we investigated mechanisms involved in the strong inward rectification
of neuronal nAChRs. Our results demonstrate that spermine blocks neuronal nAChRs
with high affinity at depolarized membrane potentials when acting on the cytoplasmic
side of the channel. Given the high concentration of free spermine in neurons, the
voltage-dependent block by intracellular spermine likely underiies inward
rectification of neuronal nAChRs.

We examined the effects of spermine on 3 different subtypes of neuronal
nAChRs: recombinant a;B; and asf: receptors expressed in Xenopus oocytes, and
native receptors expressed by SCG neurons. At the whole-cell level. we demonstrated
that the ACh-evoked currents for all 3 receptors exhibit strong inward rectification,
consistent with previously published reports (Bertrand et al.. 1990: Mathie et al..
1990: Ifune and Steinbach. 1992; Sands and Barish, 1992). Furthermore, at the single
channel level, we showed that this inward rectification is abolished in cell-free
outside-out patches, as shown for neuronal nAChRs expressed on SCG neurons and
PC12 cells (Mathie et al.. 1990: [fune and Steinbach, 1992; Sands and Barish, 1992;
Neuhaus and Cachelin, 1990).

Intracellular spermine has been shown to underlie inward rectification of
glutamate receptors (Bowie and Mayer. 1995) and inward-rectifying K* channels
(Fakler et al.. 1995); therefore, we examined the effects of intracellular spermine on
neuronal nAChRs. In outside-out recordings, we found that the addition of spermine
(0.1-100pu M) to the recording pipette produced a voltage-dependent block of neuronal
nAChRSs in a concentration-dependent manner. To analyze the spermine block, we fit
the single channel G-V curves to a derivation of the Woodhull model (Woodhull,
1973). According to this model, spermine enters the open receptor and binds to a site

within the membrane electrical field. Spermine at this site interferes with the
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movement of small cations through the channel pore, and the occupancy of this site
by spermine is affected by changes in membrane potential. This analysis gave a Ko
of 3.6uM and a z8 of 1.9 for a.p> receptors and a Ky, of 4.3uM and a 26 of 2.5 for
nAChRs on SCG neurons, suggesting that the spermine binding site is located at 51%
or 65% of the membrane electrical field. respectively. These values are comparable to
those measured for kainate receptors (Kg0,=5.5uM and 25=2.5) and AMPA receptors
(Kg=1.5uM) (Bowie and Mayer, 1995).

Using the Woodhull model with the above parameters, we were able 1o
describe the G-V relationships for whole-cell ACh-evoked currents and estimate the
free intracellular spermine in oocytes (82uM) and SCG neurons (S1uM). These
values are well within the range (50-200pM) of physiological free spermine
concentrations (Watanabe et al.. 1991: Traynelis et al., 1995. Bowie and Mayer.
1995). Although our analysis suggests that spermine alone is capable of conferring
rectification to ACh-evoked currents in neurons. it is possible that other polyamines
such as spermidine and putrescine contribute to the action of spermine.

The model also assumes that spermine does not pass through the channel
(Woodhull, 1973). This model describes our data well for membrane potentials from
-100mV to +50mV. However. at membrane potentials greater than +50mV (or
+20mV for spermine <3.3uM). the ACh-evoked conductance increased. suggesting a
relief of spermine block. One interpretation for such a relief of block is that at
strongly depolarized potentials spermine permeates the pore: this unblocking allows
small cations to flow out and gives rise to an outward current. A similar interpretation
has also been suggested for AMPA and kainate receptors (Bowie and Mayer, 1995).

Previous work on native nAChRs on PC12 cells indicated that it was possible
to reduce rectification of the whole-cell ACh-evoked current if the cells were dialyzed
with 5-10mM Na,ATP for up to 20min (Sands and Barish, 1992; [fune and Steinbach,

1993); Mg™ chelators alone had little effect on rectification (Neuhaus and Cachelin,
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1990; Ifune and Steinbach, 1993). This partial removal of rectification is likely due to
the chelation of polyamines by Na;ATP (Watanabe et al., 1991; Fakler et al., 1995;
Bowie and Mayer 1995). Our results are in agreement with this interpretation.
Lowering spermine concentrations inside cells is technically difficult. however,
because intracellular spermine is present at high concentrations and effectively
buffered (Watanabe et al., 1991; Swird et al., 1997). The high concentration of
intracellular bound spermine is in equilibrium with the intracellular free spermine
(Watanabe, 1991; Gilad and Gilad. 1991). reduction in the concentration of
intracellular free spermine, thus, will cause the release of more spermine from the
large pool of bound spermine. We attempted to chelate spermine in SCG neurons
using whole-cell recordings with 10mM Na;ATP in the pipette, but our results were
variable: in the best cases. we observed only a 10-20% reduction of inward
rectification after 15-20 minutes. One possibility for not observing a greater reduction
is that spermine is effectively buffered in SCG neurons.

AMPA/kainate receptors, neuronal nAChRs and inwardly-rectifying K*
channels are thought to have different membrane topologies (Hollman et al.. 1994
Karlin and Akabas, 1995; Nichols and Lopatin. 1997). yet they appear to use a
common mechanism for inward rectification. In the case of the glutamate receptors,
inward rectification and spermine sensitivity are unique properties of Ca™ -permeable
receptor subtypes (Bowie and Mayer, 1995; Koh et al., 1995; Kamboj et al., 1995).
By comparison, neuronal nAChRs, including the a-bungarotoxin-sensitive
homomeric a; receptors, are highly permeable to Ca™ and exhibit strong inward
rectification. For glutamate receptors, both Ca™ -permeability and inward rectification
have been attributed to a giutamine (Q) residue in the M2 hydrophobic domain;
substitution of this residue to a positively charged arginine (R) renders the receptor

Ca""-impermeable. and outwardly rectifying (Hume et al., 1991). There is evidence to
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suggest that a comparable site may exist in the neuronal nAChRs (Bertrand et al.
1993).

Inwardly rectifying AMPA and kainate receptors are blocked also by
extracellular spermine (Washburn and Dingledine, 1996); therefore, we tested the
effects of extracellular spermine on neuronal nAChRs. We demonstrated that
extracellular spermine blocks ACh-evoked current for both a;Bs and wiff> in a
concentration-dependent manner, with an IC5q of 40-42uM for both receptors. The
degree of block was largely independent of ACh concentration (100nM-10pM) and.
unlike the block by intracellular spermine, weakly voltage-dependent. To determine
whether this block was sensitive to charges at the extracellular mouth of the pore, we
investigated the effects of extracellular spermine on ouf:E260 receptors. We obtained
a similar IC3q for ayB2E260 (39.5 pM) compared to wild-type aups. indicating that
increasing negative charges in the extracellular ring of the channel does not affect the
block. Our results suggest that extracellular spermine acts as a non-competitive open
channel blocker.

Neuronal nAChRs are more sensitive to block by extracellular spermine
compared to AMPA and kainate receptors. Extracellular spermine blocks AMPA
receptors with an IC5q of 120uM for GluR3 and an IC5q of 1000uM for GiluR | and
GluR4 with little voltage-dependence (Washburn and Dingledine, 1996). The effects
of extracellular spermine on NMDA receptors are more complex: [-30uM
extracellular spermine enhances the response of NMDA receptors (Williams et al..
1990; Rock and MacDonald, 1992; Benveniste and Mayer, 1993), whereas at higher
concentrations (IC50=344uM at —-60mV), extracellular spermine inhibits NMDA
receptors In a voltage-dependent manner with a Kg, of 22.8mM (Benveniste and
Mayer, 1993).

Although normally the metabolism and excretion of polyamines are tightly

regulated, extracellular levels of polyamines can vary in diseased states (Marton and
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Pegg, 1995; Williams, 1997) and likely increase upon cell lysis. In such
circumstances, micromolar changes in local extracellular spermine concentrations
would affect neuronal nAChRs more than glutamate receptors. Recent studies have
provided strong evidence that presynaptic nicotinic transmission modulates the
release of neurotransmitters including dopamine, GABA and glutamate (McGehee
and Role, 1995). Small changes in extracetlular spermine could. therefore, selectively
block this modulation.

The voltage-dependent block of neuronal nAChRs by intracellular spermine plays
important physiological roles. In the CNS, many nAChRs are thought to be located at
presynaptic terminals (Role and Berg, 1996). When activated, these receptors
depolarize the nerve terminal to modulate transmitter release. In the absence of
inward rectification. the conductance increase produced by these receptors would
reduce the amplitude of the nerve terminal action potential. The high affinity block of
nAChRs by intracellular spermine rapidly abolishes the conductance increase at
positive membrane potentials. thereby allowing an effective depolarization of the
terminal. The block by intracellular spermine also affects postsynaptic nAChRs on
dendrites and cell bodies. The non-linear ACh-evoked G-V curves show a decrease in
conductance even at membrane potentials near rest: therefore, changes in the
membrane potential of the postsynaptic neuron can affect the conductance of the

nAChRs and alter synaptic efficacy.
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CHAPTER 3

A Molecular Link between Inward Rectification and Calcium
Permeability of Neuronal Nicotinic Acetylcholine o34 and a4f32

receptors



ABSTRACT

Many nicotinic acetylcholine receptors (nrAChRs) expressed by central neurons are
located at presynaptic nerve terminals. These receptors have high calcium
permeability and exhibit strong inward rectification, two important physiological
features that enable them to facilitate transmitter release. Previously, we showed that
intracellular polyamines act as gating molecules to biock neuronal nAChRs in a
voltage-dependent manner. leading to inward rectification. Our goal is to identify the
structural determinants that underlie the block by intracellular polyamines and govern
calcium permeability of neuronal nAChRs. We hypothesize that two ring-like
collections of negatively charged amino acids (cytoplasmic and intermediate rings)
near the intracellular mouth of the pore mediate the interaction with intracellular
polvamines and also influence calcium permeabitity. Using site-directed mutagenesis
and electrophysiology on asf3: and a;f; receptors expressed in Xenopus oocytes, we
observed that removing the five negative charges of the cytoplasmic ring had little
effect on either inward rectification or calcium permeability. However, partial
removal of negative charges of the intermediate ring diminished the high-affinity,
voltage-dependent interaction between intraceilular polyamines and the receptor,
abolishing inward-rectification. In addition. these non-rectifying mutant receptors
showed a drastic reduction in calcium permeability. Our results indicate that
negatively charged residues on the intermediate ring form both a high affinity
binding-site for intracellular polvamines and a selectivity filter for inflowing calcium
ions; that is, a common site links inward rectification and calcium permeability of
neuronal nAChRs. Physiologically, this molecular mechanism provides insight into

how presynaptic nAChRs act to influence transmitter release.
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INTRODUCTION
A number of studies implicate cholinergic nicotinic receptors in a wide variety of
cognitive functions, including visual and auditory processing, nociception, and
attention and memory mechanisms (Picotto et al.. 1995; Bannon et al.. 1998: Xiang et
al., 1998; Marubio et al., 1999; Vetter et al.. 1999). Many neurons express nAChRs at
synapses: at some. nAChRs are located postsynaptically and mediate fast excitatory
synaptic transmission, while at many others, nrAChRs are located presynaptically and
facilitate neurotransmitter release (Clarke, 1993; MacDermott et al.. 1999).
Functionally, neuronal nAChRs have two properties that make them suitable to
influence transmitter release: they have high calcium permeability (McGehee and
Role. 1995), and they inwardly rectify, that is, they conduct inward currents at
negative potentials but do not conduct outward currents at positive potentials (Mathie
et al.. 1990: Sands and Barish, 1992; Ifune and Steinbach, 1993). Inward rectification
provides an important mechanism to ensure that the receptors do not short circuit the
action potential in the nerve terminal and reduce transmitter release.

That muscle nAChRs have relatively low permeability to calcium (Lewis,
1979; Adams et al.. 1980) and do not show inward rectification suggest that calcium
permeability and inward rectification go hand in hand for nAChRs. Interestingly, this
relationship also hoids for subtypes of glutamate receptors: AMPA/kainate receptors
that have low calcium permeability show little inward rectification, whereas those
that have high calcium permeability show strong inward rectification (Verdoom et al.,
1991; Hume et al., 1991; Dingledine et al., 1999). It is not fortuitous that these two
properties correlate for AMPA/kainate receptors, as the same structural determinant
affects both properties. The purpose of this study is to determine the structural
element(s) of neuronal nAChRs that influence calcium permeability and inward

rectification.
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nAChRs have three ring-like collections of charged residues on either side of
the pore (extracellular, cytoplasmic and intermediate rings) that influence ion
conduction through the pore; the intermediate ring is located at the narrowest region,
or gate. of the pore and affects ion selectivity (Imoto et al., 1988; Konno et al., 1991;
Cooper et al., 1991; Galzi et al., 1992:; Bertrand et al., 1993: Wilson and Karlin,
1998). Previously, we demonstrated that inward rectification of neuronal nAChRs,
like glutamate receptors. resuits from a voltage-dependent block of the receptor pore
by intracellular polyamines (Haghighi and Cooper. 1998). Our hypothesis is that the
cytoplasmic and intermediate rings form the site of interaction for intraceilular
polyamines.

To test this hypothesis, we use a combined approach of site directed
mutagenesis of neuronal nAChR subunit genes and two-electrode voltage clamp and
patch clamp techniques on recombinant receptors expressed in Xenopus oocytes. Our
results indicate that the negatively charged residues at the intermediate ring are
essential for interaction of polyamines with a4B2 and a3B4 neuronal nAChRs.
Furthermore, we show that these negatively charged residues influence the calcium
selectivity of the pore. indicating that a common structural element governs both
inward rectification and calcium permeability of neuronal nAChRs. Part of these

results have been reported (Haghighi and Cooper. 1998a).
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METHODS and MATRIALS

Site-directed mutagenesis

We designed two complementary oligonucleotide primers containing the substituted
nucleotide(s) corresponding to amino acids at the cytoplasmic or intermediate ring of
a3, a4, and B4 nAChR subunits. and used the Quick-Change Site-Directed
Mutagenesis Kit (Strategene. La Jolla, USA) to mutate each subunit. Ra: a3 and 4
c¢DNAs (gifts from Dr. P. Seguela) were cloned into the pPCDNAI1 expression vector
(Invitrogen, San Diego, CA). and chick a4 and 32 (gifts from Dr. M. Ballivet) were
cloned into derivatives of pSV2.cat expression vectors (Cooper et al.. 1991). For each
reaction. we mixed 5-50 ng of the wild-type plasmid and 125 ng of each of the two
primers in a solution containing 5 ul of 10x reaction buffer (Strategene). | ul dNTP
mix (Strategene) and | ul Pfu DNA polymerase (2.5 U/ml, Strategene), diluted with
double-distilled water to a final volume of 50 pl. The reaction mixture was then
cycled in a PCR apparatus (PTC-100. MJ Research Inc.. MA. USA) according to the
following protocol: 1 cycle at 95°C for 30 s followed by 12-18 cycles at 95°C for 30
s. 55°C for | min and 68°C for 2 min. The following amino acids were mutated: a3:
aspartic acid (D) at position 237 to alanine (A) (a3p2374). glutamic acid (E) at
position 240 to alanine (a3g2404) or glutamine (Q) (a3e2100); a4: glutamic acid (E) at
position 242 to alanine (a4g2s24). glutamic acid at position 245 to alanine (a4ga4s4):
[34: aspartic acid at position 236 to alanine ($4p2364). glutamic acid at position 239 to

alanine ($4g21394). All mutations were verified by sequencing.

Expression of nAChR subunit cDNAs in Oocyies

Xenopus oocytes were defolliculated and prepared as described by Bertrand et al.

(1991). We injected 1-3 ng of pairwise combinations of cDNAs coding for neuronal
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nAChR subunits or 3-6 ng of pairwise mutant a4 and 2 or a3and 4 into the
nucleus of oocytes. This difference in the amount of cDNA injection was to achieve
sufficient levels of expression for the mutant receptors. Oocytes were incubated at
19°C for 2-7 days before recording. For single channel experiments. the vitelline

membrane surrounding the cocytes was removed.

Injection of BAPTA and Spermine into the oocvies

In order to avoid the activation of the endogenous Ca ™ -activated CI" currents in the
presence of extracellular Ca™, we injected oocytes 2-10 min before recording with
BAPTA. The injection solution contained 100 mM BAPTA with 85 mM Na". 2.5
mM K" and 10 mM HEPES adjusted to pH 7.4 with NaOH. We injected between 30
to 60 nl of this solution into oocytes which corresponds to a concentration of
approximately 5-7 mM in the oocytes.

In order to examine the effect of the increase in the intracellular concentration
of spermine on the wild type and mutant neuronal nAChRs. we injected oocytes with
60 nl of a solution containing 100 mM spermine. 100 mM BAPTA, 85 mM Na", 2.5
mM K" and 10 mM HEPES adjusted to pH 7.4. In some recordings a third electrode
was used to inject spermine into the oocytes while under two-electrode clamp. [n all
spermine injection expertments, removal of Ca-activated Cl” currents was used as an

indication of successful injection.

Neuronal and myotube cultures

SCG ganglia were dissected from neonatal Sprague-Dawley rats (Charles River,
Canada) and dissociated mechanically and enzymatically as previously described
(McFarlane and Cooper, 1992). Briefly, the ganglia were dissected under sterile

conditions from animals sacrificed by cervical dislocation. The ganglia were
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dissociated at 37°C in collagenase (1 mg/ml, type I, Sigma. St. Louis. MO) for 15min
followed by dispase (2.4 mg/ml, grade II. Boehringer-Mannheim. Indianapolis. IN)
for 2-3 hr. Dissociated neurons were washed with L-15 medium supplemented with
10% horse serum and plated onto laminin-coated (40 pg/ml, overnight at 4°C; gift of
Dr. S. Carbonetto) Aclar coverslips (Allied Chemicals. Clifton, NJ) in modified petri
dishes. The neurons were incubated in 1.5 ml of L-15 medium supplemented with 5%%
rat serum. vitamins, cofactors. penicillin, streptomycin. and sodium bicarbonate as
described previously (Hawrot and Patterson. 1979). The media was supplemented
with nerve growth factor.

We used a similar method to isolate neonatal rat myoblasts. Briefly. we
dissected strips of pectoral muscles from neonatal rats and dissociated them in
collagenase (I mg/mi) for 15 min at 37 C. Myoblasts were incubated in 1.5 ml of
L-15 medium supplemented with 10% fetal calf serum. Myoblasts fused to form
multinucleated myotubes in 2-4 days after plating. All cultures were maintained at

37°C in a humidified incubator with an atmosphere of 5% CO- and 95% air.

Electrophyvsiology

Whole-cell recordings from oocvtes: In order to measure the macroscopic ACh-
evoked currents in oocytes, we used the two-electrode voltage clamp technique
(Bertrand et al.. 1991). These experiments were performed at room temperature (22-
24°C) using a standard voltage-clamp amplifier (built by Mr. A. Sherman. McGill
University). Dunng the recordings, oocytes were superfused with control perfusion
solution or agonist solutions at 10-20 ml/min;: switching from one solution to another
was done manually. Recording electrodes had tip diameters of 10-15 um and were
filled with 3M KCI. All mutant receptors, a3pa37af4. a3B4p2ea, @3p237aB4D2364,
3g240aP4, a3e2:00P4, a3Pderzen, ader42482 and aderssaB2. produced ACh-evoked
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currents when expressed in Xenopus oocytes. For equimolar injections of cDNAs,
inward currents at —90 mV were on average 8-12 times smaller for the intermediate
mutant receptors or 2-3 times smaller for the cytoplasmic mutant receptors compared
to those for the wild type receptors. The half-maximal concentration (ECsg) for ACh
was not significantly different among the mutant and wild type receptors.

To measure the current voltage (I-V) relationships, we used a voltage ramp
protocol applied within 2-4 seconds after the inward current had reached its
maximum amplitude; the speed of the ramp was 333 mV/s. Voltage ramps were
applied for 360-600 ms (corresponding to 120-200 mV). during which time no
significant desensitization was observed. [-V curves were also obtained by measuring
the ACh-evoked currents at different membrane potentials (steady-state [-V curves).
Both current and voltage traces were monitored and stored for analysis. Currents were
sampled at 100-350 Hz on-line with a Pentium PC computer (running at 60 MHz and
an A/D card: Omega, Stamford, CT). The program PATCHKIT (Alembic Software,
Montreal) was used for stimulation and data acquisition.

External perfusion solution contained 96 mM NaCl, 2 mM KCL | mM
Na:H:POs. 1 mM BaCl,, 10 mM HEPES and | uM atropine; pH was adjusted with
NaOH to 7.4-7.5. For Ca™ permeability measurements, we used a control solution
containing 1 mM CaCl, instead of BaCl; and compared the reversal potential change
when we switched to a solution of etther 100 mM CaCl-; 10 mM CaCl- and 90 mM
NaCl: 25 mM CaCl: and 75 mM NaCl: or 50 mM CaCl- and 50 mM NaCl. All
solutions were buffered by 10 mM HEPES and NaOH to a pH of 7.4-7.5 and
contained | puM atropine. Spermine (Sigma) was added to the control solution
containing | mM BaCl, where indicated. Spermine was dissolved in sterile water and
aliquots were kept frozen at -20°C.

Single channel recordings from oocytes: Only oocytes that gave rise to large inward

currents (>1pA in response to |uM ACh for a4p2 expressing oocytes or in response
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10uM ACh for a3p4 expressing oocytes when voltage clamped at -40 mV) were used
for single channel recordings. Outside-out recordings were carried out using a List
EPC-7 amplifier at room temperature (22-24°C) (Hamill et al., 1981). Pipette
resistance ranged from 5-10 MQ for outside-out recordings, and electrodes were
coated with Sylgard (Dow Coming). Recordings were obtained in the continuous
presence of ACh (0.1-0.2 uM for a482 receptors and 1-10 uM for a3B4) in the
recording bath. ACh-evoked single channel activity gradually diminished after
excision of the patch (in 2-3 min). Signals were digitized with a PCM (301, Sony)
and stored on VCR tapes. For off-line analysis. stored signals were filtered at 1.5-
2kHz with an eight-pole Bessel filter (Frequency Devices Inc.) and sampled at 10
kHz using a Pentium-60 PC computer. The program PATCHKIT was used for
stimulation and data acquisition.

External solution contained 100 mM KCL. | mM CaCl,. 10 HEPES and | uM

atropine, and pH was 7.4 adjusted with KOH. Recording electrodes contained 80 mM
KF. 20 mM potassium acetate. 10 mM HEPES and 10 mM EGTA and pH was
adjusted to 7.4 with KOH. Spermine was added to the intracellular solution where
indicated.
Whole-cell recordings from rat SCG neurons and cultured myotuhes: Whole-cell
patch-clamp recordings were performed at room temperature (22-24°C) using a List
EPC-7 amplifier (Hamill et al.. 1981). Throughout the recordings cells were perfused
with the external solution at a rate of | mi/min. ACh was applied by pressure ejection
from pipettes with tip diameters of 20-30 um (Mandelzys et al., 1995). The resistance
of patch pipettes ranged from 2-6 MQ, and 50-80% of the series resistance was
compensated. For experiments with muscle nAChRs, we chose small multinucleated
myotubes that had grown for 2-4 days in culture.

Both steady state and ramp [-V curves were obtained for ACh-evoked

macroscopic currents recorded from myotubes and SCG neurons. The speed of the
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voltage ramp protocol was 200-1000 mV/s; voltage ramps were applied 600 ms
following the application of ACh and lasted for 120-600 ms, during which time no
significant desensitization was observed. Both current and voltage were monitored
during the recordings and stored for analysis. Currents were filtered at 1.5 kHz with
an eight-pole Bessel filter. sampled at 2.5-5kHz, displayed and stored on-line with a
Pentium-60 PC computer. The program PATCHKIT was used for stimuiation and
data acquisition.

External perfusion solution contained 140 mM NaCl, 5.4 mM KCl, 0.33 mM
NaH:PO,, 0.44 mM KH;POs. 2.8 mM CaCl,. 10 mM HEPES, 5.6 mM glucose, 2
mM glutamine, 0.5-1 uM TTX (Sigma) and |uM atropine; pH was adjusted to 7.4.
ACh (acetylcholine iodide. Sigma) was dissolved in the same external perfusion
solution (100 uM for SCG neurons and 20 uM for myotubes). Recording electrodes
were filled with intracellular solution containing 70 mM KF. 65 mM potassium
acetate. S mM NaCl. | mM MgCl,, 10 mM EGTA and 10 mM HEPES: pH was 7.4,
adjusted with KOH.

Analvsis

Whole-cell ACh-evoked [-V curves were obtained by subtracting the current in
response to a ramp voltage change in the absence of agonist from that in the presence
of agonist (see Haghighi and Cooper, 1998). The G-V curves were obtained by
plotting the cord conductance against voltage. The cord conductance was calculated
according to the following equation:

G=l/(V,-E.) (1
where G is the cord conductance corresponding to each membrane potential (V), [ is

the ACh-evoked current at the corresponding ¥, and E_ is the reversal potential.
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To measure the amplitude of single channel currents, we used either all-points
histograms of open and closed distributions, or measured the amplitude of the channel
openings individually using PATCHKIT. Histograms were fit by Gaussian curves
using Origin 4.1 graphics software (MICROCALTM Sofiware, Inc.).

To quantify the voltage-dependent block by intracellular spermine. we fit the single
channel G-V relationships to a derivation of the Woodhull (1973) equation (Johnson
and Ascher, 1990; Haghighi and Cooper, 1998):

GiGax = 1/ 1+ [SVKq} (2)
where

Ky= Ky expl-Vmz6F/RT)
and G is the conductance in the presence of spermine at any given !5, G, is the
maximum unblocked conductance, [S] is the internal concentration of spermine. K} is
the dissociation constant at a given Fy. Ky is the dissociation constant at 0 mV, = is
the valence of spermine, J is the fraction of the membrane electric field sensed by
spermine. and F. R and T have their usual meanings. In order to estimate the
intracellular concentration of spermine, we fit the macroscopic G-V curves to
equation (2) using the Ky, and & measured from the single channel experiments.

To measure the effect of increasing intracellular spermine, we fit the
macroscopic G-V curves to the Boltzman equation:

G/Gamax = 174 1+(expl V- Vi 2Vky, 3)

where ¥ » is the membrane potential at which conductance (G) has reduced to half of
the maximum conductance (Gmax) and 4 is a slope factor corresponding to the amount
of depolarization needed to change the conductance e-fold.

Dose response curves for the effect of extracellular spermine were fit to a
derivation of the logistic equation:

Veax=1/{ 1+(ICso/[S])} (4)

74



where /Cso 1s the half maximal inhibition dose, and [§] is the external concentration
of spermine.

In order to calculate Pc,/Pn,, we measured the reversal potential of the I-V
curves in external solutions containing different amounts of Ca™” and used these
values in a derivation of the Goldman. Hodgkin and Katz constant field voltage

equation as presented by Lewis (1979):

ErtHCal' Eresr.\ar = RTF In :([tva]o*'PK/P\a [K]o+4P'Ca/P.\'a[Ca]o)/
([Na]i+Py/Py, [K]i+4P" ci/Pyo[Cali)} (3
where

P’Ca = PC‘,/( 1+ exp (Ere\lC'd) F/Rn)

and Py is the permeability coefficient of ion X. [X], is the extracellular concentration
of ionic specie X, and R, T and F have their usual meanings. Concentration of each
ion was multiplied by its corresponding activity coefficient (Robinson and Stokes.
1960: Butler. 1968) and Pi/P.\, was 1.2 (Haghighi and Cooper. unpublished data).
[V-curves were fit to a 9" order polynomial function and reversal potentials were
measured by eve. We compensated for junction potentials caused by switching
between different solutions.

The best fit to the data was achieved by minimizing y° using a routine from
Origin 4.1 graphics software that is based on a Levenberg-Marquardt algorithm. All
data points are presented as mean t standard error of the mean. Statistical

significance between values was examined using a paired Student’s ¢ test.



RESULTS

Figure | highlights the difference in inward rectification among nAChR subtypes.
Figure 1A shows the ACh-evoked whole-ceil current-voliage (I-V) relationship for
native nAChRs expressed by neonatal rat sympathetic neurons from the superior
cervical ganglion (SCG): these receptors showed strong inward rectification. Figure
1B shows the corresponding ACh-evoked I-V curve for native nAChRs expressed by
neonatal rat myotubes. [n contrast to nAChRs on SCG neurons, these muscle nAChRs
showed little inward rectification.

To further investigate the inward rectification of neuronal nAChRs, we
studied recombinant receptors in Xenopus oocytes. Figures 1C and ID show [-V
curves for two neuronal nAChR subtypes: a4B2 receptors (Fig.1C), made up of 2
subunits widely expressed in the CNS (Wada et al.. 1989; Sargent. 1993: McGehee
and Role. 1995), and a3P4 receptors (Fig.!D). made up of 2 subunits highly
expressed in peripheral autonomic neurons (Boyd et al.. 1988; Couturier et al., 1990;
Mandelzys et al.. 1994). Similar to nAChRs on SCG neurons. the ACh-evoked [-V
curves for both a432 and a3p4 receptor exhibited strong inward rectification.

Previously, we demonstrated that the strong inward rectification of a4f2
receptors results from a voltage-dependent block of the receptor pore by intracellular
polyamines (Haghighi and Cooper. 1998). A similar mechanism holds true for a3p4
receptors. Figures 1E and IF show examples from single channel experiments on
ad4p2 and a3PB4 measured in outside-out patches: at positive potentials (Vm),
spermine blocked the outward current from both these receptors when applied from
the intracellular side. To determine the affinity of a3f4 receptors for polyamines, we
repeated these single channel experiments with 4 different spermine concentrations
ranging from 0.1 uM to 100 uM on at least 3 different patches for each concentration
and used a Woodhull model (Woodhull, 1973) (see methods and Haghighi and

Cooper, 1998) to analyze this voltage-dependent block (data not shown). From these
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Figure 3.1. Inward rectification of neuronal nAChRs. A, This figure shows the ACh-
evoked macroscopic current-voltage relationship (I-V curve) recorded from a
neonatal rat SCG neuron. Whole-cell currents were recorded while the membrane
potential was ramped from —80 to +60 mV (333 mV/sec). The [V-curve was obtained
by subtracting the control current from the current evoked by 100 uM ACh. The [-V
curve is fited to a 9" order polynomial function and shows strong inward
rectification. B, This figure shows the ACh-evoked macroscopic -V curve recorded
from a rat myotube (ACh = 20 uM). In contrast to A, this I-V curve shows no inward
rectification. C shows a macroscopic ACh-evoked [-V curve for a4pf2 neuronal
nAChR. and D shows a macroscopic ACh-evoked [-V curve for a3f4 neuronal
nAChR expressed in Xenopus oocytes. Similar to native nAChRs on SCG neurons,
these recombinant receptors exhibit strong inward rectification. E and F show single
channel records obtained from outside-out patches expressing ad4Bf2 or a3p4
receptors, respectively. In control patches, inward rectification of these receptors is
lost. Addition of spermine (20 pM for a4B2 and 50 uM for a3B4) to the patch
electrode blocks outward currents at positive potentials and reduces the amplitude of

inward currents.



experiments, we determined that the affinity of a3p4 receptors for spermine at 0OmV
(K «0)) was 6.7£0.5 uM, approximately 2-fold higher than Ko, for a4p2 receptors
(3.6 pM) (Haghighi and Cooper, 1998); however, the proportion of the membrane
field sensed by spermine (6=50-55%) was the same for both receptor types.

We were interested to determine the site of interaction between intracellular
polyamines and neuronal nAChRs. Since polyamines are highly positively charged, a
likely site for the interaction between neuronal nAChRs and intracellular polyamines
is the negatively charged region at the cytoplasmic side of the channel pore between
M1 and M2. Figure 2 shows an amino acid alignment of this region for the 4 neuronal
nAChR subunits: a3, a4, B2 and B4. The region between M|l and M2 contains 5
amino acids. 2 of which are negatively charged and are in homologous positions for
each subunit. The location of the five glutamic acids (E). corresponding to position
240 for a3. has been referred to as the intermediate ring. and the site of the negatively
charged aspartic acid residues (D) (a3. B2 and B4) or E (a4) closer to M1 has been
referred to as the cytoplasmic ring (Imoto et al.. 1988; Galzi et al., 1991; Karlin and
Akabas. 1995). We hypothesized that these negatively charged residues form the site
of interaction for the positively charged polyamines. To test this, we mutated these
residues to neutral amino acids. using site-directed mutagenesis, and examined the

functional properties of these mutant receptors expressed in Xenopus oocytes.

Cytoplasmic ring mutations have little effect on inward rectification

First, we investigated the role of the cytoplasmic ring on the rectification of a3p4
receptors by mutating the D at this site to alanine (A) for both a3 and B4 subunits; we
refer to these mutant subunits as @3pa37a and P4pazea, respectively. We co-expressed
pairwise combinations of mutant and wild-type a3 and B4 cDNAs in Xenopus

oocytes to produce 3 different receptors: a3p3374B4. a3B4n236a and a3pasz7aP4priea.
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Figure 3.2. Charged amino acids flanking the pore region are conserved in neuronal
nAChRs subunits. This figure shows the amino acid sequence alignment of neuronal
nAChR subunits a3, a4, 2 and 4 for the cytoplasmic end of M1, M1-M2 loop, M2
segment and part of the M2-M3 loop. This alignment shows the presence of three
ring-like accumulations of charged residues flanking M2: the cytoplasmic ring
(corresponding to a3D237), the intermediate ring (corresponding to a3D240) and the

extracellular ring (corresponding to a3E261).



For each receptor, we obtained the macroscopic ACh-evoked I-V curve. To quantify
the rectification., we measured the relative conductance at 4 membrane potentials, -
40mV, +20mV, +40mV and +80mV to that at -90 mV. For a3p2374B4 or a3B4pasea
receptors, we observed no significant difference in rectification compared to that for
wild-type a3p4 receptors (Fig. 3A & Table 1). The [-V curves for a3p:;7aB4p236a
receptors also showed strong inward rectification up to +20 mV (Fig. 3B); however,
at Vm greater than +25mV. we observed significantly more outward current
compared to wild-type a3B4 receptors. The conductance at +40mV and that at
+80mV for a3p237aP4p236a receptors were approximately 12 times greater than those
for wild-type a3B4 receptors at these potentials.

In addition to 334 receptors. we investigated the role of the cytoplasmic ring
on the rectification of @42 receptors. We mutated the E at 240 to A for a4 (adgas14)
and co-expressed adga424 with wild-type B2 in Xenopus oocytes. We observed no
significant difference in the ACh-evoked [-V curves for adgx424B2 receptor compared

to that for wild-type a4p2 receptors (Table 1).

Intermediate Ring mutations abolish inward rectification

Next. we investigated the role of the intermediate ring on the rectification of 34
receptors by mutating the E to A for both a3 and B4 subunits; we refer to these
mutant subunits as a3g2304 and P4e2i0a, respectively. We co-expressed these mutant
subunits with wild-type a3 and B4 in Xenopus oocytes to produce either a3p4g2394 O
a3g240aP4 receptors.

These mutations in the intermediate ring had a dramatic effect on inward
rectification. Figure 3C shows a result from an oocyte expressing a3B4gizon
receptors. In contrast to wild-type a3p4 receptors, the ACh-evoked [-V curve for

a3P4g2394 receptors was virtually linear (Fig. 3C); the ACh-evoked current reversed
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Figure 3.3. Substitution of negatively charged residues of the intermediate ring
abolishes inward-rectification of neuronal nAChRs. A shows an ACh-evoked
macroscopic I-V curve obtained from an oocyte expressing the cytoplasmic ring
mutant receptor a3f4,,,... This mutant receptor exhibits inward rectification similar
to the wild type a3p4 receptor. The inset shows the ACh-evoked current recorded
from this oocyte before and during a voltage ramp. B shows an ACh-evoked
macroscopic [-V curve obtained from an oocyte expressing the cytoplasmic ring
mutant receptor a3.,,.,p4,.,..- The inset shows the ACh-evoked current from this
oocyte in response to a voltage ramp. C, D, E and F show ACh-evoked macroscopic
I-V curves obtained from oocytes expressing a3f4..... 03..,.p4. a3. B4 or
a4,....B2 intermediate ring mutant receptors, respectively. All four mutant receptors
show a nearly linear ACh-evoked [V-relationship from —90 to +80 mV. Insets in each
figure show ACh-evoked currents in response to a voltage ramp and demonstrate that
the ACh-evoked currents do not show any significant desensitization. For all insets

the length of the trace is 6 s.



Table 1. The effect of mutations in the cytoplasmic and the intermediate ring on the macroscopic
inward rectification and Ca™ permeability of a4p2 and a3p4 nAChRs.

nAChR G.o'Gae0 G.20/Gua G-w/G.o G-30/Gao Pcy/Pu, AE., (mV)'
subtype
adp2 31.52=1.10 042~ .15 0.88£0.22 2.78: 0.5 1.6520.15 1555 1.7
(n=33) (n=3%) (n=33) (n=33) (n=8) {(n=8)
adgaiaa B2 3240210 0.50+0.20 1.0=0.40 250=06 . .
- (n=6) (n=6) (n=6) (n=6)
adgassa B2 916=120°  8192x24*  78.7£2.60°  7323£29%  0.06= 005 -10.7512.95*
- n=17) (n=17) (n={7) (n=17) (n=6) (n=6)
a3pd 43.66= 19 175205 0.94£0.2 206204 0.782 0.02 36=.5
(n=33) (n=33) (n=35) (n=32) (n=8) (n=8)
4 ; 458230 19=0.4 064z 0.3 272035 < .
adpx:
o237 B4 (n=6) (n=6) (n=6) (n=6)
3B aee 453220 | 76z 0.2 0.76=02 3762 0.4 . -
el (n=8) (n=8) (n=8) (n=8)
ver B 49.28= 3.0 575222 L5z 1.3° 24422240 0.77= 0.03 3.30= 60
@3pz37Pozsen (n=12) (n=12) {n=12) n=12) (n=6) (n=6)
o3en 93.17=17*  8411z27*  7966=27°  72.13232* 0352 007° 442200
e2u00fH (n=16) (n=16) (n=16) (n=16) (n=6) (n=6)
2 9378=12* 8235826  79.30z29° 75.0x 2.8% 062= 001° 426z25°
Adg»
Fezi0B n=21) (n=21) (n=21) (n=21) (n=8) (n=8)
2q 96.0= 1 .6° 9442226°  9314=235*  9228=26° 0452 005° 478= 1.9*
ao 73
Btezsoa (n=31) (n=31) (n=31) (n=31) (n=6) (n=6}

* These values for mutant receptors are significantly different from those for the corresponding wild-type
receptors (P<0.01).

‘ These reversal potential shifts were measured when switching from the control solution (1 mM Ca ") to one
containing 100 mM Ca™.



at approximately -10 mV (Fig. 3C), and our ion substitution experiments indicated
that this current was carried exclusively by cations (data not shown). We obtained
similar results from over 30 oocytes expressing a3B4g2394 receptors. We measured
the relative conductance at -40 mV, +20 mV, +40 mV and +80mV to that at -90 mV
(Table 1), we observed no significant difference in conductance at each potential
(Table 1). The conductance at +40 mV was 93% of that at -90 mV, approximately
100 times greater than that of wild-type a3f4 receptors.

Our results with a3f4e2394 receptors indicate that removal of the negative
charge in the intermediate ring of B4 abolishes the strong inward rectification of a334
receptors. To determine the effect of a similar mutation in the a3 subunit. we
examined the rectification properties of a3g240484 receptors. The ACh-evoked | -V
curve for a3ga4aP4 receptors was almost linear, and the current reversed at
approximately -10 mV (Fig.3D). The conductance at +40mV was 79% of that at -90
mV, roughly 85 times greater than that of wild-type a3p4 receptors (Table 1). These
results indicate that removal of the negative charge in the intermediate ring of the a
subunit is sufficient to abolish the strong inward rectification of a3p4 receptors.

To test the effect of different amino acid side chains at the intermediate ring
on rectification, we mutated E at 240 to glutamine (Q) in a3 and co-expressed it with
wild-type B4 in Xenopus oocytes. These a3gas00PB4 receptors had essentially linear
ACh-evoked I-V curves, reversing at around -10 mV (Fig.3E); the relative
conductances at -40mV, +20mV, +40mV and +80mV were not significantly different
from those of a3g2404P4 receptors (Table 1). This indicates that the negative charge at
this position, not the size or polarity of the side chain, is crucial for the strong inward
rectification of neuronal nAChRs.

[n addition, to test whether this effect on the rectification was specific to a3p4
receptors, we mutated E at the intermediate ring to A in the a4 subunit and co-

expressed it with wild-type B2 in Xenopus oocytes. As shown in figure 3F, these
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a4g245aPB2 receptors had almost linear I-V curves reversing at about -10 mV. The
conductance at +40mV was 79% of that at -90 mV, and approximately 90 times
greater than that of wild-type a4f2 receptors (Table 1). These results demonstrate
that partial removal of negatively charged residues in the intermediate ring abolishes

strong inward rectification of a42 receptors.

Elevated intracellular spermine increased inward rectification of a42 and o3p4
receptors, but had no effect on non-rectifying adgi4sAp2 and a3g3404P4 receptors
Our results on intermediate ring mutations suggest that a decrease in the net negative
charge of the intermediate ring abolishes the interaction of intracellular polyamines
with neuronal nAChRs. To further investigate this possibility, we examined the
effects of increasing the intracellular spermine concentration in Xenopus oocytes
expressing either adP2, a3f4, adesaP2 or a3gisaP4 receptors. For most
experiments, first we recorded the ACh-evoked -V curve, then injected the oocytes
with spermine, and repeated the [-V measurements at 2-3 minute intervals. To verify
that our injections worked, we included BAPTA along with spermine; in all injected
oocytes, BAPTA abolished calcium activated chloride currents when we recorded the
ACh-evoked current with 1 mM Ca™ as the only divalent cation in the extracellular
solution (see methods). Alone, BAPTA had no effect on inward rectification of wild-
type or mutant receptors.

For ACh-evoked currents from Xenopus oocytes expressing wild-type a4p2
or a3p4 receptors, we observed that intracellular injections of spermine caused a
progressive increase in rectification, producing its maximal effect in approximately
10 min. Figure 4 shows example I-V curves from a4f2 (4A) and a3p4 (4D) receptors
before and after spermine injection. Increasing intracellular spermine caused a
significant leftward shift in the ACh-evoked I-V and G-V curves, without affecting
the ACh-evoked current amplitude at -90 mV or the reversal potential (Fig. 4). To
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Figure 3.4. Effect of increasing intracellular spermine. A shows macroscopic ACh-
evoked I-V curves obtained from a4f2 receptors expressed in Xenopus oocytes. [V-
curves were obtained before and 3 and 10 min after injecting 60 n! of a solution
containing 100 mM spermine into the oocytes. B, This figure shows the G-V curves
corresponding to the I-V curves in A. Solid lines are fits to the G-V curves using the
Woodhull equation. The leftward shift in the G-V curve corresponds to an
approximately 10 fold increase in intracellular spermine concentration. C. This figure
shows the macroscopic ACh-evoked [V-curves before and after injection of spermine
recorded from an oocyte expressing adgais42 receptors. There was no significant
difference between the IV-curves before and after injection of spermine. D and E
show the [-V and G-V curves from an oocyte expressing a3B4 receptors before and
after injection with 60 nl of a solution containing 100 mM spermine. The solid lines
are fits to the G-V curves using the Woodhull equation. The leftward shift in the G-V
curve corresponds to an approximately 15 fold increase in intracellular spermine
concentration. F shows the [-V curves for a3g:404B4 receptors before and after
spermine injection. Similar to a4g2ssaP2 receptors, there was no significant

difference between the [V-curves before and after injection of spermine



quantify the effect of increasing intracellular spermine, we fit the G-V curves to a
Boltzmann equation (Eq. 3, see methods) and determined V,» the Vi, where G was
reduced to 50% of Gmax, and k, the amount of depolarization needed to change the
conductance e-fold. For a4p2, V, . was shifted to left by 16£1.3mV after spermine
injection and for a3f4, V| . was shifted to the left by 19£2.4 mV: k decreased from
14.5¢ 1.2 10 12+ 1.5 mV for both @482 and a3p4.

To estimate the concentration of free spermine in oocytes after injection. we
used the Woodhull equation (Eq. I, see methods). Using values for k,, and & for
a4f32 (Haghighi and Cooper. 1998) and a3p4 (Fig. 1), we solved the Woodhull
equation to estimate the free intracellular spermine concentrations [S] that best
described the macroscopic G-V curves. The solid lines in figure 4B & 4E represent
the best fits to the Woodhull equation. Before spermine injections. [S] ranged from
70-80 uM in different oocytes (75.6x1.6 uM. n=37). For the oocyte expressing adf32
receptors shown in 4B, injecting spemmine increased [S] roughly 10 fold: for the
oocyte expressing of a3p4 receptors shown in 4E, spermine injection increased [S]
by approximately 15 fold. On average, spermine injection increased [S] by 10.1£1.7
fold (n=19). These results indicate that raising free intracellular spermine levels leads
to stronger inward rectification of a4f2 and a3f4 receptors, providing further
evidence that inward rectification of neuronal nAChRs results from a voltage-
dependent block by intracellular spermine (Haghighi and Cooper. 1998).

Next, we investigated whether increased intracellular free spermine would be
sufficient to confer inward rectification to ACh-evoked currents for the intermediate
ring mutant receptors. Figure 4 shows example I-V curves for a4,,,,B2 (4C) and
a3..,..B4 (4F) receptors before and after spermine injection. Increasing intracellular
spermine caused no significant shift in the ACh-evoked I-V or G-V curves for either
receptor. Furthermore, increasing intracellular spermine had no effect on the ACh-

evoked current amplitudes or the reversal potential (Fig. 4C&4F). We observed

81



stmilar results from 26 out of 26 oocytes. These results suggest that the reduction in
the net negative charge at the intermediate ring dramatically decreases the affinity of

intracellular polyamines for the receptor.

Extracellular spermine biocks non-rectifying mutant receptors

To determine whether the intermediate ring mutations affected polyamine
permeability, we carried out ion substitution experiments. We expressed adgzisaf2
receptors in Xenopus oocytes and then measured ACh-evoked currents in the
extracellular solution containing different concentrations of spermine. With spermine
as the only conducting ion in the extracellular solution, this mutant receptor failed to
produce detectable ACh-evoked currents, even at -120 mV holding potential (data not
shown). With an extracellular solution containing 90 mM Na™ and 10 mM spermine.
we found that spermine blocked over 95% of the ACh-evoked current without
affecting the reversal potential. We found that the block by extracellular spermine had
little voltage-dependence and reversed relatively slowly (~80% in 3-5 min). These
results suggest that spermine has negligible permeability through adeassaff2
receptors. To examine the block by extracellular spermine, we measured ACh-evoked
currents at 3 minute intervals upon co-application of 1 uM ACh with increasing
concentrations of spermine. Figure SA shows the spermine inhibition curves for a4f32
and adg45432 receptors; by first approximation, these curves can be described by a
logistic equation (Eq. 4). From the spermine inhibition curves. we obtained the ICs
for mutant adexy54B2 receptors (62.3+13.3 pM, n=6) and wild-type a4p2 receptors
(42.8+5.7 uM, n=8), which were not significantly different (P>0.05).

We repeated these measurements on wild-type a3f4 receptors and mutant
a3g240aB4 (Figure SB). We observed no significant difference in the spermine
inhibition curves between wild-type a3f4 (ICso = 45.1£7.2 uM, n=5) and mutant
a3g240aP4 receptors (ICso = 65.4£12.3 uM, n=5) (Figure 5B). We observed similar
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Figure 3.5. Extracellular spermine blocks non-rectifying mutant receptors. A shows
the dose-inhibition curves for the effect of extracellular spermine on a4f82 and
ade454B2, and B shows the dose-inhibition curves for a3B4 and a3g:;04p4. Data
points were fitted to a logistic equation (see methods). There is no significant

difference in the block by extracellular spermine for all four receptors.



block by extracellular spermine for a3g2s00B4 and a3p4 g2394 (data not shown). The
cvtoplasmic ring mutant. a3pz37aB4p2364, Was also blocked by extracellular spermine
in a similar manner (ICso = 43.8+£4.9 uM. n=5; data not shown). These results indicate
that mutations in the intermediate ring that abolish inward rectification have little

effect on the block by extraceilular spermine.

Relative calcium permeability

The Ca™ 10 Na“ permeability ratios (Pc./Pxy) for neuronal nAChRs have been
reported to range from 0.7 to 10 depending on the subunit composition of the
receptors (Sands and Bansh, 1991; Adams and Nutter, 1992; Trouslard et al., 1993:
Bertrand et al., 1993). As the intermediate ring has been shown to influence
permeability of cations (Konno et al.. 1991: Galzi et al., 1992: Corringer et al. 1999),
we compared Pc,/Pn, among wild-type and mutant a4pf2 and a3B4 receptors
expressed in Xenopus oocytes. To avoid contaminating ACh-evoked currents with the
endogenous Ca™ -activated chloride currents in these cells (Miledi and Parker, 1984).
we injected oocytes with BAPTA prior to our electrophysiological measurements (see
methods). In figure 6A, we recorded the ACh-evoked [-V curve from a3fB4 receptors
in control external solution (98 mM Na". 2 mM K" and | mM Ca™) and repeated the
measurement in a solution containing equimolar Ca™". In 100 mM Ca™", we observed
a rightward shift in the reversal potential of 3.6 mV. From the modified GHK
equation (Eq. 5: Lewis et al.. 1979; see methods). we obtained an average P¢,/Px, of
0.78+0.02 for a3p4 receptors (n=8)(see table 1). We observed that the macroscopic
ACh-evoked current from a3f34 receptors was reduced by 60-70% when we switched
to 100 mM external Ca™; this observation is consistent with the decrease in single
channel conductance for neuronal nAChRs when Ca™ is the main charge carrier
(Adams and Nutter, 1992; Mulle et al., 1992; Vernino et al., 1992). We repeated these

experiments with external solutions of either 10 mM Ca™ and 90 mM Na®, 25 mM
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Figure 3.6. Substitution of the negatively charged residues of the intermediate ring
with neutral amino acids drastically reduces Ca™ permeability of a4B2 and a3p4
receptors. A and B show [-V curves for a4f2 and a3B4 receptors expressed in
Xenopus oocytes, respectively. Switching from the control solution to one containing
100 mM Ca™ causes a rightward shift of the reversal potential for both receptors. C
shows ACh-evoked I-V curves for the mutant a3p2374B4p236a receptor in the presence
of the control solution and one containing 100 mM Ca™*. Switching to 100 mM Ca™
causes a rightward shift of the reversal potential, similar to that observed for a3p4
wild type receptor. D, E and F show I-V curves for adgissaB2. a3g20oPf4 and
a3B4ea304. respectively. Switching to 100 mM Ca™ causes a significant leftward shift
in the reversal potential for all three receptors, indicating low relative Ca™

permeability for these receptors.



Ca™ and 75 mM Na’, or 50 mM Ca™ and 50 mM Na®. We found that Pc,/Py, for
a3f4 in all 3 solutions (n=4 at each concentration) was not significantly different
from that when we made equimolar substitutions of Na™ and K™ with Ca™; however,
we only observed a significant reduction of ACh-evoked currents when Ca™ in the
external solutions was greater than 25 mM (data not shown).

We also measured Pc,/Pn, for a4B2 receptors (Fig. 6B). Upon switching the
control external solution to 100 mM Ca™, we observed an average rightward shift in
the reversal potential of 15.5+0.28 mV (n=8). from the GHK equation we calculated
an average Pcy/Pn, of 1.65+0.15 for a4P2 receptors (n=8), roughly twice that for
a3p4 receptors (Table 1). We repeated these experiments with an external solution of
10 mM Ca™" and 90 mM Na“ and found similar values for Pc,/Py, (n=6). Consistent
with the higher value for a4f32, we found that we needed to pre-inject greater
amounts of BAPTA to ensure that we did not activate Ca™ -activated chloride
currents.

Next, we investigated whether mutations of negatively charged residues at the
cytoplasmic and intermediate ring alter the relative calcium permeability of a432 and
a3p4 receptors. Upon switching the control external solution to 100 mM Ca™, we
observed a rightward shift in the reversal potential for a3p:;2aB4paiea receptors
similar to that for a3p4 (Fig. 6C & table 1). We obtained similar results in 6/6
oocytes expressing a3p;7aB4p23ea receptors (Table 1). These results indicate that the
negatively charged residues of the cytoplasmic ring have little influence on calcium
permeability.

We tested whether mutations of charged residues at the intermediate ring alter
calcium permeability by measuring Pc,/Pya for mutant a3g2404B4, a3e210084,
a3B4e29a and ade2454P2 receptors. Fig. 6D, E & F show example [-V curves for
a3g2400P4, a3B4e2394 and adeaesaP2 receptors with either Na” or Ca™ as the main

charge carrier. Upon substituting Na” and K” in the external solution with 100 mM
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Ca™, we observed a significant leftward shift in the I-V curves for all 4 intermediate
ring mutant receptors (see table 1). Using the GHK equation (Eq. 4), we calculated
that these intermediate ring mutations reduced Pc,/Pn, by 13-18 fold for a3f4
receptors and more than 25 fold for a4p2 receptors (Table 1). Our results indicate
that the negatively charged residues of the intermediate ring constitute a common site

that governs both inward rectification and Ca™ permeability of a3p4 and a4f2

nAChRs.
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DISCUSSION

Interaction between polyamines and neuronal nAChRs

Our results add to our previous findings that strong inward rectification of neuronal
nAChRs results from a voltage-dependent block by intracellular polyamines
(Haghighi and Cooper, 1998). We show that a3p4 receptors have a Kyq, for
intracellular spermine of 6.7 uM, similar to the Ky, for a4p2 receptors (3.6 uM).
Normally, vertebrate cells have free intracellular spermine concentrations of 50-100
uM (Seiler and Schmidt-Glenewinkel. 1975; Watanabe et al., 1991; Ficker et al.,
1994): this is more than sufficient to block these neuronal nAChRs. Furthermore, we
show that increasing free spermine concentrations 10-15 fold increases this
rectification by shifting the G-V curves towards more hyperpolarized potentials.
These results provide further evidence that inward rectification of neuronal nAChRs
results from a voltage-dependent block by intracellular polyamines (Haghighi and
Cooper, 1998).

We find that mutating the negatively charged glutamic acid residues of the
intermediate ring removes rectification of a4p2 and a3B4 receptors. This is also the
case for homomeric a7 receptors (Forster and Bertrand. 1995). The I-V curves of
mutant adg2ssaB2, a3e2s04P4 and a3B4 g2394 receptors are essentially linear. showing
very little voltage-dependence. Mutating the glutamic acid to either an alanine or
glutamine in a3 abolishes inward rectification, indicating that the charge and not the
size or polarity of the amino acid side chains determines inward rectification.

As a4P2 and a3p4 receptors have pentameric structures composed of two a
subunits and three § subunits (Cooper et al., 1991), we took advantage of this known
subunit stoichiometry to investigate the number of negatively charged residues in the

intermediate ring necessary for inward rectification. We demonstrate that mutating
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the negatively charged glutamic acid at the intermediate ring of either the a or the f
subunit removes rectification of a4f2 and a3p4 receptors. Therefore, we conclude
that removal of only two negative charges is sufficient to disrupt the interaction of
intracellular polyamine.

To explain our results, we propose that the intermediate ring forms a high
affinity binding site for intracellular polyamines: polyamines are attracted to this site
under the influence of the membrane electrical field and are held there through an
electrostatic interaction with the negatively charged glutamic acids. Since the
intermediate ring is at the narrowest part of the pore (Wilson and Karlin, 1998),
polyamines at this site occlude the pore preventing the flow of ions.

Our model assumes that polyamines have negligible permeation through the
pore. Consistent with this. our experiments on the effects of extracellular polyamines
indicate that polyamines permeate the channel very poorly. We find that extracellular
spermine blocks a4g2asaB2. a3e240aB4. a3e2400P4 and a3P4 giie4 receptors in a
similar manner to wild-type receptors. At 70-80 pM, concentrations similar to that of
the cytoplasm. spermine biocks more than 50% of the ACh-evoked current at all
membrane potentials, and at 800-1200 uM spermine blocks 80-90% of the current.
This indicates that spermine has difficulty crossing the pore and likely interacts with
polar and non-polar amino acid side chains in M2 (Cu et al., 1998). If intracellular
spermine could access the pore in the non-rectifying mutant receptors, we would
expect it to block the channel. similar to extracellular spermine. However. even
increasing intracellular spermine several fold had no effect on ACh-evoked [-V curve
for the non-rectifying, intermediate ring mutant receptors. Therefore, it is likely that
ade2454P2, @3g2104P4, a3k2100P4 and 3P4 ga304 receptors do not rectify because the
intermediate ring, with a lower net negative charge, no longer forms a high affinity

binding site for polyamines.
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The region between M1 and M2 has two rings of negatively charged residues;
however, the intermediate ring appears to be the major site of interaction between
intracellular polyamines and the pore. Removing the negative charges at the
cyvtoplasmic ring of either the a or 8 subunit has no significant effect on inward
rectification. Even receptors with mutations at the cytoplasmic ring of both a and B
subunits inwardly rectify. although these receptors do conduct outward current at
membrane potentials greater than +25 mV:; this suggests that the cytoplasmic ring
also interacts with intracellular polyamines. Since spermine is approximately 20 A°
long (Araneda et al.., 1999) and could span both rings, we speculate that the
cytoplasmic ring helps stabilize polyamines at the mouth of the pore; without these
five negatively charged residues, intracellular K™ ions destabilize the interaction of
polyamines with the receptor at large depolarizations and flow out through the
channel. This model has similarities to one proposed for polvamine block of AMPA

receptors (Washbum, et al. 1997).

Comparison to AMPA/kainate receptors

Inward rectification of calcium permeable AMPA/kainate receptors is mediated by a
voltage-dependent block by polyamines with a comparable Ky, to heteromeric a4f32
and a3p4 nAChR (Bowie and Mayer, 1995), suggesting that the underlying
mechanisms are similar. However, there are a few important differences. These
AMPA/kainate receptors conduct considerable outward current at depolarized
potentials (from +50 to +100 mV) (Bowie and Mayer, 1995; Koh et al., 1995),
whereas we observe very little outward current from a4f2 and a3B4 receptors at
these potentials. Furthermore, non-rectifying AMPA/kainate receptors, whose
subunits have undergone RNA editing substituting a glutamine (Q) to an arginine (R)

in the pore region, are not blocked by extracellular spermine (Washburn and
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Dingledine, 1996; Washbum et al., 1997; Bahring et al., 1997); in contrast,
extracellular spermine blocks non-rectifying mutant a482 and a3p4 receptors. These
differences may be explained, in part, by differences in the putative location of the
high-affinity polyamine binding-site in the pore. For AMPA/kainate receptors, this
site appears to be near the middle of the pore (Kuner et al., 1996; Washbum et al..
1997), while for neuronal nAChRs, this site is most likely at the cytoplasmic mouth
of the pore (Imoto et al., 1988; Wilson and Karlin, 1998). Equally interesting,
substituting two glutamic acid residues with glutamines at the intermediate ring of
neuronal nAChRs abolishes inward rectification, whereas glutamine residues make up
the high-affinity polyamine site in rectifying AMPA/kainate receptors. If the high-
affinity binding of polyamines to the receptor results from electrostatic interactions.
this suggest that the geometry of the high-affinity polyamine site in AMPA/kainate

receptors and neuronal nAChRs is different.

A common site affects both inward rectification and calcium permeability

For AMPA/kainate receptors, there is a strong correlation between calcium
permeability and inward rectification (Verdoorn et al.. 1991: Hume et al.. 1991:
Dingledine et al., 1999). This correlation holds true for nAChRs as well. Muscle
nAChRs. which rectify slightly, have low calcium permeability (Adams et al., 1980;
Villarroel and Sakmann, 1996). whereas neuronal nAChRs, which show strong
inward rectification, have high calcium permeability (McGehee and Role, 1995).
Calcium permeability of nAChRs appears to be influenced by residues in the M2 as
well as residues in the intermediate ring (Bertrand et al., 1993; Villarroel and
Sakmann, 1996). Our results on relative calcium permeability for a4p2 and a3p4
receptors are consistent with this. Our ion substitution experiments indicate that

Pca/Pna 1s 1.65 for ad4P2 receptors and 0.8 for a3p4 receptors; the amino acid
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differences in the M2 between these receptors likely underlie the differences in Ca™
permeability.

In addition, we show that partial removal of negative charges in the
intermediate ring reduces Pc,/Pn, by approximately 15 fold for o384 and 25 fold for
a4pB2 receptors. We observe similar reduction in Pc,/Pn, when we substitute glutamic
acid residues by either alanine or glutamine residues in the intermediate ring; this
indicates that the reduction in calcium permeability is caused by a change in net
negative charge of the intermediate ring and not by alteration in the size or polarity of
the amino acid side chains. We find that substituting all five negatively charged
residues with neutral residues at the cytoplasmic ring has no effect on P¢,/Px,. further
demonstrating the important role of the intermediate ring in determining calcium
permeability. Therefore. a common structural element of neuronal nAChRs governs

both interaction with intracellular polyamines and high calcium permeability.

Physiological implications

In the CNS, many neuronal nAChRs are located at presynaptic nerve terminals
(MacDermott et al.. 1999). Given the small size and high input impedance of nerve
terminals together with the relatively large single channel conductance of neuronal
nAChRs, activation of only a few nAChRs would likely trigger action potentials in
the terminal and evoke transmitter release. Support for this idea comes from studies
on adrenal chromaffin cells, a model for transmitter release, where activation of a
single nAChR is sufficient to evoke action potentials (Fenwick et al., 1982). In the
absence of inward rectification, the ACh-evoked conductance in the terminal would
act to shunt the action potential, preventing it from reaching its full amplitude.
Considering the steep relationship between presynaptic depolarization and transmitter

release, a reduction in action potential amplitude in the terminal would severely affect
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release. To ensure that the action potential reaches its full amplitude, intracellular
polyamines rapidly block neuronal nAChRs by interacting with the intermediate ring
in a voltage-dependent manner.

In this study, we provide a molecular understanding of inward rectification of
neuronal nAChRs and establish a link between two important physiological properties
of these receptors, calcium permeability and inward rectification. By linking these
two properties through a common structural element. neuronal nAChRs limit the
inflow of calcium into the cell, thereby preventing excitotoxicity. Equally important,
small depolarizations from rest can lead to screening of the negative charges at the

intermediate ring by intracellular polyamines thereby modulating calcium inflow

through these receptors.
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CHAPTER 4

A Phenylalanine In The M2 Of B4 Neuronal nAChR Subunit
Governs Gating Kinetics And Influences The Block By Extracellular

Polyamine-Related Joro Spider Toxin



ABSTRACT

Polyamines exert a variety of inhibitory, excitatory and modulatory actions on a
number of cation selective ion channels. Previously, we have demonstrated that
intracellular polyamines block neuronal nicotinic receptors with high affinity and in a
voltage dependent manner. resulting in inward rectification of ACh-evoked currents.
Extracellular polyamines also block neuronal nAChRs but with lower affinity and
little voltage dependence. Polyamine-like structures are found in a variety of insect
toxins including the Joro spider toxin (JSTX) and the digger wasp toxin
philanthotoxin (PhTX). These toxins exert potent blocking effects on a number of
ionotropic glutamate receptors. Little is known about the mechanism of interaction of
extracellular polyamines and polyamine-related toxins with neuronal nAChRs and the
structural domain(s) of the receptor involved in this interaction. Our hypothesis is that
polyamine-related toxins also block neuronal nAChRs by interacting with residues in
the cenducting pathway of the receptor. To test this hypothesis we used two
recombinant neuronal nAChR subtypes a3p4 and «d4B2 expressed in Xenopus
oocytes. Using the two-electrode voltage-clamp technique. we found that JSTX
blocks both receptors with high affinity and in a use-dependent manner. Dose-
inhibition curves for a3p4 and a4f32 indicates that JSTX has a higher sensitivity for
a3p4 (ICsy= 8.5£0.25 nM) than that for adP2 receptors (IC:p=45+2.3 nM). We
further show that a phenylalanine residue (F) in the second transmembrane domain
(M2) of B4 (B4F253) underlies this difference. Mutation of this residue to a valine
(V) causes a decrease in sensitivity to JSTX in a34 receptors. This change in JSTX
sensitivity correlates with a decrease in the single channel burst duration of a3B4¢2s;v
compared to that of a3p4 receptors. Therefore, we propose that longer channel
openings allow a more effective block by JSTX, consistent with the use-dependent

nature of this block.
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INTRODUCTION

A growing body of evidence implicates cation-selective neurotransmitter-
gated ion channels as important targets for extracellular polyamines under both
physiological and pathophysiological conditions (Scott et al., 1993; Bowie et al..
1998). One of the earliest studies on the physiological action of spermine
demonstrated that elevated levels of extracellular spermine have adverse effects on
the autonomic nervous system (Dixon. 1900). suggesting a possible action on
postganglionic nicotinic acetylcholine receptors (nAChRs). Recently. we have shown
that extracellular spermine blocks neuronal nAChRs as an open channel blocker at
uM concentrations. Furthermore. polyamine-related toxins, Philanthotoxin and Joro
spider toxin (JSTX) block ACh-evoke currents on PC12 cells (Liu et al.. 1997). The
purpose of this study is to learn more about the structural elements of neuronal
nAChRs that determine the block by these toxins.

Nicotinic receptors have a pentameric structure: each subunit has a structural
motif consisting of 4 hydrophobic domains (Karlin and Akabas. 1995). The second
hydrophobic domain. M2. of each nAChR subunit forms part of the ion channel pore
and three ring-like accumulations of charged amino acids (extracellular, cytoplasmic
and intermediate rings) neighbouring M2 affect ion transport through the pore (Imoto
et al., 1988 Cooper et al., 1991). The intermediate ring is located near the gate of the
receptor and is a major determinant of ion selectivity of the receptor (Konno et al.,
1991: Wang and Imoto. 1988). Recently, we have demonstrated that the intermediate
ring also forms a high-affinity binding-site for intracellular polyamines. Upon
depolarization, polyamines, acting as gating molecules. block the pore, leading to
inward rectification (Haghighi and Cooper, 1998). Partial removal of the negatively
charged residues at the intermediate ring abolishes both inward rectification and
calcium permeability of the receptor without affecting the block by extracellular

spermine (Haghighi and Cooper, unpublished). This suggests that spermine, like the
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non-competitive antagonists QX-222 and CPZ (Chamet et al.. 1990: Revah et al.,
1990). blocks within the pore of the receptor and does not access the intermediate
ring.

We hypothesize that JSTX blocks both rectifying wild type and non-rectifying
mutant neuronal nAChRs with high affinity, and that the negatively charged residues
of the intermediate ring have no influence on this block. To test this hypothesis. we
examined the blocking effect of JSTX on ACh-evoked currents from recombinant
a4B2 receptors. composed of two subunits abundantly expressed in the CNS. In
addition. we examined o3B4 receptors. composed of two subunits abundantly
expressed in the PNS. in part. because a3f4 receptors are different from a4f2
receptors in the M2 region. a3. «4 and B2 subunits contain a highly conserved valine
(Val) residue (a3V254) in the M2, while B4 (for human, mouse. rat. monkey but not
chick) contains a phenylalanine (Phe) residue at the corresponding position (B4F253).
We found that JSTX blocks both a3pB4 and «4f2 at nanomolar concentrations. with
five fold higher affinity for a3pB4. The non-rectifying intermediate ring mutant
receptor algawaP4 showed similar sensitivity to the block by JSTX, compared to
wild-type «3B4 receptors. Moreover. substitution of F253 with Val in B4, caused a
decrease in the sensitivity of the receptor to JSTX. Our results indicate that neuronal
nAChRs are targets for polyamine-related toxins and that this block is mediated by

residues in the M2 region.
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METHODS and MATERIALS

Site-directed mutagenesis

We used the Quick-Change Site-Directed Mutagenesis Kit (Strategene, La Jolla.
USA) to construct the mutant B4 subunit, (B4rssv). We designed two complementary
oligonucleotide primers containing the substituted nucleotide changing phenylalanine
at position 254 of 4 to valine (B4rssv). For the mutation reaction, we mixed 5-50 ng
of the wild-type 4 plasmid and 125 ng of each of the two primers in a solution
containing 5 pl of 10x reaction buffer (Strategene), | ul ANTP mix (Strategene) and 1
ul Pfu DNA polymerase (2.5 U/ml, Strategene). diluted with double-distilled water to
a final volume of 50 pl. The reaction mixture was then cycled in a PCR apparatus
(PTC-100. MJ Research Inc., MA, USA) according to the following protocol: | cycle
at 95°C for 30 s followed by 12-18 cycles at 95°C for 30 s, 55°C for | min and 68°C
for 2 min. ade2424B2. a3g230aB4 and a3g2s00B4 were generated as described earlier

(Haghighi and Cooper. 1999). All mutations were verified by sequencing.

Expression of nAChR subunit cDNAs in Oocytes

Xenopus oocytes were defolliculated and prepared as described by Bertrand et al.
(1991). We injected 1-3 ng of pairwise combinations of cDNAs coding for neuronal
nAChR. For intermediate mutant receptors, d.4g;.;g,\[52. a3e240aP4 and a3gai0of4. we
injected 3-6 ng of each subunit to achieve sufficient levels of expression (Haghighi
and Cooper, 1999). Oocytes were incubated at 19°C for 2-7 days before recording.
For single channel experiments, the vitelline membrane surrounding the oocytes was

removed.
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Electrophysiology

Whole-cell recordings from oocytes: In order to measure the macroscopic ACh-
evoked currents in oocytes, we used the two-electrode voltage clamp technique
(Bertrand et al., 1991). These experiments were performed at room temperature (22-
24°C) using a standard voltage-clamp amplifier (built by Mr. A. Sherman, McGill
University). During the recordings, oocytes were superfused with control perfusion
solution or agonist alone (or agonist plus blocker) solutions at 10-20 ml/min;
switching from one solution to another was done manually. Recording electrodes had
tip diameters of 10-15 um and were filled with 3M KCI. All mutant receptors.
a3e240aB4. a3e2300B4. ade2424B82 and a3P4 ras;v. produced ACh-evoked currents
when expressed in Xenopus oocytes.

To measure the current-voltage (I-V) relationships, we used a voltage ramp
protocol applied within 2-4 seconds after the inward current had reached its
maximum amplitude: the speed of the ramp was 333 mV/s. Voltage ramps were
applied for 360-600 ms (corresponding to 120-200 mV). during which time no
significant desensitization was observed. [-V curves were also obtained by measuring
the ACh-evoked currents at different membrane potentials (steady-state [-V curves).
Both current and voltage traces were monitored and stored for analysis. Currents were
sampled at 100-350 Hz on-line with a Pentium PC computer (running at 60 MHz and
an A/D card; Omega, Stamford, CT). The program PATCHKIT (Alembic Software,

Montreal) was used for stimulation and data acquisition.

External perfusion solution contained 96 mM NaCl, 2 mM KCl, | mM
Na;H,POs, | mM BaCl;, 10 mM HEPES and 1 uM atropine; pH was adjusted with
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NaOH to 7.4-7.5. For ion substitution experiments with monovalent organic cations,
we measured ACh-evoked [-V curves in either 100 mM NaCl and ImM BaCl orin a
test solution containing the test cation (at concentrations indicated) and |mM BaCl.
All solutions were buffered by 10 mM HEPES and NaOH to a pH of 7.4-7.5 and
contained | uM atropine. Spermidine (Sigma). Putrescine (Sigma), TRIS
hydrochloride (ICN. Canada), ethanolamine hydrochloride (Sigma) were freshly
prepared and used at concentrations indicated. Jorotoxin (JSTX-3) (RBI) was
dissolved in distilled water and kept frozen before use.
Single channel recordings from oocytes: Only oocytes that gave rise to large inward
currents (>1pA in response to 1uM ACh for a4p2 expressing oocytes) were used for
single channel recordings. Outside-out recordings were carried out using a List EPC-7
amplifier at room temperature (22-24°C) (Hamill et al., 1981). Pipette resistance
ranged from 5-10 MQ for outside-out recordings. and electrodes were coated with
Sylgard (Dow Coming). Recordings were obtained in the continuous presence of
ACh (0.1-0.2 uM for a4p2 receptors and 1-10 uM for a3B4) in the recording bath.
ACh-evoked single channel activity gradually diminished after excision of the patch
(in 2-5 min). Signals were digitized with a PCM (501. Sony) and stored on VCR
tapes. For off-line analysis, stored signals were filtered at 1.5-2kHz with an eight-pole
Bessel filter (Frequency Devices Inc.) and sampled at 10 kHz using a Pentium-60 PC
computer. The program PATCHKIT was used for stimulation and data acquisition.
External solution contained 85 mM KCI, | mM CaCl,. 10 HEPES and | uM
atropine, and pH was 7.4 adjusted with KOH. Recording electrodes contained 65 mM
KF. 20 mM potassium acetate, 10 mM HEPES and 10 mM EGTA and pH was
adjusted to 7.4 with KOH. CsCl, NH4Cl. NaCl and TRIS hydrochloride were used in

the extracellular solutions as indicated.
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Analysis

Whole-cell ACh-evoked I-V curves were obtained by subtracting the current in
response to a ramp voltage change in the absence of agonist from that in the presence
of agonist (see Haghighi and Cooper. 1998).

To measure the amplitude of single channel currents, we used either all-points
histograms of open and closed distributions. or measured the amplitude of the channel
openings individually using PATCHKIT. Histograms were fit by Gaussian curves
using Origin 4.1 graphics software (MICROCALTM Sofiware, Inc.). Mean burst
durations were calculated by averaging the burst durations from 50-200 bursts. The
open time was measured by eye using Patchkit software.

In order to calculate the relative permeability of monovalent cations to that of
Na~ (Px/Px,). we measured the reversal potential of the I-V curves in extemnal
solutions containing different monovalent cations as the main charge carrier and used
a denivative of the Goldman. Hodgkin and Katz constant field voltage equation

(Adams et al., 1980):

Erc\(.ﬂ' Ere»(hal =RT/F In {( P.\’ [/Y]n)/(P\‘u [Na]un (l)

where Py is the permeability coefficient of ion X, [X], is the extracellular
concentration of ionic specie X, and R, T and F have their usual meanings.

To measure the relative permeability of divalent putrescine to that on Na“, we
used a derivation of the Goldman, Hodgkin and Katz constant field voltage equation
for divalent cations as presented by Lewis (1979):

Erevipun Erevivar = RT/F In {([Na]o+Px/Pyq [K]o+4P pud Pru[Putle)/

([Na)i+Py/ Py, [K]i+4P’ pu/ Pyo[ Put;)} (2)
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where

P'py = Ppy/(1+ exp (Erevipun F/RT))

and Pp,, is the permeability coefficient of putrescine, [Put], is the extracellular
concentration of putrescine; R, T and F have their usual meanings. Px/P\, was
obtained from single channel measurements (Fig. 1A, see above).
Single channel [V-curves were fit to a 3™ order polynomial function and reversal
potentials were measured by eye. We compensated for junction potentials caused by
switching between different solutions.

To measure the effect of putrescine on the voltage-dependence of inward

rectification. we fit the macroscopic G-V curves to the Boltzman equation:

G/Grmax = 1/ 1+(explF-V'1 2Vhyy (3)

where V) - is the membrane potential at which conductance (G) is reduced to half of
the maximum conductance (Gm,,) and £ is a slope factor corresponding to the amount
of depolarization needed to change the conductance e-fold.

Dose response curves for the blocking effect of JISTX were fit to a derivation
of the logistic equation:

Vmax=1/{ 1+(ICso/[JD} (4)

where /Cs; is the half maximal inhibition dose, and [J] is the concentration of JSTX.

The best fit to the data was achieved by minimizing y° using a routine from Origin
4.1 graphics software that is based on a Levenberg-Marquardt algorithm. All data
points are presented as mean * standard error of the mean. Statistical significance

between values was examined using the Student ¢ test.
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RESULTS

To examine the permeability of recombinant a4fB2 receptors for different organic
cations, we conducted ion substitution experiments. We measured current-voltage
relationships for ACh-evoked currents in different test solutions containing small
monovalent cations. Like muscle nAChRs and native nAChRs on parasympathetic
neurons, a4Pf2 and a3p4 receptors show little selectivity among small monovalent
cations, Na“, K*. Cs” and NH.". Figure 1A shows single-channel I-V curves from
a4p2 receptors expressed in Xenopus oocytes measured in outside-out patches. The
inward single channel conductance was largest with K as the main charge carrier in
the extracellular solution and smallest for Cs™ according to the following sequence:
K™ (39pS)>NH." (34pS)>Na” (22pS)>Cs” (18pS). From the shift in the reversal
potential. we calculated the relative permeability for these cations from the GHK
equation (Adams et al. 1980; methods. Eq. 1): Pcs/Png (1.32+.12)2 Pyyy/Pyy (1.3£.09)
>Pyxi/Pn; (1.2+.13). These values are consistent with those from native nAChRs on
parasympathetic neurons (Nutter and Adams, 1995).

Next. we measured the relative permeability of a4p2 to monovalent organic
cations. Figure IB shows the macroscopic ACh-evoked -V curves for a4f32
receptors expressed in an oocyte with TRIS. ethanolamine (etham) or Na“ as the main
charge carrier in the external solution. The ACh-evoked current measured in
ethanolamine at -80 mV was less than 10% of the current in equimolar Na“, and the I-
V curve was shifted 12.5 mV to the left. From the GHK equation. we calculated that
Pehan/Pna Was 0.58 (£0.04, n=8). We obtained similar Pgpam/Png when the external
solution contained 40 mM ethanolamine and 60 mM Na". This suggests that
ethanolamine conducts slowly through the channel. Upon switching back to the
external solution containing Na“, we found that the ACh-evoked current took 2-3
minutes to reverse the blocking effect of ethanolamine and return to control levels

(data not shown). At the macroscopic level, we observed no detectable current upon
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Figure 4.1. Permeability of neuronal nAChRs to monovalent alkali metals and
organic cations. A, This figure shows single channel ACh-evoked I-V curves for
a4B2 neuronal nAChRs expressed in Xenopus oocytes recorded from outside out
patches. I-V curves were measured in the presence of 85 mM Na”. K. Cs” or NH.” in
the external solution (see methods) and 85 mM K" in the recording pipette. Compared
to Na" all other cations caused a rightward shift of the I-V curve. Single channel
conductance was highest for K™ followed by NH,", Na™ and Cs". B. This figure shows
macroscopic ACh-evoked [-V curves recorded from an oocyte expressing a4B2
receptors. [-V curves were measured in the presence of control solution (Na). 100
mM TRIS (T) or 100 mM ethanolamine (E). Switching to ethanolamine caused a
leftward shift in the I-V curve. Inward currents in the presence of ethanolamine as the
main charge carrier were approximately 10% of those in the presence of Na". No
detectable currents were measured in the presence of TRIS as the main charge carrier.
The inset shows single channel recordings from a4f2 receptors in outside out
patches. Switching from the control external solution (85 mM K™) to one containing
85 mM K" and 20 mM TRIS caused a 50 % reduction in the single channel amplitude
at —85 mV, without affecting the amplitude of the outward currents significantly. C,
This figure shows macroscopic ACh-evoked [-V curves recorded from an oocyte
expressing a3B4 receptors. I-V curves were measured in the presence of control
solution (Na), 100 mM TRIS (T) or 100 mM ethanolamine (E). Inward currents in the
presence of ethanolamine as the main charge carrier were approximately 40% of
those in the presence of Na'. Negligible inward currents were measured in the

presence of TRIS as the main charge carrier.



switching to equimolar TRIS (Fig. 1B), suggesting that TRIS has negligible
permeability through the receptor. To ensure that TRIS was not having an adverse
effect on the receptor. we measured ACh-evoked single channel currents in outside-
out patches in the presence 20 mM TRIS and 85 mM K”. Under these conditions we
observed inward currents that were reduced 2-3 fold in amplitude compared to those
in control solution with 85 mM K”: the outward currents appeared unaffected (Fig.
IB, inset). We observed no significant shift in the single channel I-V curve when 20
mM TRIS was added to the control solution (n=5).

Previously, we observed differences in the permeability for calcium between
a4PB2 and a3p4 receptors. therefore we tested the permeability of organic cations
through a3B4 receptors. Figure 1C shows the macroscopic ACh-evoked [-V curves
for a3p4 receptors expressed in an oocyte with TRIS, ethanolamine or Na“ as the
main charge carrier in the external solution. We observed that the ACh-evoked
current in ethanolamine at -80 mV was approximately 40% of the current in
equimolar Na“, and the I-V curve was shifted 7.1 mV to the left. From the GHK
equation (equation 1), we calculated that Pgpam/Pn, was 0.78 (£0.06, n=11), 1.4 fold
greater than that for 482 receptors. Upon switching to equimolar TRIS (Fig. 1C). we
observed that the ACh-evoked current at -80 mV was less than 1% of the current in
equimolar Na“, and the [-V curve was shifted approximately 80 mV 1o the left.
corresponding to a relative permeability of approximately 0.05 (£0.01, n=8). This
indicates that a3B4 receptors have a higher permeability to monovalent organic
cations compared to a42 receptors (P<0.05).

The intermediate ring of M2 affects the permeability of organic cations
through muscle nAChRs (Konno et al., 1991; Wang and Imoto, 1992). Previously, we
showed that negatively charged residues of the intermediate ring determine both
inward rectification and calcium permeability of a4f2 and a3p4 receptors (Haghighi

and Cooper, 1999). Therefore, we investigated the effects of the intermediate ring of
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a4Pf2 and a3p4 receptors on TRIS and ethanolamine permeability. For these
experiments. we examined 4 receptors in which the negatively charged glutamic acid
residue (Glu. E) of the intermediate ring of the a subunit had been substituted with
the neutral amino acids alanine (Ala. A) or glutamine (Gln. Q): a3 210184, a3g2:00P84
and ade2as4B82 (Haghighi and Cooper. 1999: see methods).

Figure 2A shows the macroscopic ACh-evoked I-V curves for a3y2:04p4
receptors expressed in an oocyte with TRIS, ethanolamine or Na™ as the main charge
camner in the external solution. Since a3g2:04B4 receptors are non-rectifving. we
could readily measure the outward current. This mutation increased the relative
permeability of TRIS and ethanolamine through the receptor. Upon switching to an
ethanolamine-containing solution. we observed a rightward shift in the ACh-evoked
[-V curve of 4 mV. indicating a relative permeability of 1.17 (20.9, n=6). Upon
switching to a TRIS-containing solution. we observed a leftward shift in the ACh-
evoked I-V curve of 40 mV. indicating a relative permeability of 0.20 (£0.05, n=5).

We also examined adgxisaf2 receptors. Figure 2C shows the macroscopic
ACh-evoked [-V curves for adg24:4B2 receptors with TRIS, ethanolamine or Na™ as
the main charge camrer. Similar to a3g2s4B4 receptors. switching to an
ethanolamine-containing solution caused a rightward shift in the ACh-evoked [-V
curve of | mV, indicating a relative permeability of 1.0 (£0.02. n=5). Upon switching
to a TRIS-containing solution, we observed a leftward shift in the ACh-evoked [-V
curve of 50 mV. indicating a relative permeability of 0.14 (£0.04. n=5). These resuits
indicated that the intermediate ring plays a role in determining monovalent organic
cation permeability for both a334 and a4f32 receptors.

Since both TRIS and ethanolamine are larger than Na“, the increase in
Peiarm/Pna and Prris/Py; is most likely due to the size of the amino acid side chain at
the intermediate ring. Similar results have been reported for muscle nAChRs (Wang

and Imoto. 1992). Since E and Q have side chains of similar size. we substituted E
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Figure 4.2. Amino acid side-chain at the intermediate ring influences the permeability
of organic cations. A and B show macroscopic ACh-evoked I-V curves recorded in
the presence of control solution (Na), 100 mM TRIS (T) or 100 mM ethanolamine (E)
from a3gspaPdand adeassaP2 receptors, respectively. These mutations lead to
removal of strong inward rectification (Haghighi and Cooper, 1999). Compared to
wild type receptors, these mutant receptors showed larger conductance and higher
permeability for ethanolamine and TRIS. C shows macroscopic ACh-evoked I-V
curves recorded in the presence of control solution (Na). 100 mM TRIS (T) or 100
mM ethanolamine (E) for a3g2400Pf4. In the presence of ethanolamine or TRIS, this
receptor showed similar permeability and conductance to those for wild type a3p4
receptors, suggesting that the side chain size at the intermediate ring affects the
permeability of the receptor to organic cations. D, This figure shows macroscopic
ACh-evoked I-V curves recorded in the presence of control solution (Na) or 100 mM
ethanolamine (E) for a3p4 gs;v mutant receptor. Switching from sodium to
ethanolamine caused a decrease in inward conductance of about 90%, similar to the
effect of ethanolamine on a4f2 receptors. This suggests that F253 in the M2 of 84

likely underlies the differences in permeability to organic cations between a3$4 and

a4B2.



with Q in the intermediate of the a3 subunit and examined Pgpham/Pna and Prris/Pna
for a3gisqP4 receptors. Figure 2B shows the ACh-evoked [-V curves for TRIS,
ethanolamine or Na" as the main charge carrier in the external solution. We observed
that both Pgpam/Pna (.72£.09, n=3) and Pyris/Pna (.078+.013, n=4) were smaller than
those for a3gai0ap4 receptors. and not significantly different from wild-type a3p4
receptors. Unlike wild-type a3B4 and ad4p2 receptors, a3gas0aP4. a3g2:00B4
and adg245432 receptors do not rectify and give rise to readily measurable outward
ACh-evoked currents. We observed that the outward conductance of these receptors
in both TRIS and ethanolamine was approximately 50% of the conductance measured
in control external solution.

Our results indicate that when ethanolamine is the main charge carrier, a3p4
receptors give rise to significantly larger conductance compared to a4fp2 receptors
(Fig. 1A&B). The major difference in M2 between a3B4 and a4f2 receptors is at the
position 254 where the 84 subunit has a phenylalanine (Phe. F) and all other subunits
have a valine (Val, V). To test whether the F253 in the M2 of B4 underlies this
difference, we mutated the F to V in B4 and expressed a3fB4rsiv receptors in
Xenopus oocytes. Figure 2D shows the ACh-evoked [-V curve in control and upon
switching to a solution with ethanolamine as the main charge carrier. The Pgpam/Pna
for a3B4rs3v receptors (.61+ .04, n=3) was smaller than that for a3p4 and similar to
a4B2 receptors: similarly, the relative Ggjpam/Gn, at -80 mV for a3f4rs;y receptors
was 4 fold less than that for «3p4 and not significantly different from a4p2 receptors.
This indicates that Fas3 influences both the permeability and the rate of transport of

ethanolamine through M2.
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Differential permeability of divalent organic cations through o334 and adp2
receptors

Next, we examined the relative permeability of putrescine, a ubiquitous divalent
organic cation that is present at high concentrations in vertebrate cells and is a
precursor to the formation of the polyamines, spermidine and spermine. Figure 3A
shows the macroscopic ACh-evoked [-V curves for a4f2 receptors expressed in an
oocyte with putrescine or Na“ as the main charge carrier. We observed small inward
currents upon substitution to equimolar putrescine (Fig. 3A), suggesting that
putrescine has negligible permeability through the receptor.

Since substituting E to A at the intermediate ring increased monovalent
organic cation permeability, we investigated the effects of this mutation on putrescine
permeability. Figure 3B shows the ACh-evoked [-V curves for non-rectifying
adgrysaP2 receptors in the presence of either putrescine or Na“ as the main charge
carrier. In the presence of putrescine, we observed larger inward currents from
adeassAB2 receptors compared to those from wild-type a4f2 receptors. Putrescine
shifted the reversal potential by 60 mV to the left. From this shift. we caiculated the
Ppu/Pna for adeassaB2 receptors using equation (2) (0.05+.02, n=6).

We observed greater putrescine permeability for a3f4 receptors. Figure 3C
shows the ACh-evoked [-V curves with putrescine or Na“ as the main charge carrier.
In contrast, to ad4p2 receptors, a3B4 has high permeability to putrescine: from the
shift in the reversal potential of the I-V curves. we calculated that Pp,/Px, was 2.3
(.2, n=5). Putrescine also affected the voltage-dependence of inward rectification of
a3P4 receptors. To quantify this effect, we fit the macroscopic G-V curves to a
Boltzmann equation (Eq. 3, methods); we found that in the presence of putrescine the
amount of depolarization needed for an e-fold change in conductance was increased

by 2 fold (k=28+1.3 (n=5) for putrescine vs k=13£1.2 (n=26) for Na"). This indicates
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Figure 4.3. Putrescine has differential permeability through a3p4 and a42 receptors.
A shows macroscopic ACh-evoked [-V curves recorded in the presence of control
solution (Na) or 100 mM putrescine (P) for a4f32 receptors. Putrescine has negligible
permeability through this receptor. B shows macroscopic ACh-evoked I-V curves
recorded in the presence of control solution (Na) or 100 mM putrescine (P) for
ade245B2 receptors. This receptor does permeate putrescine detectably: however, the
inward currents were over 90% smaller in the presence of putrescine as compared to
those in the presence of Na. suggesting a blocking effect by putrescine. C. This figure
shows ACh-evoked [-V curves recorded in the presence of control solution (Na) or
100 mM putrescine (P) for a3B4 receptors. These receptors readily permeate
putrescine; the right ward shift in the -V curve upon switching from Na™ to
putrescine indicates a high permeability to putrescine. D. This figure shows ACh-
evoked [-V curves recorded in the presence of control solution (Na) or 100 mM
putrescine (P) for a3gxaP4 receptors. These receptors also readily permeate
putrescine; however,. the shifts in the I-V curve in the presence of putrescine is less
than that for a3B4 receptors, suggesting less permeability for putrescine for this

receptor compared to that for the wild type a3p4 receptor.



that the inflow of putrescine affects the interaction of intracellular polyamines with
the intermediate ring.

Extracellular polyamines block a384 and ad4p2 receptors

Since putrescine, the divalent precursor to spermidine and spermine, had differential
permeability through a3B4 and a4pB2 receptors, we investigated the permeability of
the multivalent intermediate precursor, spermidine. When spermidine was used as the
only charge carrier, we did not observe a detectable ACh-evoked inward current
through a3p4 and ad4P2 receptors at hyperpolarized potentials up to -120 mV (data
not shown). Figure 4A shows the macroscopic ACh-evoked [-V curves for a3p4
receptors in the presence of either the control solution or the control solution plus 10
mM spermidine. Addition of spermidine to the external solution caused a significant
block (>90%) of the inward current at -80 mV without affecting the reversal potential
of the ACh-evoked currents (Fig. 4A). These results indicate that spermidine has little
permeability through the receptor, comparable to what we showed previously for
spermine (Haghighi and Cooper, 1998 & 1999). We observed similar effects for
spermidine on a4f32 receptors (data not shown).

The mutations in the intermediate ring did not increase the permeability of
spermidine through o384 and a4P2 receptors. Figure 4B shows the ACh-evoked [-V
curves for a3g240aP4 receptors in the presence of either the control solution or the
control solution plus 10 mM spermidine. Spermidine did not affect the reversal
potential of the I-V curve, indicating that it does not permeate through these

receptors. We observed similar results for adg24542 receptors (data not shown).

Joro spider toxin blocks a3p4 and a4P2 receptors in a use dependent manner
Since we found that extracelluiar polyamines blocked neuronal nAChRs, we tested
the effects of Joro toxin (JSTX), a polyamine-related toxin (Fig. SE). Figure SA

shows the ACh-evoked currents from a3pB4 receptors in response to co-applications
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Figure 4.4. Spermidine has negligible permeability through neuronal nAChRs. A
shows ACh-evoked I-V curves recorded in the presence of control solution (Na) or
the control solution plus 10 mM spermidine (SPD) for 334 receptors. Spermidine
blocks the inward currents (>95%) without affecting the reversal potential. suggesting
negligible permeability for spermidine through these receptors. B shows similar
recordings from a3gx404B4 receptors. Spermidine also blocks the inward currents
through these receptors without affecting the reversal potential of the ACh-evoked
currents, suggesting that the intermediate ring does not influence the permeability of

spermidine through the receptor.
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Figure 4.5. JSTX blocks a3p4 and a4fB2 receptors with high affinity and in a use-
dependent manner. A, this figure shows macroscopic ACh-evoked currents recorded
from an oocyte expressing a3B4 receptors at -90 mV. Repeated coapplication of 50
nM JSTX with ACh (100 uM) caused an increasing reduction of the inward currents
recorded from these receptors. After three coapplications, the current was blocked
over 90%. The horizontal and vertical bars correspond to 5 s and 200 nA,
respectively. B, This figure shows similar recordings from a34 receptors in response
to coapplication of 100 nM JSTX with ACh (100 uM). One coapplication caused a
nearly complete block of the inward current. The horizontal and vertical bars
correspond to 5 s and 200 nA, respectively. C, This figure shows macroscopic ACh-
evoked currents recorded from an oocyte expressing a4p2 receptors at —90 mV.
Traces from bottom to top correspond to a control ACh (1 uM) application and the
2", 6™ and 10™ coapplication with 100 nM JSTX and ACh 2 min apart. The
horizontal and vertical bars correspond to 5 s and 200 nA, respectively. D shows the
dose-inhibition curves for the blocking effect of JSTX on a3p4 and a4p2 receptors.
We fit the data points (n=4-6 for each point) to a logistic equation (Eq. 4.) to estimate
the half maximal inhibition dose (ICsq). The ICsp of JSTX was 8.5£0.25 nM for a3p4
and 45+2.3 nM for a4f2 receptors. SE shows the structure of putrescine, spermidine,

spermine and JSTX.



of ACh and 50 nM JSTX. The block developed during the co-application and
increased with use: after 3 co-applications, JSTX blocked the ACh-evoked current by
over 90%. The degree of block was increased with increasing concentration of ACh
from 1 to 100 uM (data not shown). This suggests that JSTX acts as an open channel
blocker. Figure 5B shows the blocking effect of 100 nM JSTX when coapplied with
ACh. A 10 s coapplication was enough to completely block the ACh-evoked currents
in a3p4. Figure 5C shows the ACh-evoked currents from a4f32 receptors in response
to co-applications of ACh and 100 nM JSTX. After 10 co-applications (figure shows
the 2™, 6™ and 10" applications), JSTX blocked approximately 75% of the ACh-
evoked current, suggesting that JSTX is more effective on a3p4 receptors. Figure SD
shows JSTX-inhibition curves for a3B4 and a4f2 receptors. We fit the data to a
logistic equation (Eq. 4, methods) and estimated the ICso. The ICso for JSTX on a3p34
(8.5£0.25 nM) was 5 fold less than that for a4B2 receptors (45+2.3 nM). This high-
affinity block reversed slowly (50% recovery after 10 min), and using voltage ramps,
we found that it had little voltage-dependence (data not shown).

For AMPA/kainate receptors the site that undergoes RNA editing within the
pore (Q/R) underlies inward rectification, calcium permeability and block by JSTX
(Blaschke et al., 1993; Tsubokawa et al., 1995; Dingledine et al., 1999). Therefore,
we tested whether JSTX blocks the non-rectifying intermediate ring mutant receptors,
a3g240aP4. Figure 6A shows the ACh-evoked currents from an oocyte expressing
a3e240aP4 receptors in response to co-applications of ACh and 50 nM JSTX at -90
mV. After 4 co-applications, JSTX blocked the ACh-evoked current by over 90%,
similar to the block on wild-type a3f4 receptors. These results indicate that JSTX
does not interact with the intermediate ring, and that for neuronal nAChRs, unlike
AMPA/kainate receptors, JSTX block and inward rectification do not go hand in
hand.
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Figure 4.6. The block by JSTX has little voltage dependence and is influenced by
F253 in the M2 of B4. A and B show macroscopic ACh-evoked currents recorded
from an oocyte expressing a3g240484 receptors at -90 mV and +50 mV. respectively.
Each figure shows a control trace in response to ACh (100 uM) alone or a trace
corresponding to the 4™ coapplication of (50 nM) JSTX together with ACh. JSTX
blocked the ACh currents at both positive and negative membrane potentials in a
similar manner. indicating a weak voltage dependence for this block. C. This figure
shows macroscopic ACh-evoked currents recorded from an oocyte expressing
a3B4ra0v receptors at —90 mV. Traces from bottom to top correspond to a control
ACh (100 uM) application and the 2™. 4™ 6" and 10" coapplication with 100 nM
JSTX and ACh in 2 min intervals. 100 nM JSTX blocked these receptors by

approximately 80%.



In addition, we used these non-rectifying a3g2s04P4 receptors to investigate
the voltage-dependence of the block by JSTX. Figure 6B shows the ACh-evoked
currents from the oocyte in figure 6A at +50 mV. We observed a similar block by
JSTX of the ACh-evoked currents at +50 mV compared to -90 mV. These results
suggest that the block by JSTX has little voltage-dependence.

a3f34 receptors are 5 fold more sensitive to block by JSTX compared to a432
receptors. Since JSTX appears to act as an open channel blocker, it is likely that the
M2 region of the receptor underlies the differential sensitivity to JSTX. To test
whether B4F253 underlies the increased JSTX sensitivity of a3pf4, we examined
block by JSTX of a3B4es;v receptors. Figure 6C shows the ACh-evoked currents
from a3P4es;y receptors in response to co-applications of ACh and 100 nM JSTX.
After 10 co-applications. JSTX blocked approximately 80% of the ACh-evoked
current. less effective than that for a3p4 receptors (P< 0.05) and similar to what we

observed for a4p2 receptors.

Phenylalanine at 253 in PB4 affects single channel burst duration of a3f4
receptors

Our results indicate that JSTX blocks open receptors. The difference in JSTX
sensitivity between a34 and a4P2 correlates with the difference in single channel
burst duration. Single channel burst duration for a3f34 receptors are approximately
10 times longer than those for a4f2 receptors (Papke. 1993; Haghighi and Cooper,
1998). Since a3P4rsiv receptors are less sensitive to JSTX compared to wild-type
a3f34, we tested whether this mutation also affected the single channel burst duration.
Figure 7 shows examples of single channel bursts for a3p4, ad4p2 and a3B4essv
receptors measured in outside-out patches. The mean burst duration for a3B4rs3v
receptors (12.3 + 1.6 ms; n=52) was about 10 times shorter than that for a3p4

receptors (98.9+ 6.7 ms; n =207) and not significantly different from that for adf32
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Figure 4.7. F253 in the M2 of B4 determines the long single channel burst duration in
a3f4 receptors. This figure shows single channel bursts for a3p4. adfi2
and a3B4p40v recorded from outside out patches. The mean burst duration for a3p4.
a4B2 and a3pP4riov were 98.9% 6.7 ms (n =207), 10.5 £ 1.1 ms (n=187)and 12.3 +

1.6 ms (n=52), respectively.



. receptors (10.5 + 1.1 ms; n=187). These results indicate that F253 in the M2 of p4

influences the single channel gating of a3B4 receptors.
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DISCUSSION

In this paper, we demonstrate that neuronal nAChRs are targets for extracellular
polyamines and polyamine-related toxins. We show that JSTX blocks neuronal
nAChRs in a use-dependent manner with nanomolar affinity. This block is similar to
the block of Ca™ permeable AMPA/kainate receptors by JSTX (Blaschke et al.,
1993; Tsubokawa et al., 1995; Washbum and Dingledine, 1996). For AMPA
receptors, high calcium permeability, strong inward rectification and the block by
JSTX go hand in hand. We show that this is not the case for neuronal nAChRs: Ca™
impermeable, non rectifying mutant receptors are blocked by JSTX as effectively as
wild-type receptors are. This suggests that the negatively charged residues in the
intermediate ring, which govern both calcium permeability and strong inward
rectification of the receptor, are not involved in the block by JSTX. It is likely that
JSTX blocks the receptor by interacting with polar and non-polar residues in M2 that
line the conductive pathway, as has been shown for the block of muscle nAChRs by
the local anaesthetic, QX-222 (Charnet et al., 1990).

A phenylalanine in the M2 of B4 (B4F253) influences gating and toxin sensitivity

of 34 nAChR

We show that a3p4 and a4P2 differ in their sensitivity to JSTX. In the M2 domain,
there is one striking amino acid difference among nAChR subunits: all known
vertebrate nAChR subunits have a LLxxxVF motif in M2, except for 4 in rat,
monkey and human in which the motif is LLxxXFF. Our results demonstrate that this
amino acid difference underlies the long single channel burst duration of a3p4
receptors. Since JSTX interacts with the open receptor, long bursts of a3p4 increase
the likelihood of JSTX entering the channel and blocking the pore, giving rise to

increased JSTX sensitivity.
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In the past decade, by combining genetic analysis and patch-clamp
electrophysiology, several mutations in the muscle nAChR subunits have been
identified that lead to an increased single channel burst duration and are linked to
slow-channel myasthenic syndrome (Engel et al., 1998). Of particular interest are two
mutations that incorporate a Phe residue in the M2 (aV249F: eL.269F). both these
mutations cause a lengthening of the single channel burst duration of muscle nAChRs
(Engel et al., 1996: Milone et al., 1997). This is consistent with our findings that
mutation of Phe254 to Val in B4 causes a significant decrease in single channel burst
duration of a3p4 receptors. It is possible that the bulky aromatic side chain of Phe in
the pore interferes with the movement of the M2 a-helices that is thought to underlie

the proposed conformational switch between open and closed states (Unwin. 1993).

Both the M2 and the intermediate ring influence permeability through neuronal
nAChRs

By examining the relative permeability of various organic cations, we demonstrate
that two structural loci in the channel of neuronal nAChRs differentially affect the
permeability of organic cations based on their cross-sectional diameter. length and
charge. For short chain (less than (CH):) monovalent organic cations. such as TRIS
and ethanolamine, the permeability is governed by the size at the intermediate ring.
Substituting Glu with Ala at the intermediate ring of a3pf4 and a4p2 increased
permeability for both TRIS and ethanolamine, whereas Glu with Gin had little effect.
At the other extreme. long chain multivalent spermine and spermidine block in the

M2 and do not appear to have access to the intermediate ring when applied from
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outside, in contrast to intracellular polyamines that tightly interact with the
intermediate ring (Haghighi and Cooper, 1999). Interestingly, divalent, intermediate-
length organic cations appear to interact with both the M2 and the intermediate ring:
putrescine is poorly permeable through ad4f2, whereas a3p4 readily permeates
putrescine, suggesting a role for M2 in determining putrescine permeability. In
addition, the intermediate ring mutant receptor a3g2s0aB4 has a lower permeability to
putrescine than the wild type a3b4. indicating that the intermediate ring influences the
permeability of putrescine. These results indicate that two structural domains, the M2
and the intermediate ring, differentially influence the permeability through neuronal

nAChRs.

It is outside the scope of this study to identify individual residues along the
M2 that influence permeability of organic cations; however, we have identified one
such residue. Our results suggest that the Phe253 residue of B4 is partly responsible
for the differences between the permeability of organic cations through a3p4 and
a4f2. The aromatic residues are thought to have a stabilizing effect on cations
through an interaction known as cation-n interaction (Dougherty and Stauffer, 1990:
Kumpf and Doughenty, 1993). This interaction is thought to underlie the selectivity of
potassium channels (Kumpf and Dougherty, 1993). It is therefore conceivable that the
presence of the aromatic Phe in the M2 of B4 underlies the differences in permeability

of monovalent organic cations and the divalent putrescine between a3f4 and a4p2.
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DISCUSSION

Physiological role of neuronal nAChRs
The function of neuronal nAChRs in the peripheral nervous system (PNS) is well
understood. Neuronal nAChRs on postsynaptic autonomic neurons give rise 1o
excitatory postsynaptic currents in response to ACh released from the preganglionic
cholinergic nerve terminals. The importance of neuronal nAChRs in the peripheral
nervous system has been recently highlighted in a study on mutant mice lacking the
nAChR a3 gene (Xu et al.. 1999). These mice have a fatality rate of about 40% one
week after birth and over 90% eight weeks after weaning and show severe post natal
growth deficiencies with 60% less weight on average compared to wild type mice.
They also show severe defects in bladder contractility and pupillary contraction (Xu
et al.. 1999). The SCG neurons of these mice show a great reduction in their ACh-
evoked response. consistent with the rate limiting role of a3 gene expression for the
normal development of ACh-currents in these neurons (Mandelzys et al., 1994).
Therefore, the lack of bladder and pupillary contractility is most likely due to the lack
of a3-containing nAChR receptors in the parasympathetic intramural ganglia of the
bladder and the lack of parasympathetic input to the ciliary ganglion of the eye. These
results further stress the important role of neuronal nAChRs for the normal
physiology of the PNS. The function of neuronal nAChRs in the central nervous
system (CNS), however, is still unclear.

The physiological role of central nicotinic receptors has been explored in

mutant mice that lack either a4 or B2, the two most abundant nAChR subunits in the
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brain (Picciotto et al., 1995; Marubio et al., 1999). Surprisingly, both mutant mice
live to adulthood. mate normally, show no obvious physical abnormalities and are no
different from their wild-type littermates in any behavioral tests. The only differences
between these mutant mice and wild-type littermates are a reduction of nicotine
induced avoidance learning (Picciotto et al., 1995) and reinforcing effects (Picciotto
et al., 1998) in the B2 mice and reduced nicotine induced antinociception in a4
mice (Marubio et al.. 1999). Indeed. B2 mice show better avoidance leaming (non-
nicotine induced) than their wild tvpe littermates (Picciotto et al.. 1995). From these
studies, it appears that these subunits that comprise the majority of high affinity
nicotine binding sites in the brain are not essential for the normal physiology of the
nervous system in animal models. However, an argument can be raised that a
compensatory mechanism may be involved. This mechanism is not likely through an
over expression of other nAChR subunit genes in the brain, since in either mutant
mice mRNA levels for the other subunits appeared to be identical to those in their
wild type littermates (Picciotto et al.. 1995: Marubio et al., 1999). An altemnative
interpretation is that the nicotinic transmission in the brain may be involved in higher
cognitive functions that are not easily measurable in animal models.

In humans, neuronal nAChRs have been implicated in neurological diseases
including Alzheimer’s disease and epilepsy. Recent genetic analysis of patients with
autosomal nocturnal frontal lobe epilepsy has demonstrated a linkage between this
disease and two mutations in the a4 nAChR subunit gene (Steinlein et al., 1995;

Steinlein et al., 1997). Recombinant mutant a4 subunits expressed with B2 subunit in

heterologous systems give rise to functional a4p2 receptors that show abnormal
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properties. These findings suggest that defects in a neuronal nAChR in the brain are
directly involved in causing abnormalities in the nervous system, revealing the

importance of these receptors for the normai physiology of the nervous system.

Central nAChRs are mainly presynaptic and influence neurotransmitter release
Although nAChRs are widespread in the CNS., excitatory nicotinic transmission is not
prominent in the brain. Evidence accumulating in the past two decades strongly
suggests that most central nAChRs are located presynaptically (Clarke, 1993.
McGehee and Role, 1996; MacDermott et al., 1999). Binding studies have
demonstrated the presence of high affinity binding sites for radio-labeled nAChR
agonists and antagonists in many regions of the CNS that receive colinergic inputs.
including the cerebral cortex. medial habenula, interpeduncular nucleus, substantia
niagra. ventral tegmental area and thalamus (Schwarz et al., 1984; Clarke and Pen.
1985; Clarke et al.. 1986: Clarke, 1993. Anderson and Americ, 1994). Lesioning of
presynaptic inputs to several nAChR rich regions of the brain has been demonstrated
to abolish high affinity nicotine and a-BTX binding sites in the terminals and in the
terminal fields (Clarke and Pert. 1985. Clarke et al., 1986), suggesting that many
nAChRs are located presynaptically.

Additional studies have provided more support for a presynaptic role for
central nAChRs by demonstrating that nAChR activation can trigger the release of a
variety of neurotransmitters including dopamine. noradrenaline, GABA and
glutamate (Rappier et al.. 1990; McGehee et al., 1995: Lena and Changeux, 1997). In

both synaptosome and slice preparations of striatum, nicotine application leads to a
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significant increase in dopamine release (Rappier et al.. 1988, 1990; Rowell. 1995).
Similarly, nanomolar concentrations of nicotine enhance the presynaptic intracellular
Ca™ concentration and cause a significant increase in the frequency of miniature
excitatory glutamergic postsynaptic potentials at synapses between the medial
habenula nucleus (MHN) neurons and the interpeduncular nucleus (IPN) neurons of
chick both in the presence and absence of TTX (McGehee et al.. 1995). Moreover,
activation of presynaptic nAChRs by dimethylphenylpiperazinium (DMPP, a
nicotinic agonist) in slices of thalamus sensory nuclei in mouse leads to enhancement
of GABAergic miniature inhibitory postsynaptic potentials (Lena and Changeux,
1997). All these studies together suggest that neuronal nAChRs most likely function
as presynaptic receptors in the brain and are involved in modulation of
neurotransmitter release.

Presynaptic nAChRs can modulate synaptic transmission

One mechanism by which presynaptic neuronal nAChRs can modulate synaptic
transmission is by directly triggering an action potential in a nerve terminal. it has
been demonstrated in chromaffin cells that the opening of a single nAChR can cause
enough depolarization to trigger an action potential (Fenwick et al., 1982).
Considering the small size and high impedance of the nerve terminal and the
relatively large single channel conductance of nAChRs, the opening of a few (or even
one) neuronal nAChRs can trigger action potentials in the terminal and lead to
neurotransmitter release, independent of the up stream activity in the cell body. The

ACh-triggered action potential can also propagate retrogradely and create a barrier for
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the incoming signals from the cell body, rendering the nerve terminal an independent

signaling component controlled by the activity of local presynaptic neuronal nAChRs.

Physiological significance of the interaction of polyamines with neuronal
nAChRs

The goal of my work has been to gain insight into the mechanisms that influence the
function of presynaptic nAChRs. As direct electrophysiological examination of these
receptors at the nerve terminals is technically difficult, I have used recombinant
neuronal nAChRs for my experiments. Inward rectification and Ca™ permeability are
two essential properties that enable these receptors to carry out their function.

The major contribution of my work ts the characterization of the mechanism
underlying the strong inward rectification of neuronal nAChRs and identification of a
molecular link between inward rectification and Ca™ permeability. My findings on
the interaction of intracellular polyamines with neuronal nAChRs provides insight
into the mechanism by which the function of presynaptic nAChRs is modulated. In
the absence of inward rectification due to the voltage-dependent block by intracellular
spermine, the conductance increase upon activation of nAChRs at positive membrane
potentials would short circuit (shunt out) the action potential and reduce the
amplitude of the depolarization in the nerve terminal and decrease neurotransmitter
release. However, intracellular polyamines prevent this conductance increase by
blocking the receptors at positive membrane potentials.

Examination of the effect of intracellular spermine in outside out patches and

macroscopic ACh-evoked G-V curves from neurons indicate that intracellular
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polyamines can block the conductance of the receptor at membrane potentials near
rest. Since both intracellular polyamines and the conducting Ca™ ions through the
pore interact with the receptor at the same site, polyamines can compete for this site
with Ca™, thereby affecting the inflow of Ca™. This process provides a modulatory

mechanism for the action of nAChRs at nerve terminals.

Removal of spermine removes rectification in intact neurons: the use of an
animal model

My experiments indicate that polyamines are sufficient for conferring inward
rectification to neuronal nAChRs: however. they do not directly show that removal of
polyamines from neurons leads to a reduction or removal of inward rectification.
Removal of inward rectification in neurons is difficult, in part because polyamines are
present at high concentrations inside cells and are highly compartmentalized and
tightly buffered (Swird et al.. 1997). Removing free polyamines leads to more release
from cytosolic stores such as from those bound to phospholipids. ATP and
nucleotides (Nakai and Glinsmann, 1977; Watanabe et al.. 1991. Meksuriven et al.,
1998). making it difficult to effectively lower the levels. Since only uM
concentrations of free polyamines are enough to block the receptors (Haghighi and
Cooper. 1998), little removal of rectification can be achieved by dialysis. One
possible approach to lower the levels of polyamines in vivo is the use of animal
models where enzymes in the biosynthesis pathway of polyamines are genetically

mutated.
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Recently, a mutant mouse (Gy) that has served as a mode! for X-linked
hypophosphatemia (Lyon et al., 1986) has been identified to bear a large deletion in
the spermine synthase gene, the enzyme that converts spermidine to spermine (Meyer
et al.. 1998: Lorenz et al., 1998). Examination of the levels of polyamines in the Gy
animals indicates that the leveis of spermine in these animals are extremely low or
non-detectable, whereas spermidine levels are significantly elevated.

[ hypothesized that the inward rectification of ACh-evoked currents in these
mice would be affected. [ tested this hypothesis by measuring the ACh-evoked |-V
curves in SCG neurons from these animals using the whole-cell patch-clamp
technique. Initiaily, the [-V curves showed inward rectification, likely due to the
presence of high concentrations of spermidine in these neurons. However, after 5-20
minutes dialysis with an intracellular recording solution containing 5-10 mM
Na-ATP, ACh-evoked currents showed a nearly linear I-V curve (Figure 5.1). These
results indicate that polyamines are necessary and sufficient to confer inward
rectification to neuronal nAChRs and present the Gy mice as a model to study the

function of presynaptic nRAChRs.
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Figure 5.1. This figure shows a comparison between ACh-evoked currents recorded
from a normal SCG neuron and a mutant Gy SCG neuron. The upper two panels
show steady state macroscopic currents at —40 (-60 for wild type). -20. +20 and +40
mV holding potentials. These records were obtained 5 minutes after breakthrough
into the whole-cell configuration in the presence of 5 mM Na;ATP in the recording
electrode. Large outward ACh-evoked currents were recorded from the Gy neuron at
positive membrane potentials; in contrast, the wild type neuron produced no
detectable outward currents. The lower panels show the macroscopic ACh-evoked I-
V curves recorded from a normal SCG neuron and a mutant Gy SCG neuron. The I-V
curve for the normal neuron shows strong inward rectification: this rectification is

significantly reduced for the Gy neuron.



CONCLUSION

Our model suggests that an electrostatic interaction between positively charged
polyamines and the densely negatively charged intermediate ring underlies the
blocking effect of polyamines. Under the electrostatic influence of the intermediate
ring, polyamine molecules become immobilized at the intermediate ring, and. since
this region forms a narrow part, they occlude the pore (Fig. 5.2). At negative
membrane potentials both the inward movement of cations through the receptor and
the undesirable membrane electrical field oppose the interaction of polyamines with
the intermediate ring. In addition. at hyperpolarized membrane potentials, positively
charged polyamine molecules more readily interact with negatively charged
phospholipids, decreasing the local polyamine concentration in the vicinity of the
receptor. On the other hand, depolarization allows accumulation of polyamines near
the mouth of the pore and favours their interaction with the densely negatively
charged intermediate ring. leading to occlusion of the pore (Fig. 5.2). Since the
intermediate ring of negative charges that forms the site of interaction of polyamines
also determines Ca™ permeability of the receptor. block by polyamines can affect
Ca™ entry through neuronal nAChRs at the nerve terminals.

In conclusion, my findings introduce a novel mechanism by which the
function of neuronal nAChRs is modulated at synapses through the voltage-dependent
interaction of polyamines with the intermediate ring of negatively charged residues.
Intraceilular polyamines interact with several other ion channels including subtypes
of AMPA/kainate receptors and inward-rectifier potassium channels in a similar

manner (Lopatin et al., 1994; Bowie and Mayer, 1995). It appears that evolutionary
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Figure 5.2. Cartoon of the interaction of polyamines with the intermediate ring at the
cytoplasmic end of M2. The upper panels show the wild type receptor with five
negatively charged glutamic acid (E) residues at the intermediate ring. At negative
membrane potentials (top left), polyamines (rod-shaped positively charged
molecules) are not attracted to the pore and likely interact with negatively charged
phospholipids: thus the receptor can readily conduct inward currents. In contrast, at
positive membrane potentials (top right), polyamines are attracted to the intermediate
ring and tightly interact with the negative charges at this site. Polyamines then
become immobilized at this site through an electrostatic interaction with these
negative charges and block the outward ACh-evoked currents. The lower panels show
the same cartoon for a mutant receptor, where three negatively charged residues at the
intermediate ring have been substituted with neutral alanine (A) residues. At negative
membrane potentials these receptors readily give rise to inward currents, similar to
wild type receptors. At positive membrane potentials (bottom night), polyamines are
no longer attracted to the pore, since the presence of neutral residues interferes with
the electrostatic interaction of polyamines and the intermediate ring. Therefore,
polyamines no longer block the receptor and ACh evokes outward currents through

the receptor.



these ion channels have adopted an alternative mechanism for gating by using
ubiquitous polyamines as gating molecules; this is in contrast to voltage-gated sodium
and potassium channels, where voltage-dependent gating is mediated by a specialized
structural motif. It is conceivable that local fluctuations in the levels of intracellular
polyamines under physiological and pathophysiological conditions modulate the

function of these ion channels at synapses.
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