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ABSTRACT

Programmed cell death is a widespread phenomenon in the developing nervous system.
During early development, neurons are initially produced in excess and up to 70% of
them are eliminated in later stages of development, during a period of synapse formation
with their targets. However, the mechanisms that initiate the death of neurons are not
clear. In the avian ciliary ganglion, neurons go through the period of target-dependent
cell loss between E8 and E14; however, almost all neurons in the ganglion are prevented
from dying by the chronic in ovo treatment with a7-nAChRs specific antagonists, o.-
bungarotoxin or MLA. Since a.7-nAChRs are implicated in the cell death of ciliary
ganglion neurons, I tested whether the activation of these receptors directly on the ciliary
ganglion neurons facilitates cell death by inducing large increases in intracellular Ca**. I
found that the ciliary ganglion neurons are heterogeneous with respect to their surface
a7-nAChR density and, as a result, activation of these receptors by nicotine leads to large
increases in [Ca*"];in some neurons but not in others. Furthermore, immature E8 neurons
exhibit slower rates of Ca®" decay after nicotine stimulation than E13 neurons, suggesting
that E8 neurons do not clear [Ca™"]; efficiently and could be more susceptible to Ca*"
overload. Expressing the abtx that is tethered to the cell membrane via the
glycosylphosphatidylinositol anchor (GPlabtx) in the ciliary ganglion neurons inhibits
the increases in [Ca*"];induced by nicotine through a7-nAChRs specifically. This cell-
autonomous inhibition of a7-nAChRs prevents cell death of ciliary and choroid neurons.
For this to happen, GPlabtx must be expressed in neurons; the expression of this
construct in the surrounding non-neural tissue does not prevent neuronal loss in the
ciliary ganglion. Later in development, a7-nAChRs are prevented from inducing cell
death by the chicken PSCA molecule that is significantly upregulated in the ciliary
ganglion between E8 and E15. The chicken PSCA is neuronal specific molecule that
belongs to the Ly-6/neurotoxin superfamily that includes abtx and lynx1 and compared
to other tissues, it is highly expressed in the ciliary ganglion. The expression of the
PSCA mRNA in tissues correlates with the expression of 7-nAChR mRNA, suggesting
that PSCA modulates the signaling via these receptors. In fact, overexpressing the PSCA
in the ciliary ganglion neurons prevents nicotine-induced increases in [Ca®"]; through o 7-
nAChRs. Misexpressing the PSCA in ES8 ciliary ganglion prevents choroid but not ciliary
neurons from dying. Therefore afferent inputs can induce cell death by activation of a.7-
nAChRs in the developing ciliary ganglion by increasing the [Ca>']; over the threshold for
cell death. Upregulation of endogenous prototoxins, such as PSCA, opposes the large
increases in [Ca”']; via a7-nAChRs and prevents these channels from facilitating cell
death after the final numbers of neurons have been established. These results indicate that
the control of cell death is more complex than originally proposed by the neurotrophic
hypothesis and present the mechanism by which cell death in the developing ciliary
ganglion is regulated, thus, further highlighting the importance of non-traditional roles of
a7-nAChRs during the development of the nervous system.
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CHAPTER 1

COMPREHENSIVE LITERATURE REVIEW

Developmental Cell Death in The Vertebrate Nervous System

Biological Role

Programmed cell death is a widespread phenomenon in the developing nervous system.
Nearly all classes of neurons are produced during development in numbers greater than
that found in the adult nervous system, only to be partially eliminated later in
development (Cowan et al., 1984). Depending on the region of the nervous system, 20%
- 70% of neurons are eliminated by a highly regulated process known as programmed cell
death. This phenomenon is conserved throughout evolution (Ameisen, 1996) and
involves activation of specific cell death genes (Ellis and Horvitz, 1986; Kuida et al.,
1996; Pettmann and Henderson, 1998). Although most studies involving developmental
cell death have been done in birds and mammals, it is believed that cell death involves all
major taxonomic groups and many types of neurons (motor, sensory, autonomic) in
central (CNS) and peripheral (PNS) nervous systems, suggesting that it plays an
important role in sculpting the gross structure of the vertebrate nervous system
(Oppenheim, 1991; Buss et al., 2006). It is now recognized that many neurons are

eliminated well before they contact their targets; however, the majority of neuronal cell



loss involves post-mitotic neurons and coincides with the period of target innervation

(Oppenheim, 1991).

The process of developmental cell death has been extensively described (Oppenheim,
1991), but the reason for this massive neuronal cell death is still unclear. Several
hypotheses for the explanation of this phenomenon have been proposed, however, only
some of these received experimental support. Since the vast majority of neurons
eliminated during development are terminally post-mitotic and proper nervous system
function critically depends on formation of extensive and highly specific synaptic
circuits, two particularly attractive hypotheses are (i) error correction and, (ii) the
optimization of connectivity between neurons, their targets and afferent inputs (system

matching hypothesis) (Clarke et al., 1998; Buss et al., 2006).

Error Correction

The formation of appropriate connections is critical for proper functioning of the nervous
system. Therefore, it is reasonable to assume that one of the roles of developmental cell
death is the elimination of aberrant connections (Cowan et al., 1984). Initial evidence for
this came from studies in the isthmo-optic nucleus (ION) of chicken embryos. The axons
from neurons in ION normally project to, and synapse in, the contralateral retina,
however, a small number of ION neurons project to the ipsilateral retina (Clarke and
Cowan, 1975, 1976). These ipsilateral projections are transient and subsequent studies

showed that these incorrectly projecting ION neurons die rather than lose their ipsilateral



axons (McLoon and Lund, 1982; O'Leary and Cowan, 1982). Furthermore, in a
developing chicken visual system, a number of incorrect projections from the retina of
one eye to the retina of the opposite eye, as well as the projections from the retina to the
ipsilateral tectal lobe, are observed. These targeting errors are eliminated in the later
stages of development, during the cell death of retinal ganglion neurons (McLoon and

Lund, 1982; O'Leary et al., 1983; Thanos and Bonhoeffer, 1984).

Although many of the aberrantly projecting ION neurons are eliminated during the period
of cell death, they constitute less thel% of the total ION population undergoing cell death
(Clarke and Cowan, 1976). However, rather than synapsing on a completely incorrect
target, it is more common for neurons to project to the wrong area of the topographically
correct target. For example, in a mature rat visual system, the retino-collicular
projections form a highly organized structure where neurons from the nasal part of the
retina project to the caudal part of the contralateral superior colliculus (Land and Lund,
1979). In newborn animals, however, a number of neurons from the temporal part of the
retina also synapse in caudal superior colliculus but the majority of these improperly
projecting neurons are eliminated during the period of cell death of the retinal ganglion
cells (Crespo et al., 1985; O'Leary et al., 1986). Similarly, 40% of the ION neurons
synapsing in the topographically wrong area of contralateral retina are eliminated by the
end of cell death in the ION, suggesting that the majority of neurons that die are the ones
whose axons do not conform to the topography of the isthmo-optic projections (Catsicas

et al., 1987).



The elimination of erroneous connections during the programmed cell death seems to be
one of the dividends associated with a larger process of system matching (see below).
Still, the mechanisms that lead to the preferential death of some neurons over others are

largely unknown.

Quantitative Optimization of Connectivity (System-Matching Hypothesis)

Most of the evidence in the field of developmental cell death agrees with the hypothesis
that neurons are initially overproduced so that the number of functional contacts with
their cellular partners can be adjusted to provide sufficient innervation of their targets
(Pettmann and Henderson, 1998). The most direct evidence for the system-matching
hypothesis comes from studies in which target fields of various neuronal populations
have been experimentally manipulated. In these studies, complete or partial removal of
the target tissue exacerbated neuronal cell death (Hamburger, 1958; Landmesser and
Pilar, 1974b; Oppenheim et al., 1978), while increasing target availability significantly
reduced the number of neurons undergoing cell death (Hollyday and Hamburger, 1976;

Narayanan and Narayanan, 1978b; Boydston and Sohal, 1979).

These experiments suggest that the size of the target field regulates the number of
surviving neurons; however, in many instances this relationship does not appear to hold.
For example, doubling the size of the target tissue does not prevent death of all neurons
as would be expected according to this hypothesis, instead little less than half of cell

death is prevented (Sperry and Grobstein, 1985; Tanaka and Landmesser, 1986;



Oppenheim, 1991). Similarly, complete removal of the target tissue does not result in the

loss of all neurons (Tanaka and Landmesser, 1986).

The most serious challenge for the size-matching hypothesis comes from studies in
Xenopus laevis larvae. After the removal of a hind limb and experimentally directing the
axons of these motoneurons into the contralateral (surviving) limb, the number of
surviving motoneurons on both sides of the spinal chord was equivalent to the control
animals with both hind limbs intact (Lamb, 1980). Muscle from the single limb was able
to support twice as many motoneurons. These results suggest that the cell death of
motoneurons does not depend on the magnitude of the projection field but rather on some
other mechanisms, unless the amount of the trophic factor produced by targets is
controlled by the magnitude of its innervation (Purves, 1980). In contrast to Lamb’s
findings, the removal of the optic primodium and the disruption of the optic chiasm,
which re-routes axons from both IONs to the surviving eye, exacerbates cell death in both

IONs (O'Leary and Cowan, 1984).

Although targets seem to play an important role in regulating neuronal survival during
developmental cell death, the above results indicate that the process of neuronal cell
death is not a random matching of the neuronal pool to the size of the target. Multiple
hypotheses have been proposed to explain the cell death of post-mitotic neurons but none
of these have proven to be completely correct. Therefore, the significance of

programmed cell death during development of the vertebrate nervous system is still not



understood. Moreover, the mechanisms that induce neuronal cell death during
development are still unknown. It is possible that the initial overproduction of neurons
and their subsequent elimination later in development sub-serves many different

functions necessary for the proper functioning of the nervous system.

Target-Dependent Cell Death and The Neurotrophic Hypothesis

The observation that neuron-target interactions play an important role during the
developmental cell death suggested that neurons compete for some “entity” within the
target tissue and that this competition determines the fate of a neuron (Cowan et al.,
1984). This line of evidence led to a discovery of the nerve growth factor (NGF) and the
formulation of the neurotrophic hypothesis, which states that the neurons compete for
limiting amounts of trophic molecules released by their targets and the winners of this
competition survive, while the losers die by programmed cell death (Figure 1; Levi-
Montalcini and Angeletti, 1968; Oppenheim, 1989, 1991; Davies, 1996). The first direct
evidence for this view was the demonstration that NGF supports the survival of
sympathetic and some sensory neurons in vitro and in vivo. Administration of anti-NGF
antibodies during the period of target innervation eliminates these neurons while the
application of exogenous NGF prevents cell death of the same population of neurons
(Levi-Montalcini and Angeletti, 1968; Johnson et al., 1980; Hamburger and Yip, 1984;
Ruit et al., 1992). Additional evidence for the neurotrophic hypothesis came from the
findings that neurons in the avian ciliary ganglion can be supported in vitro in the

presence of cultured muscle cells as well as in the medium that has been conditioned



Figure 1. Classic model of the neurotrophic hypothesis.

As soon as neurons arrive to their targets, they become dependent on target-derived
factors for survival. The neurotrophic hypothesis states that neuronal survival is
determined based on competition for target-derived factors. The winners of this

competition survive and the losers die.



by these muscle cells (Nishi and Berg, 1977, 1979). These studies together with the
observation that NGF is essential for the survival of only two classes of neurons, paved
the way for the discovery of additional target-derived factors, such as brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5; the
members of the neurotrophin family), ciliary neurotrophic factor (CNTF), fibroblast
growth factor and others (Barde et al., 1982; Ernfors et al., 1990; Jones and Reichardt,

1990; Berkemeier et al., 1991; Leung et al., 1992).

Additional molecular evidence supporting the neurotrophic hypothesis was provided by
studies from the knockout mouse in which the deletion of genes coding for different
members of neurotrophin family and their receptors exacerbated cell death of specific
neuronal populations (Snider, 1994). NGF and #7kA knockouts have dramatically
reduced populations of dorsal root ganglion (DRG) neurons and virtually absent
sympathetic ganglia (Crowley et al., 1994; Smeyne et al., 1994). In line with this
evidence, overexpression or experimental administration of NGF prevents cell death of
the same neuronal populations (nociceptive DRG neurons and sympathetic ganglia), and
in turn, causes profound hyperalgesia to noxious mechanical stimuli (Davis et al., 1993).
BDNF and #7kB knockouts exhibit drastically depleted neuronal populations in vestibular
ganglia and significant neuronal loss in trigeminal ganglia and DRG. However, the
BDNF knockout animals exhibit more subtle phenotypes in the CNS (Ernfors et al.,
1994a; Jones et al., 1994) probably due to the redundant functions of multiple trophic

factors. The retrograde signaling by NT-3 seems to be responsible for the survival of



proprioceptive neurons in the PNS and the CNS, because NT-3 or #4C knockout animals
have a significantly depleted pool of large myelinated group Ia afferents and exhibit 50%
loss of proprioceptive neurons in the mesencephalic nucleus (Ernfors et al., 1994b; Klein

et al., 1994).

In its original form, the neurotrophic hypotheses proposed that the survival of each
neuronal population depends on the supply of a single target-derived neurotrophic factor
(Davies, 1996). With the discovery of multiple neurotrophic factors, it is now recognized
that certain populations of neurons require the cooperation of two or more neurotrophic
factors for survival. Neurons have to integrate trophic support from glia as well as their
targets (Riethmacher et al., 1997; Grieshammer et al., 1998). Furthermore, developing
neurons encounter intermediate targets en route to their final destination with an entirely
different trophic repertoire than their targets (Eisen and Melancon, 2001). These results
indicate that the neurons have more complex trophic requirements than originally

predicted by the neurotrophic hypothesis.

Afferent/Non-Target Dependent Cell Death

Although competition for neurotrophic factors has been central in explaining
developmental cell death, afferent influences such as activity are emerging as important
in controlling neuronal survival during development. The observation that afferent input
is necessary for the survival of neurons has been demonstrated in studies where the

deletion of presynaptic axons resulted in the widespread death of postsynaptic neurons in



the visual, olfactory, auditory sensory systems (reviewed in Linden, 1994; Mennerick and
Zorumski, 2000). In addition, blocking afferent neuronal activity pharmacologically with
tetrodotoxin (TTX; a voltage-gated sodium channel blocker) or colchicine (microtubule
polymerization inhibitor that blocks fast axoplasmic transport) leads to an increased cell
death of rat and chicken tectal neurons (Catsicas et al., 1992; Galli-Resta et al., 1993),
further demonstrating the need for activity-dependent neuronal support in the developing
nervous system. In the chicken auditory system, transection or electrical block of the
auditory nerve causes loss of neurons in the nucleus magnocellularis, a structure
analogous to a mammalian cochlear nucleus (Rubel et al., 1990). Similarly, in the PNS,
deletion of the preganglionic accessory oculomotor nucleus (AON) in developing chicken
embryos exacerbates cell death of the ciliary ganglion neurons (Furber et al., 1987).
Altogether, these findings suggest that the inhibition or lack of excitation is directly toxic
to developing neurons. Although the in vivo results demonstrate that the afferent input is
necessary for neuronal survival, the mechanism of activity-dependent survival is not clear
from these studies. Due to their accessibility, a variety of cell culture models have been

used to further elucidate what this mechanism could be.

In accordance with in vivo results, several cell culture studies show that high K™ or
neurotransmitter-induced depolarization promotes survival of neurons without the
requirement for the trophic support (Lipton, 1986; Cohen-Cory et al., 1991; Collins et al.,
1991; Eichler et al., 1992; Pugh and Margiotta, 2000). Depolarization of neurons by

elevating the extracellular K™ concentration leads to an increase in intracellular Ca**

10



concentration ([Ca>'];) through activation of the L-type voltage-gated Ca>" channels
(VGCC), because the survival promoting effect of K™ can be blocked by
dihydropyridines like nifedipine or nitrendipine (Collins and Lile, 1989). However, other
means of raising [Ca”'];, such as thapsigargin-induced Ca”" release from internal stores,
can substitute for the activation of VGCC (Lampe et al., 1995). Therefore, it is likely that
the increases in [Ca”"]; by activity-dependent mechanisms support survival by a Ca*'-

dependent gene regulation or posttranscriptional modifications of proteins.

Calcium Set-Point Hypothesis

Calcium is a ubiquitous second messenger that can affect a variety of intracellular events.
Furthermore, Ca®" overload has been suggested to be the final common pathway to all
types of cell death (Berridge et al., 2003; Hajnoczky et al., 2003). Based on the work
with cell culture models, specifically sympathetic neurons, the calcium set point
hypothesis has been proposed to explain the relationship between the activity-dependent
survival and neurotrophic factor dependence (Koike et al., 1989; Johnson et al., 1992). In
these studies, sympathetic neurons deprived of NGF were protected from cell death in a
dose-dependent manner if grown in a culture medium containing elevated K"
concentrations (15-30 mM). Potassium concentrations that resulted in a partial survival
of NGF-deprived sympathetic neurons caused smaller increases in [Ca*']; than the
concentrations of K that prevented cell death of all neurons. Furthermore, the age-
dependent reduction of NGF requirement by sympathetic neurons is associated with an

increase in the resting calcium levels (Koike and Tanaka, 1991). Therefore, according to
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the Ca®" set point hypothesis, in the absence of neurotrophic factors, modest elevations in
[Ca®"]; are protective. When the [Ca*'];is driven to low levels not conducive to survival,
neurotrophic factors can protect neurons from dying. However, if the [Ca*'];is driven too
high for a long period of time, excitotoxicity or Ca® -dependent apoptosis ensues and
neurons can no longer be rescued from dying by neurotrophic factors (Figure 2; Koike et

al., 1989; Johnson et al., 1992; Mennerick and Zorumski, 2000).

Although it is well accepted that in many neuropathological conditions in the mature
nervous system, the large increases in [Ca®'];and subsequent Ca®" excitotoxicity result
from excessive activation of NMDA receptors by glutamate (Zorumski and Olney, 1993;
Choi, 1994), in the developing nervous system, increases in [Ca”']; are usually protective.
However, studies in developing chicken nucleus magnocellularis indicate that activation
of metabotropic glutamate receptors (mGluRs) by glutamate can diminish apoptosis-
inducing rises in [Ca>"]; that result from high spontaneous firing levels in
magnocellularis neurons (Lachica et al., 1998). This provides a clear example that
conventional neurotransmitters regulate survival of neurons by controlling the levels of

[Ca®"]; during development of the vertebrate nervous system.
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Figure 2. Calcium set point hypothesis.

Depolarization of neurons with high extracellular K or postsynaptic receptor stimulation
supports neuronal survival without the requirement for trophic factors. According this
theory, optimal levels of [Ca*"]; promote survival without the requirement for the
neurotrophic factors. Raising or decreasing the [Ca*"]; and moving it away from the
optimal Ca>" set point leads to cell death. Trophic factors protect neurons against low
[Ca®"];but they are unable to protect neurons when the [Ca®J;rises to the levels high
enough to reach the threshold for cell death. (Adapted from Mennerick and Zorumski,
2000).
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Cholinergic Agents

The blockade of neuromuscular transmission with cholinergic antagonists, such as curare
or a-bungarotoxin (abtx), has the opposite effect from that of TTX or colchicine: it
prevents cell death of motoneurons. In fact, treatment of embryos with agents that block
neuromuscular transmission is the most effective way of preventing spinal cord
motoneurons from dying. These manipulations prevent cell death of more than 60% of
neurons normally destined to die (Pittman and Oppenheim, 1979). Because the treatment
of embryos with curare or abtx increases the axonal branching of motoneurons as well as
the number of synaptic contacts with the targets (demonstrated by an increased number of
nAChR clusters), it has been proposed that the motoneurons survive because they have
increased access to target-derived neurotrophic factors (Dahm and Landmesser, 1988;

Landmesser, 1992; Usiak and Landmesser, 1999).

Although it is assumed that cholinergic antagonists prevent cell death of motoneurons by
blocking peripheral neuromuscular transmission, they may also act by blocking nAChRs
at centrally located synapses in the spinal cord (Landmesser and Szente, 1986). Evidence
supporting this hypothesis comes from studies in which embryos treated with the
subparalytic doses of abtx still exhibit a significantly larger number of spinal
motoneurons compared to the saline treated embryos (Hory-Lee and Frank, 1995).
Furthermore, treatment of crooked neck chicken embryos, which are already paralyzed
due to the naturally occurring mutation in the ryanodine receptor with curare or abtx,

prevents the cell death of a significant number of motoneurons (Oppenheim et al., 2000).
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These results suggest that the cessation of neuromuscular transmission cannot be entirely
responsible for the prevention of naturally occurring motoneuron cell death. In line with
these observations, chronic treatment of embryos with abtx or a-methyllycaconitine
(MLA), the a.7-nAChR-specific antagonists, prevents cell death of ciliary ganglion
neurons, without accompanying changes at the target tissues, such as increase in
branching or synaptogenesis (Meriney et al., 1987; Bunker and Nishi, 2002). These
results implicate activation of a7-nAChRs in facilitating cell death of ciliary ganglion

neurons.

Altogether, the above evidence indicates that activity (afferent or neuromuscular) plays
an essential role during programmed cell death of neurons; however, signaling via the
nAChRs is complex and can either induce or prevent neuronal cell death, depending on
their anatomical and cellular location, their subunit composition as well as cellular
context. These results further point out that the mechanisms underlying the induction of

developmental cell death are not well understood.

Nicotinic Acetylcholine Receptors

Nicotinic acetylcholine receptors (nAChRs) belong to the superfamily of ligand-gated ion
channels that includes GABA,, glycine and 5-HT3 serotonin receptors (McGehee and
Role, 1995; Dani, 2001). Although these receptors exhibit great diversity due to many

different combinations of subunits composing functional nAChRs, they also share some
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basic features. They occupy three main functional states — closed, open and desensitized.
Brief exposure to high concentrations of the neurotransmitter acetylcholine (ACh) causes
the opening of these receptors, quickly followed by their desensitization (reviewed in
Dani and Bertrand, 2007). Due to their great diversity, nAChRs appear to play
fundamental roles in synaptic plasticity and are involved in attention, learning, memory,
and development (Role and Berg, 1996a). Disruptions in nAChRs signaling have been
implicated in a variety of dysfunctions, such as schizophrenia, epilepsy, autism,
Alzheimer’s disease and addiction (Lena and Changeux, 1998; Picciotto and Zoli, 2002;

Gotti and Clementi, 2004).

Neuronal Nicotinic Acetylcholine Receptors

Neuronal nAChRs are assembled from five transmembrane subunits arranged around a
central water-filled pore (Figure 3; Karlin, 2002). To date, twelve genes that code for the
neuronal nAChR subunits have been identified; nine are designated a-type (a2-c.10) and
three as f-type (f2-p4). Neuronal subunits that form the heteromeric nAChRs include
a2-a6 and B2-p4. The a7, a8 and a9 subunits give rise to the homo-pentameric
nAChRs, which are blocked by nanomolar concentrations of abtx (Role and Berg, 1996a;
Broide and Leslie, 1999). The a9 subunit can also form heteromers with the o.10 subunit
(Dani and Bertrand, 2007). Heterologous expression studies in Xenopus oocytes show
that many of the o and 8 subunits co-assemble to form functional nAChRs with a variety

of biophysical and pharmacological properties (Sargent, 1993; McGehee and Role,
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1995). Compared to other ligand-gated channels, all nAChRs have a high relative
permeability to Ca®" and their opening probability is modulated by external Ca** (Role
and Berg, 1996a). Of all the nAChRs, homomers composed of a7 subunits have the
highest permeability to Ca>*, equal to that of NMDA receptors (Castro and Albuquerque,

1995; Rogers and Dani, 1995).

Although distinct functional nAChRs have been identified based on their biophysical and
pharmacological properties, they fall into two major categories: abtx insensitive nAChRs
and abtx sensitive nAChRs. The most abundant nAChR species in the CNS is made up
of a4 and P2 subunits. These nAChRs account for most of the high affinity nicotine
labeling and assemble with two-to-three of a4:p2 ratio (Wada et al., 1989; Anand et al.,
1991; Flores et al., 1992; Zoli et al., 1998). These abtx insensitive nAChRs are mostly
found in the nigrostriatal and mesolimbic pathways where they modulate the release of
dopamine (Charpantier et al., 1998; Sorenson et al., 1998). However, a4/p2 nAChRs are
not found in the PNS (Listerud et al., 1991). Of the homomeric nAChRs, only a/7-
nAChRs are widely distributed in the CNS as well as in the PNS. These receptors
account for most of the high affinity abtx binding, display high Ca** permeability and
desensitize rapidly (Schoepfer et al., 1990; Bertrand et al., 1993; Vernallis et al., 1993;
Zhang et al., 1994). The third major group of nAChRs is found primarily in the
autonomic ganglia and is composed of a3, a5, 4, and sometimes, 32 subunits (Listerud

et al., 1991; Vernallis et al., 1993). These nAChRs belong to the abtx insensitive class
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Figure 3. Structure of the neuronal nicotinic acetylcholine receptors.

Neuronal nAChRs are ligand-gated ion channels activated by ACh in vivo. (A) Each
nAChR consists of five subunits arranged in a circular manner, forming a central water-
filled pore. The activation of nAChRs by ACh or nicotine causes opening of the pore, the
influx of Na" and Ca®" and the efflux of K" ions. (B) Each subunit contains a large
extracellular N-terminal domain with the ACh binding site, four transmembrane domains

and a small extracellular C-terminal domain. (Adapted from Karlin, 2002).
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and are found in the postsynaptic densities (PSD) where they mediate fast excitatory
synaptic transmission (Jacob et al., 1986). Other subunits expressed in both the CNS and
the PNS are much less abundant. Individual neurons commonly express more than one
subtype of nAChRs depending on which gene products they express. By forming
different subunit combinations, neurons can produce a large number of nAChR subtypes

(Role and Berg, 1996a).

a7 Subunit Containing nAChRs

One of the most abundant nAChRs in the nervous system are the homo-pentamers
composed of a7 subunits. These receptors display a relatively low affinity for ACh with
half-activation at ~ 200 uM. Furthermore, a7-nAChRs desensitize rapidly following
agonist stimulation but due to their low affinity for the agonist, a7-nAChRs are not
effectively desensitized by agonist concentrations below 1 uM (Dani et al., 2000;
Wooltorton et al., 2003; Dani and Bertrand, 2007). Another important feature of a7-
nAChRs is their inward current rectification for transmembrane potentials above — 40 mV
(Forster and Bertrand, 1995). Due to this inward rectification and high relative Ca®"
permeability, o 7-nAChRs can induce large increases in [Ca”']; at rest or at
hyperpolarized potentials. This is unlike NMDA receptors, which require depolarization
to cause an elevation in [Ca*"];. Therefore, a7-nAChRs are well suited for the regulation

of a variety of Ca*'-dependent downstream signaling events (Broide and Leslie, 1999;

Berg and Conroy, 2002).
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Presynaptic a7-nAChRs

It has been well demonstrated that nAChRs in the vertebrate neuromuscular junction as
well as in the autonomic ganglia are concentrated in the PSD, where they mediate fast
excitatory postsynaptic transmission; however, the situation in the CNS is a little
different. Because of their high Ca®" permeability and rapid desensitization, 0.7-nAChRs
are largely found at presynaptic terminals, where they regulate the extent of
neurotransmitter release. This was first demonstrated in the hippocampus (Gray et al.,
1996) and the interpeduncular nucleus (McGehee et al., 1995), where the application of
nicotine in the presence of TTX enhanced the release of glutamate, an effect that was
blocked by abtx. The activation of presynaptic a7-nAChRs is now known to modulate
the release of ACh, dopamine, norepinephrine, serotonin and GABA (Lapchak et al.,
1989; Vidal and Changeux, 1989; King, 1990; Lena et al., 1993; Summers and Giacobini,
1995). These functional studies were corroborated by immunogold labeling, which
demonstrated the presence of a7 subunits in the CA1 region of a rat hippocampus, where
they were located on both the GABAergic and the glutamatergic presynaptic terminals

(Fabian-Fine et al., 2001).

Presynaptic a7-nAChRs also modulate a neurotransmitter release in the PNS. In the
ciliary ganglion, the activation of a7-nAChRs on the presynaptic calyces leads to
enhanced release of ACh from presynaptic terminals, creating a positive feedback loop
(Coggan et al., 1997; Rogers and Sargent, 2003). Interestingly, unlike conventional a.7-

nAChRs, these presynaptic receptors display little desensitization, which could be due to
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a low concentration of ACh reaching the presynaptic terminal (Zhang et al., 1994).
Alternatively, the presynaptic receptors containing o7 subunits may differ from the
homomeric a7-nAChRs in their subunit composition. Heterologous expression studies
showed that co-expression of a7 and 2 subunits can form a functional nAChR channel
with diminished rates of desensitization (Khiroug et al., 2002). Although a7/p2 receptors
have not been found in situ, there are reports of slowly desensitizing o.7-nAChRs
(Cuevas and Berg, 1998; Yu and Role, 1998). Therefore, the distinct subunit
composition of nAChRs may serve as a signal for targeting nAChRs to different cellular

locations (presynaptic vs. somatodendritic; Berg and Conroy, 2002).

Postsynaptic a7-nAChRs

The vast majority of postsynaptic nAChRs are found in the autonomic ganglia but some
are also found in the CNS. In fact, a7-nAChRs generate significant postsynaptic currents
in the hippocampus and the ciliary ganglion (Zhang et al., 1996; Ullian et al., 1997;
Frazier et al., 1998). In both of these structures, a7-nAChRs are excluded from the PSDs
on neurons. Specifically, in the ciliary ganglion, the majority of a7-nAChRs are
concentrated on the somatic spines and are absent from PSDs (Jacob and Berg, 1983;
Horch and Sargent, 1995; Shoop et al., 1999b; Shoop et al., 2002). Because PSDs and
somatic spines on ciliary neurons are overlaid by a large presynaptic calyx, even these
extrasynaptically-located a7-nAChRs are readily exposed to ACh (Shoop et al., 1999b;

Shoop et al., 2002). This is corroborated by the presence of large evoked synaptic
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currents generated by a7-nAChRs and the contribution of a7-nAChRs to the miniature

postsynaptic currents (Zhang et al., 1996; Chang and Berg, 1999).

In the hippocampus, immunogold labeling revealed that a.7-nAChRs are indeed located
on the postsynaptic sites. However, these sites represent non-cholinergic synapses
because they include nearly all recognizable synapses in the CA1 stratum radiatum of the
rat hippocampus (Fabian-Fine et al., 2001), and therefore, represent either GABAergic or
glutamatergic synapses. In fact, postsynaptic clusters of a7-nAChR co-distribute with
GABA receptor clusters on hippocampal neurons in culture (Kawai et al., 2002).
Similarly, in a rat somatosensory cortex, an ultrastructural analysis has demonstrated the
presence of postsynaptic a7-nAChRs on glutamatergic synapses (Levy and Aoki, 2002).
Although these a7-nAChRs are located in postsynaptic locations on GABAergic and
glutamatergic neurons in vivo and in vitro, they are viewed as perisynaptic at these loci,
and, as such, positioned effectively for the modulation of non-cholinergic synapses (Berg

and Conroy, 2002).

The function of a7-nAChRs during development

The early presence of the machinery for synthesizing ACh and the transcripts for the
specific nAChR subunits suggests that the nAChRs play an important role during
development of the nervous system. Furthermore, expression of a7-nAChRs is highly

regulated in the developing CNS during critical periods of synaptic plasticity. In both
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rodents and chicken, a7 subunit mRNA and protein are highly expressed in the
developing brain (Wang and Schmidt, 1976; Couturier et al., 1990; Broide et al., 1995),
with a subsequent reduction in many brain regions during the postnatal development
(Fiedler et al., 1990; Bina et al., 1995; Broide et al., 1995). Given the high Ca*’
permeability of these channels and the fact that the varying levels of [Ca®']; can have
diverse effects on developing neurons, from altering gene expression to apoptosis, o.7-
nAChRs can influence many aspects of neuronal differentiation in the developing

nervous system.

Spontaneous nicotinic activity arises early in development and often occurs in bursts or
waves traveling through the tissue. In the retina and the spinal cord, spontaneous
nicotinic activity has been shown to direct synapse formation (Feller et al., 1996; Bansal
et al., 2000; Hanson and Landmesser, 2003), demonstrating that early activation of
nAChRs is important for the formation of neural circuits. In line with this evidence, the
inhibition of a7-nAChRs by abtx modulates development and maintenance of
retinotectal connections in the toad optic tectum (Freeman, 1977). Furthermore, pulses of
ACh or nicotine applied to growing neurites in cultured ciliary ganglion neurons induce
neurite retraction, a Ca>'- dependent effect that is blocked by nanomolar concentrations
of abtx (Pugh and Berg, 1994). In contrast, activation of a7-nAChRs leads to neurite
elongation in cultured rat olfactory bulb neurons (Coronas et al., 2000). Therefore,
depending on diverse neuronal cell types and the Ca*"-sensitive intracellular signaling

machinery, o 7-nAChRs can have opposing effects in developing neurons. In addition,

23



when septal explants are co-cultured with hippocampal slices, the filopodia of the
hippocampal neurons become co-innervated by cholinergic and GABAergic terminals.
This convergence of input depends on the a7-nAChRs signaling, because a three day
blockade of these receptors with abtx reduces the degree of cholinergic innervation,
while GABAergic innervation remains unchanged (Kawai et al., 2002; Zago et al., 2006).
Altogether, above evidence suggests that the activation of a7-nAChRs in the developing
nervous system can lead to the formation of neuronal circuitry through Ca**-dependent

mechanisms.

One of the most important aspects of a7-nAChR signaling at the cellular level is
regulation of gene expression. Like NMDA receptors, a.7-nAChRs associate with PDZ
scaffolding proteins such as PSD-95 that tether them to specific downstream signaling
molecules, on which diverse Ca*" signaling outcomes critically depend (Conroy et al.,
2003; Berg et al., 2006). In ciliary ganglion neurons, increases in [Ca®']; via a7-nAChRs
induce long term phosphorylation of CREB (calcium and cAMP-responsive transcription
factor) through the activation of CaMKII/IV and MAPK pathways. Interestingly, the
coincident activation of voltage-gated calcium channels (VGCC) prevents this prolonged
CREB phosphorylation (Chang and Berg, 2001b). Therefore, the activation of a7-
nAChRs, independent of VGCC, leads to activity-dependent gene regulation, which can
have important consequences for the modulation of neuronal circuits as well as other
developmental processes. In fact, endogenous nicotinic activity determines when

GABAergic signaling converts from excitation (important for integration of neurons into
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circuits) to inhibition (seen in the mature nervous system) during development by
changing the chloride gradient across the membrane (Liu et al., 2006). The results from
this study indicate that the inhibition of a”7-nAChRs with MLA or abtx prevents
expression of the mature chloride transporter (KCC2) in both ciliary ganglion and
hippocampal neurons, while expression of the immature chloride transporter (NKCC1) is
retained. This in turn causes retention of the excitatory GABAergic response (Liu et al.,
2006). Since a7-nAChR activation induces CREB phosphorylation only in the absence
of VGCC activation, the inhibitory GABAergic responses help ac7-nAChRs activate
CREB in mature neurons by maintaining a negative membrane potential in order to
prevent activation of VGCC (Chang and Berg, 2001b; Liu et al., 2006). Finally,
regulation of KCC2 expression by nicotinic signaling has profound consequences on
further maturation of circuits, because inhibitory GABAergic signaling induces
unipolarity (seen in mature ciliary ganglion neurons in vivo) and restricts the innervation

of ciliary ganglion neurons in culture (Liu et al., 2006).

Consistent with the control of gene expression during development, the activation of a.7-
nAChRs has been shown to regulate NGF and BDNF mRNA levels in the adult rat
hippocampus (Freedman et al., 1993). Calcium influx via a7-nAChRs activates a variety
of second messenger pathways, evidenced by release of the arachidonic acid in ciliary
ganglion neurons (Vijayaraghavan et al., 1995), activation of Ca®*/Calmodulin protein

kinase and regulation of c-fos expression in PC12 cells (Greenberg et al., 1986).
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Furthermore, the stimulation of a7-nAChRs induces the proliferation of neuroendocrine

cell lines (Quik et al., 1994).

Because Ca’" is one of the key regulators of cell survival, o7-nAChRs have also been
implicated in controlling survival of the developing neurons. Much of in vivo and in vitro
evidence indicates that nicotine is neuroprotective especially for neurons that are exposed
to ischemic or toxic insults and the majority of the neuroprotective effects are attributed
to a7-nAChRs (Picciotto and Zoli, 2002). For example, the pre-activation of o.7-
nAChRs protects mouse neonatal cortical neurons in culture from NMDA induced Ca**
excitotoxicity (Carlson et al., 1998). In contrast, the activation of a7-nAChRs by
nicotine can potentiate toxic effects induced by the glutamatergic agonist ibotenate in the
developing mouse brain (Laudenbach et al., 2002), indicating that, in some
circumstances, o7-nAChRs can have pro-apoptotic effects. In line with this evidence, the
activation of a7-nAChRs by nicotine induces apoptotic cell death of rat hippocampal
progenitor cells. Moreover, a7-nAChRs do not induce apoptosis in mature hippocampal
neurons, because these neurons upregulate expression of Ca** buffers such as calbindin,
and therefore, are able to counteract the large increases in [Ca*"]; induced by a7-nAChR

activation (Berger et al., 1998a).

The above results indicate that large increases in [Ca']; through o.7-nAChRs can be toxic

to developing neurons. In accordance with this, a naturally occurring mutation in a.7-

nAChR induces apoptosis in C. elegans due to a large Ca*" influx through the slowly
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desensitizing channels (Treinin and Chalfie, 1995). Furthermore, mice carrying a similar
L250T mutation in their a7-nAChRs, which also reduces a rate of receptor
desensitization, exhibit extensive apoptotic cell death throughout the somatosensory
cortex and die within 24 hours of birth (Orr-Urtreger et al., 2000). Recent evidence
suggests that the a7-nAChRs facilitate cell death of neurons during the period of
naturally occurring cell death. For example, chicken embryos treated with sub-paralytic
doses of abtx during the period of developmental cell death exhibit a small but
significant increase in motoneuron survival (Hory-Lee and Frank, 1995). Similarly,
chronic treatment of chicken embryos with the a7-nAChR specific antagonists, abtx and
MLA, rescues ciliary ganglion neurons from naturally occurring cell death (Meriney et
al., 1987; Bunker and Nishi, 2002). However, the mechanism by which the a7-nAChRs

could induce cell death of neurons during development is unknown.

Taken together, the evidence indicates that, besides their “traditional” roles in mediating
fast excitatory synaptic transmission in the autonomic ganglia, a7-nAChRs mediate
diverse “non-traditional” effects in the developing nervous system, ranging from the
regulation of transcription to modification of neuronal circuitry and apoptosis.
Understanding these non-traditional roles will help to shed light on many different

neurodevelopmental, behavioral and neurodegenerative diseases.
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The Avian Ciliary Ganglion As a Model System

One of the most instructive systems for studying the function of nAChRs during
development is the avian ciliary ganglion. It contains some of the highest known levels
of a7-nAChRs per neuron and nAChRs are essential for excitatory chemical transmission
through the ganglion (Chiappinelli and Giacobini, 1978; Berg and Conroy, 2002). The
ciliary ganglion is part of the parasympathetic nervous system and is derived from the
mesencephalic neural crest (Hammond and Yntema, 1958; Narayanan and Narayanan,
1978a). Ciliary ganglion neuron precursors migrate from the cranial neural crest at St.
10-11 (embryonic day; E1.5) of chicken embryo development, and by St. 24 (E4) most of
these neurons have reached the position of the ganglion. Ciliary ganglion neurons are
born by St. 28 (E 5.5; D'Amico-Martel, 1982; Hamburger and Hamilton, 1992; Rohrer

and Thoenen, 1987; Sechrist et al., 1998).

There are two types of neurons in the ciliary ganglion, ciliary and choroid, that can be
distinguished morphologically and chemically. Ciliary neurons are large, myelinated
neurons that innervate striated muscle in the iris and ciliary body via nAChRs, while
choroid neurons are smaller, unmyelinated neurons that innervate smooth muscle of the
choroid layer in the eye via muscarinic AChRs (Figure 4; Marwitt et al., 1971; Meriney
and Pilar, 1987; Pilar et al., 1987). Choroid neurons can be distinguished from ciliary
neurons by the presence of the neuropeptide somatostatin (Epstein et al., 1988), which
acts as a co-transmitter in these neurons, inhibiting the release of ACh from the choroid

nerve terminals (Gray et al., 1989; Pilar et al., 1996). Somatostatin expression in
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Figure 4. Location of targets in the avian ciliary ganglion.

The ciliary ganglion is a parasympathetic ganglion located in the close vicinity of the eye,
next to the optic nerve. The ganglion contains two types of neurons, ciliary and choroid,
innervating distinct targets in the eye. Ciliary neurons innervate striated muscle of the
iris and the ciliary body via nAChRs and control lens accommodation and pupillary light
reflex. Choroid neurons innervate smooth muscle of the choroidal coat via muscarinic

AChRs and control the blood flow to the eye. Courtesy of Tom Finn and Rae Nishi.
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choroid neurons coincides with the period of synaptogenesis with the peripheral targets,
suggesting that targets differentially regulate somatostatin expression in choroid and
ciliary neurons (Coulombe and Nishi, 1991). In fact, the expression of somatostatin is
induced in choroid neurons by the activin molecule, a member of the TGFf superfamily,
which is secreted from the targets of choroid neurons (Coulombe et al., 1993). Although
activin is also secreted from the iris, the induction of somatostatin in ciliary neurons is
prevented by expression of an endogenous inhibitor of activin, follistatin, in targets of the
ciliary neurons (Darland et al., 1995; Darland and Nishi, 1998). Therefore, neuron-target

interactions also determine the neurotransmitter phenotype in the ciliary ganglion.

Nicotinic Acetylcholine Receptors in the Ciliary Ganglion

Both types of neurons in the ciliary ganglion are cholinergic and nAChRs are essential
for transmission through the ganglion. Two types of nAChRs are found on ciliary and
choroid neurons, heteromeric a3*-nAChRs composed of a3, 4, a5 and sometimes 2
subunits, and homomeric nAChRs composed of a7 subunits (Conroy et al., 1992;
Vernallis et al., 1993; Conroy and Berg, 1998). Heteromeric a.3*-nAChRs are found in
the PSDs on ciliary ganglion neurons but a7-nAChRs are excluded from the postsynaptic
densities and are located in perisynaptic sites (Jacob and Berg, 1983; Jacob et al., 1986;
Horch and Sargent, 1995). Moreover, a7-nAChRs on ciliary neurons form clusters
concentrated on the somatic spines (Figure 5; Shoop et al., 1999b; Shoop et al., 2002).

Although located extrasynaptically, a7-nAChRs are necessary for reliable transmission
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Figure 5. Nicotinic acetylcholine receptors in the ciliary ganglion.

Ciliary and choroid neurons express heteromeric a.3*-nAChRs (blocked by curare) and
homomeric nAChRs containing o7 subunits (blocked by abtx or MLA). In mature
ciliary neurons a3*-nAChRs are found in the PSDs while the a7-nAChRs are located
extrasynaptically, clustered on the somatic spines. Although not located directly in the
PSDs, extrasynaptic a.7-nAChRs are still activated by ACh released from the large
presynaptic calyx, engulfing the ciliary neurons. The location of a7-nAChRs on choroid
neurons is less well known, and unlike ciliary neurons, choroid neurons are multiply
innervated. Presynaptic a7-nAChRs modulate the release of ACh from the preganglionic

neurons.
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through the ganglion at early embryonic ages and contribute to more than 90% of the

whole cell current in ciliary neurons (Zhang et al., 1996; Chang and Berg, 1999).

The expression of nAChRs in the ciliary ganglion is developmentally regulated. o7-
AChRs are present on ciliary ganglion neurons as early as E5 and their expression levels
increase nine-fold between E5 and E15 (Corriveau and Berg, 1993; Brumwell et al.,
2002). Similar developmental increases are seen in the expression of a3*-nAChRs
between ES and E15 but expression of a.7-nAChR mRNA levels are at least two-fold
higher than a3*-nAChR transcripts at every developmental stage examined (Brumwell et
al., 2002). These increases occur despite a 50% decrease in neuronal number as a result
of naturally occurring cell death (Landmesser and Pilar, 1974a). Furthermore, the
expression of nAChRs during development of the ciliary ganglion depends on targets,
synaptic inputs and activity, because removal of the presynaptic input and/or the target
tissue reduces expression levels of a7 and a3*-nAChRs. However, two types of
nAChRs are regulated differently by activity. Visual deprivation downregulates a.7-
nAChRs levels but not a3*-nAChRs levels (Brumwell et al., 2002), suggesting that a.7-

nAChRs may also serve as the activity sensor in the ciliary ganglion.

The large increase in nAChR levels during development does not match the increase in
current density through these receptors, suggesting that ciliary ganglion neurons contain a
large fraction of “silent” (non-functional) receptors (Margiotta and Gurantz, 1989).

Binding assays using a mAb 35 antibody that recognizes a1 gene product of muscle
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nAChRs and the a5 gene product of chicken neuronal nAChRs shows a 12-fold increase
in a3*-nAChRs between E8 and E15, while the whole cell response attributed to a3*-
nAChRs increases only 5-fold during the same time period (Blumenthal et al., 1999).
This supports the argument that 60% of a3*-nAChRs that appear later in development on
the ciliary ganglion neurons are functionally silent. Similarly, both ciliary and choroid
neurons contain a large number of silent a7-nAChRs. In fact, functional o.7-nAChRs
receptors on choroid neurons represent only 8-24% of the total o.7-nAChRs, while the
number of functional a7-nAChRs on ciliary neurons represents 3-8% of the total a7-
nAChRs (McNerney et al., 2000a). Furthermore, nicotinic response densities attributable
to a7-nAChRs are 3-fold larger on choroid neurons than on ciliary neurons, while those
attributable to a3*-nAChRs are similar between the two neuronal populations
(McNerney et al., 2000a). The significance of these silent receptors is unknown, but this
could reflect a regulatory mechanism that comes into play later in development to control

the number of receptors available for activation.

All ciliary ganglion neurons receive functional nicotinic innervation by E7 and by E8 the
transmission through the ganglion is 100% (Landmesser and Pilar, 1972). Preganglionic
neurons located in the accessory oculomotor nucleus (AON) in the midbrain also contain
a7-nAChRs on their terminals, which are activated by ACh released from the same

terminals (Coggan et al., 1997; Rogers and Sargent, 2003). The activation of presynaptic
a7-nAChRs leads to Ca>" elevation within the presynaptic terminal and enhanced release

of ACh in a positive feedback manner. Therefore the release of ACh and the activation
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of presynaptic a.7-nAChRs can influence transmission through the ciliary ganglion based

on the firing rate of preganglioninc neurons.

Developmental Cell Death in the Ciliary Ganglion

The developmental cell death of ciliary ganglion neurons has been well documented
(Landmesser and Pilar, 1974a). Between St. 34 and 40 (E8 and E14), 50% of ciliary
ganglion neurons are eliminated due to programmed cell death. This cell loss coincides
with the period of peripheral synaptogenesis, which occurs between E9 and E14, and has
been shown to be target-dependent since removal of the eye before onset of cell loss
exacerbates cell death of ciliary ganglion neurons (Landmesser and Pilar, 1974a). In fact,
ciliary ganglion neurons are dependent on the ciliary neurotrophic factor (CNTF), a
target-derived factor, for survival in vivo and in vitro. The overexpression of chCNTF
reduces the cell death of ciliary ganglion neurons in vivo (Finn and Nishi, 1996; Finn et
al., 1998). The treatment of ciliary ganglion neurons in culture with glial cell line-
derived neurotrophic factor (GDNF) has also been demonstrated to support survival
(Hashino et al., 1999; Hashino et al., 2001). Although there is a wave of apoptosis at E8
after which 50% of neurons are eliminated, a significant number of neurons in the ciliary
ganglion are dying at E6, well before the neurons make contact with peripheral targets
(Lee et al., 2001). These results indicate that targets control cell death of ciliary ganglion
neurons at least in part by limiting the availability of trophic support but other

mechanisms are also involved (Figure 6).
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Figure 6. Cell death in the ciliary ganglion.

Between E8 and E14, 50% of neurons are lost due to programmed cell death (blue trace).
This cell loss occurs at the time when neurons are making contacts with their targets.
Nearly all neurons are prevented from dying when the embryos are treated with abtx or
MLA between E7 and E13, implicating ac7-nAChR in facilitating cell death (Bunker and
Nishi, 2002). The neurons in the ganglion are dying at much earlier stage (E6, red trace),
at the time of ganglion innervation and well before synaptogenesis with targets. These

neurons are replaced by E8 before 50% of them are eliminated (Lee et al., 2001).



In addition to the target-derived trophic factors, activity also influences the survival of the
ciliary ganglion neurons. The removal of the preganglionic input to the ciliary ganglion
exacerbates cell death (Furber et al., 1987) and treatment of embryos with pan-nicotinic
cholinergic antagonists such as chlorisondamine, pempidine, or d-tubocurare, also reduce
the survival of ciliary ganglion neurons (Wright, 1981b; Meriney et al., 1987b;
Maderdrut et al., 1988), presumably by blocking the ganglionic transmission. In contrast,
treatment of chicken embryos with a7-nAChRs-specific antagonists such as abtx and
methyllycaconitine (MLA), between E7 and E14, prevents cell death of almost all ciliary
ganglion neurons (Bunker and Nishi, 2002). Therefore, control of cell death in the ciliary
ganglion by afferent input is complex and activation of different classes of nAChRs can
have different outcomes for the survival of ciliary ganglion neurons. The data
summarized above indicate that multiple mechanisms work together to control neuronal
cell death in the ciliary ganglion and interplay between retrograde and anterograde factors

determines the final number of neurons in the ciliary ganglion.

Aims of This Dissertation

Even though developmental cell death in the vertebrate nervous system has been
extensively described, the means by which cell death is induced are not well understood.
The neurotrophic hypothesis states that neurons that do not adequately compete for the
limited amount target-derived factors die and neurons that compete well survive.

However, it is unclear how targets limit access to target-derived factors, because they
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secrete them in a constitutive manner. Since almost all neurons can be prevented from
dying by other manipulations, such as treatment with cholinergic antagonists, additional
mechanisms must be involved in the regulation of neuronal survival during development.
The studies in the ciliary ganglion suggest that a7-nAChRs induce the cell death of
ciliary ganglion neurons (Bunker and Nishi, 2002). However, the antagonists in these
studies were applied directly to the chorioallantoic membrane of chicken embryos,
causing the systemic inhibition of nAChRs and, therefore, the site at which they work is
not clear. If the activation of a7-nAChRs induces cell death, the mechanism by which

this happens is not known.

Based on these preliminary results, I proposed to test the hypothesis that the activation
of a7-nAChRs in vivo facilitates the cell death of ciliary ganglion neurons by

2+
li

increasing the [Ca”'|; over the threshold for cell death. I proposed to test this

hypothesis by performing experiments outlined below:

Specific Aim 1: Tested the hypothesis that ciliary ganglion neurons express

heterogeneous levels of a.7-nAChRs on their surface. Only 50% of neurons are
eliminated between E8 and E14. Therefore, if a7-nAChRs facilitate cell death, they do
so only in a subset of ciliary ganglion neurons. In this aim I tested whether before the
onset of cell loss in the ciliary ganglion some neurons express higher levels of surface

a7-nAChRs and thus are more likely to die from Ca>* overload.
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Specific Aim 2: Tested the hypothesis that cell-autonomous inhibition of a.7-

nAChRs on ciliary ganglion neurons prevents neuronal cell death in the ganglion.
Although treatment of embryos with a7-nAChR antagonists prevents cell death of ciliary
ganglion neurons, the site of action of these antagonists is not clear. Therefore I tested
whether the inhibition of a7-nAChRs directly on ciliary ganglion neurons prevents

neuronal cell death.

Specific Aim 3: Tested the hypothesis that endogenous modulators of a7-nAChR

function prevent a7-nAChR-mediated cell death signaling later in development. If
a7-nAChRs facilitate cell death of the ciliary ganglion neurons, how are these receptors
prevented from inducing cell death after the final number of neurons in the ciliary
ganglion has been determined? I tested whether endogenous prototoxins that modulate
nAChR function are present in the ciliary ganglion during the period of cell death and
prevent the large increases in [Ca”']; via a7-nAChRs, thus, preventing these receptors
from activating the cell death machinery after the neuronal numbers in the ciliary

ganglion have been established.
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ABSTRACT

Neurotrophic molecules are key retrograde influences of cell survival in the developing
nervous system, but other influences such as activity are also emerging as important
factors. In the avian ciliary ganglion, half the neurons are eliminated between embryonic
days 8 and 14, but it is not known how cell death is initiated. Since systemic application
of a7-nicotinic acetylcholine receptor (nAChR) antagonists prevents this cell loss, we
examined differences in receptor densities and responses of intracellular calcium to
nicotine using the calcium-sensitive dye Fura-2. In addition, we determined whether cell
autonomous inhibition of a7 activation in neurons prevented cell death. E8 neurons are
heterogeneous with respect to a7-nAChR density, which leads to large increases in
[Ca®]; in some neurons; E§ neurons also exhibit a slower rate of Ca** decay after
nicotinic stimulation than E13 neurons. Expressing o-bungarotoxin that is tethered to the
membrane by a glycosylphosphatidylinositol linkage (GPIabtx) in ciliary ganglion
neurons with the retroviral vector RCASBP(A) blocks increases in intracellular calcium
induced by nicotine through a7-nAChRs and prevents neurons from dying. Expression
of GPlabtx in surrounding non-neural tissues, but not in neurons, does not prevent cell
loss. Furthermore, the GPlabtx is not efficiently expressed in the accessory oculomotor
neurons, eliminating preganglionic inputs as another site for action of the antagonist.
These results support the hypothesis that cholinergic inputs facilitate cell death in the
developing autonomic nervous system by activating o.7-nAChRs, possibly by leading to

increases in intracellular calcium that exceed the threshold for cell survival.
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INTRODUCTION

The phenomenon of cell death of post-mitotic neurons in the developing vertebrate
nervous system has been well described but the means by which cell death is induced are
not well understood (Oppenheim, 1991). Up to 70% of neurons are lost at the time of
synapse formation with their targets, during which neurons are dependent upon target-
derived factors for survival (Davies, 1996). The neurotrophic hypothesis proposes that
neurons die because they fail to compete effectively for a limited amount of trophic factor
in the target tissue. Both gain and loss of function studies show that many target-derived
factors are essential for supporting neuronal survival (Snider, 1994); however, neurons
integrate trophic support from more than one source (target and glia) and to do this, they
must enter the competition with some advantage involving cell-to-cell differences in
intrinsic factors, like surface receptor expression (Pettmann and Henderson, 1998). This
suggests that the trophic requirements of neurons are more complex and other signals

may also be involved in controlling cell death (Eisen and Melancon, 2001).

The ciliary ganglion, a parasympathetic ganglion that innervates the iris, ciliary muscle,
and choroidal vasculature in the avian eye (Marwitt et al., 1971), undergoes a period of
target-dependent cell loss between E8 and E14 (Landmesser and Pilar, 1974a). However,
virtually all ciliary ganglion neurons are rescued from dying by daily application of a7
subunit-containing nAChR-specific antagonists to the chorioallantoic membrane between

E8 and E14 without changes in trophic factor availability or access at target tissues
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(Meriney et al., 1987; Bunker and Nishi, 2002). This suggests that activation of a7-
nAChRs can facilitate cell death independently of the competition for target-derived
factors. However, the site at which these antagonists act is not clear because they were

delivered throughout the entire chicken embryo.

a.7-nAChRs are cation-selective channels that are highly expressed together with
heteromeric nAChRs containing a3, a5, p4 and sometimes (32 subunits on ciliary
ganglion neurons, where they mediate excitatory transmission (Zhang et al., 1996; Chang
and Berg, 1999). In addition, o7-nAChR have high relative permeability to Ca*" that
rivals that of NMDA receptors but, unlike NMDA receptors, a7-nAChRs can mediate
Ca’" influx at resting or hyperpolarized potentials (Role and Berg, 1996a). This feature
enables them to influence a variety of Ca*"-dependent events, including gene expression,
neurite retraction, axonal pathfinding and cell death (Pugh and Berg, 1994; Zheng et al.,

1994; Berger et al., 1998a; Chang and Berg, 2001b; Liu et al., 2006).

This study was undertaken to determine whether activation of a7-nAChRs on ciliary
ganglion neurons causes cell death. To do this, we used a-bungarotoxin tethered to the
membrane by glycosylphosphatidylinositol (GPI) linkage (Ibanez-Tallon et al., 2004), to
determine whether cell-autonomous inhibition of a7-nAChRs prevents both ciliary and
choroid neurons from dying. We also examine differences in Ca>* signaling between

neurons prior to cell death, and propose a possible mechanism of a7-nAChR-induced cell
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death through Ca*" overload. Our findings highlight the importance of non-traditional

roles of nAChRs during neural development.
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MATERIALS AND METHODS

Isolation of neurons: Ciliary ganglia were isolated and dissociated for imaging, staining,
and flow cytometry from E6-E10 embryos as previously described (Nishi, 1996). E13
ciliary ganglia were dissociated by incubating in Earle’s Balanced Salt Solution (EBSS)
containing 1 mg/ml collagenase type 2 (Cat # 4176, Worthington, Lakewood, NJ), 1
mg/ml hyaluronidase (Cat # 2592, Worthington), and 10 mg/ml bovine serum albumin
(Sigma, St. Louis, MO) for 15 min at 37°C. The activity of the proteases was terminated
by dilution, then the supernatant was removed and ganglia were incubated in EBSS
containing 3 mg/ml trypsin (Cat # 3703, Worthington) for 3 min at 37°C. Ciliary ganglia
were triturated until completely dissociated. Following dissociation, cells were pre-
plated on the plastic surface for 30 min at 37°C in order to remove adherent cells
(fibroblast and glia). Neurons were plated on poly-D-lysine/laminin coated coverslips in
complete medium consisting of Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen, Carlsbad, CA) containing 10% (v/v) heat-inactivated horse serum
(Invitrogen), 2% (v/v) fetal calf serum (Atlanta Biologicals, Lawrenceville, GA), 2%
(v/v) chicken eye extract with 50 U/ml penicillin, 50 mg/ml streptomycin, and 2 mM
glutamine (Invitrogen). Neurons were used for staining or calcium imaging after
allowing them to attach to the coverslip for 2 hrs after plating. Alternatively, acutely
isolated neurons were incubated with a-bungarotoxin-Alexa 488 or Q211 and

immediately processed for flow cytometry as described below.
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Immunostaining and live cell labeling: Dissociated E8 or E13 neurons were incubated
while alive with Alexa 488 conjugated abtx (Invitrogen) diluted 1:500 in complete
medium for 30 min at 37°C or with rabbit anti-abtx, diluted 1:1000 in complete medium
for 30 min on ice, in order to label only cell surface molecules. Following the incubation,
neurons were washed 3x in EBSS and fixed in Zamboni’s fixative (4%
paraformaldehyde, 15% picric acid in 0.1 M sodium phosphate, pH 7.4) for 2 hr at 4°C.
Coverslips were washed with phosphate buffered saline (PBS; 137 mM NacCl, 20 mM
sodium phosphate, pH 7.4), blocked overnight in blocking buffer (PBS + 0.5% (v/v)
TritonX-100 containing 5% (v/v) horse serum) at 4°C, then incubated overnight in
primary antibodies. Secondary antibodies were incubated for 1-2 hrs at room

temperature.

Tissues were prepared for immunohistochemistry as follows: Ciliary ganglia and
brainstems from E14 embryos were harvested, fixed in Zamboni’s for 48 hours at 4°C,
washed, then equilibrated in 30% sucrose at 4°C. Tissue was embedded in Microm cryo-
embedding compound (Richard Allen Scientific, Kalamazoo, MI), sectioned on a
Microm HM 560 cryostat (Richard Allen Scientific) at 30 um, and collected on
Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Sections were post-fixed in
Zamboni’s vapors for 15 min at 37°C, submerged in Zamboni’s fixative for additional 15
min at 25°C, washed in PBS and blocked. Primary antibodies were incubated overnight

at 4°C and secondary antibodies were incubated 2 hr at room temperature.
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Primary antibodies and the dilutions in blocking buffer at which they were used were:
anti-mouse AMV-3C2 (Developmental Studies Hybridoma Bank (DSHB), lowa City,
Iowa), which recognizes a viral p19 gag expressed by avian sarcoma and leukemia
viruses (Potts et al., 1987) at 1:10; mouse anti-Islet-1, which recognizes a transcription
factor expressed in ciliary ganglion neurons (Lee et al., 2001) at 1:100 dilution of the
culture supernatant (prepared in the Nishi Lab from clone 39.4D5, DSHB); mouse anti-
Hu C/D (Invitrogen), which recognizes a neuron-specific RNA binding protein (Marusich
and Weston, 1992; Lee et al., 2001) at 1:250 dilution of the culture supernatant; rabbit
anti-p27gag (SPAFAS, Norwich, CT), which recognizes avian sarcoma gag p27 (Wang et
al., 1976) at 1:1000; rat anti-somatostatin (Product #: YMC1020, Accurate Chemical &
Scientific corporation, Westbury, NY) diluted 1:100, and rabbit anti-abtx at 1:1000 (a
generous gift from Dr. Joshua Sanes, Washington University (now at Harvard

University), whose specificity is shown in Supplementary Figure 1).

Secondary antibodies: biotinylated anti-mouse (Vector Laboratories, Burlingame, CA) at
1:250; biotinylated anti-rabbit (Vector Laboratories) at 1:250; goat anti-mouse Cy3
(Jackson Immuno Research, West Grove, PA) at 1:750; goat anti-rabbit Alexa 488
(Invitrogen) at 1:750; and goat anti-rat Cy3 (Jackson Immuno Research) at 1:750.
Images of dissociated neurons were acquired with 60x objective on DeltaVision
(Olympus 1X70) deconvolution microscope (Applied Precision, Inc., Issaquah, WA)
using a CoolSNAP HQ CCD camera (Photometrics, Tucson, AZ). Image stacks were

deconvolved using soft WoRx image analysis software version 3.5.1 (Applied Precision,
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Inc.). Images of ciliary ganglia and midbrain were acquired with 20x objective using
Nikon C1 confocal scanner (Nikon Instruments Inc., Melville, NY) attached to a Nikon
Eclipse E800 microscope (Micro Video Instruments, Avon, MA).

Flow Cytometry: Dissociated neurons were labeled live with 1:500 abtx-Alexa 488 and
1:3000 mouse anti-Q211 (kindly provided by Dr. Herman Rohrer), which recognizes a
neuron-specific ganglioside (Rohrer et al., 1985). Q211 immunoreactivity was visualized
with goat F(ab’)2 anti-mouse IgG conjugated to PE-Cy5.5 (Caltag Laboratories,
Burlingame, CA) diluted 1:200. At each developmental stage examined, 40,000 cells
were analyzed for their surface a7-nAChR levels by flow cytometry using a Coulter
Epics XL Analyzer (Coulter Corporation, Miami, FL). Generated scatter plots indicated

the relative levels of abtx-Alexa 488 binding of all Q211 positive cells.

Expression of GPlobtx with a viral vector: An o-bungarotoxin that is tethered to the
membrane via a glyosylphosphatidyl-inositide linkage (GPlabtx) was a gift from Drs.
Inez Ibanez-Tallon and Nathaniel Heintz, Rockefeller University (Ibanez-Tallon et al.,
2004). The GPIabtx sequence was cloned into the Slax13NCO1 shuttle vector using 5’
Ncol and 3 EcoR1 sites (Morgan and Fekete, 1996); the insert was removed from
Slax13NCO1 by cutting with Clal, and cloned into the avian retroviral vector
RCASBP(A) (Federspiel and Hughes, 1997). Infective RCASBP(A)-GPI-abtx viral
particles were generated by transfecting DF-1 chicken fibroblast cells with 800 ng of
RCASBP(A)-GPIlabtx plasmid using Mirus TransIT-LT transfection reagent (Mirus Bio

Corporation, Madison, WI). Conditioned media containing viral stocks collected from
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DF-1 cells were concentrated approximately 20-fold by ultracentrifugation at 90,000 x g
at 4°C for 3 hr (Morgan and Fekete, 1996). Concentrated stocks were titered by limiting
dilution and infectivity of cells as measured by staining with p27gag antibody. Stocks
with concentration of >10® infectious particles/ml were used for in vivo injection. Viral
particles (60-120 nL) were injected into the mesencephalic enlargement of the neural tube
of Hamburger/Hamilton stage (St.) 8-9 or St. 10-13 embryos using a Drummond
Nanoject microinjector (Drummond Scientific, Broomall, PA). The shells were sealed
with a glass coverslip and sterile vacuum grease and incubated at 37°C to the desired

stage.

Calcium imaging: Acutely isolated ciliary ganglion neurons were loaded with Fura-2 AM
(Invitrogen) dissolved in DMSO at final concentration of 5 uM with 2% Pluronic F-127
(Invitrogen). Neurons were loaded at room temperature for 30 min in the dark. Calcium
signals were recorded by exposure to alternating wavelength (340 and 380 nm, 50 ms)
generated by a Xenon light source and Lambda DG-4 ultra high-speed wavelengths
switcher (Sutter Instruments, Novato, CA). Fluorescent responses were recorded using
an Orca-ER digital camera (Hammatsu, Bridgewater, NJ). Paired 340/380 ratio images
were acquired at 4s intervals with Metaflour 5.0r5 software (Molecular Devices Corp,
Downingtown, PA). Drugs were dissolved in chicken physiological buffer (145 mM
NacCl, 5.4 mM KCl, 0.8 mM MgCl,, 5.4 mM CaCl,, 5 mM glucose, 13 mM HEPES, pH
7.4). Voltage gated sodium and calcium channels were blocked by supplementing the

perfusion medium with 600 nM tetrodotoxin (Tocris, Ellisville, MO) and 200 uM cobalt
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chloride (Sigma), respectively. 10 uM Nicotine (Sigma) was applied for 20 sec to
activate nAChRs. a7-nAChRs were inhibited by perfusing the neurons with 50 nM o.-
methyllycaconitine citrate hydrate (MLA) (Sigma) for 1min or pre-incubating with 50
nM obtx (Sigma) for 30 min at 25°C. Heteromeric a3/a5/p4/f2 (a3*)-nAChRs were
blocked by perfusing neurons for 1 min with 5 uM Dihydro-fB-erythroidine hydrobromide
(DHPBE; Sigma). Upon completion of these experiments, the extent of dye loading was
determined by activating voltage-gated calcium channels with high potassium perfusion

solution (25 mM KCl, with no TTX or cobalt chloride).

Analysis of Ca’" imaging data: After the initial recordings were performed, background
was subtracted from every image acquired and new ratios were calculated using the
Metafluor 5.0r5 software. The ratios were then exported into the Microsoft Excel
spreadsheet and all the calculations were performed using Microsoft Excel. For the
calculation of Ca®" decay rates, traces were normalized so that the baseline was always 0
and the peak calcium signal was always 1, using the equation (F-F)/Fyca. Baseline
fluorescence (Fo) was subtracted from the fluorescence at every time point (F). This
value was then divided by peak amplitude fluorescence (Fcac). This allowed us to

observe changes in the rate of Ca*" decay between individual neurons.

Design-based stereology: Serially sectioned ciliary ganglia (cut at 30 wm) were prepared

for designed-based stereology as previously described (Bunker and Nishi, 2002) and

Islet-1 positive nuclei (representing all neurons) together with somatostatin-positive cell
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bodies (representing all choroid neurons) were counted using the Optical Dissector Probe
of Stereo Investigator (MBF Biosciences, Williston, VT) in conjunction with a Nikon
Optiphot 2 microscope with a Hitachi HVC20 camera, Heidenhahn focus encoder, and a
motorized, computer-driven X, Y, Z stage (all microscope attachments provided by MBF
Biosciences). To avoid inaccuracies caused by cutting artifacts and double counting
between adjacent sections, an upper guard of 4 um and lower guard of 7 um were used
(Bunker and Nishi, 2002). Spacing between sampling sites (grid size) was set such that
13-15 sampling sites were counted per section, which yielded 100-300 objects per each
ciliary ganglion. The number of ciliary neurons was calculated by subtracting the
number of somatostatin-positive neurons from the total number of neurons per ciliary

ganglion (Bunker and Nishi, 2002).
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RESULTS

Immature ciliary ganglion neurons express heterogeneous levels of a7-

nAChRs

If cell death in the ciliary ganglion is triggered in some neurons but not others in vivo
between E7 and E9 by excessive signaling through a7 subunit containing nAChRs, then
there should be heterogeneity in a7-nAChR expression between individual neurons,
where the neurons with high levels of surface a7-nAChRs would be especially at risk to
die from high Ca*" influx through these receptors. To label surface a7-nAChRs, obtx-
Alexa 488 was bound to live ciliary ganglion neurons at E8. Individual E8 neurons
exhibit different intensities of staining with abtx-Alexa 488 (Fig. 14). One example of
a7-nAChR heterogeneity is shown in figure 14, where a neuron indicated by arrow
labels brightly with abtx-Alexa 488, while neighboring neurons display a low level of

abtx-Alexa 488 binding (arrowhead in Fig. 14).

At E13, we identified acutely isolated neurons as choroid or ciliary based on somatostatin
immunoreactivity (Epstein et al., 1988; Coulombe et al., 1993). Both ciliary and choroid
neurons express high levels of surface a7-nAChRs (Fig. 1B,C). Moreover, o.7-nAChRs
on somatostatin-negative, ciliary neurons are found tightly clustered on somatic spines at
this developmental stage, which is another sign of maturation (arrows in Fig. 1B, Shoop

et al, 1999). Choroid neurons that express somatostatin do not show a7-nAChR
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clustering (Fig. 1C). Qualitatively, the intensity of staining with abtx-Alexa 488 does

not differ between individual E13 neurons of each population.

To survey the number of neurons exhibiting different levels of abtx-Alexa 488 binding at
various stages of development across ganglia, we used flow cytometry (Fig. 1D-G).
Neurons were distinguished from non-neuronal cells by immunoreactivity to Q211, an
antibody that recognizes a neuron-specific ganglioside shortly after neural progenitors
have commenced differentiation (Rohrer et al., 1985). At E6 and E7, neurons (Q211
positive cells) are very heterogeneous with respect to their surface abtx binding, as can
be seen by the large amount of scatter in abtx labeling intensities (Fig. 1D,E). By E9, the
Q211 positive cells with little or no abtx binding have all begun to express a.7-nAChRs,
and a few neurons still display very high abtx binding (arrowhead, Fig. 1F). However,
by E10, abtx binding is much more homogeneous than at E6 and E7 (Fig. 1G). The loss
of Q211 immunoreactivity, as seen by the spread of abtx-positive cells into the upper left
quadrant (Fig. 1F,G) is a normal progression of Q211 staining that we have observed as

neurons mature.

Because a7-nAChRs have a high relative permeability to calcium equal to that of NMDA
receptors (Role and Berg, 1996a), we tested whether the heterogeneity in surface o.7-
nAChRs observed at E8 leads to larger increases in intracellular Ca®* in some neurons
versus others. Neurons were imaged using the ratiometric dye fura-2 and 10 uM nicotine

was applied by perfusion to activate the maximum number of nAChRs in all the neurons
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imaged by the microscope. By doing so, we could collect data on a large number of
neurons per experiment, which is not possible by single cell electrophysiology. To ensure
that only nicotinic Ca>* responses were measured, 200 uM CoCl, and 600 nM
tetrodotoxin (TTX) were added to the perfusion buffer in order to inhibit voltage-gated

calcium and sodium channels, respectively (see Materials and Methods).

First, we tested whether neurons could recover nAChR sensitivity after nicotine
application so that the efficacy of antagonists could be tested. After the first application
of nicotine (Nicl), we washed cells for 5 min, and then perfused nicotine again (Nic2,
Fig. 24). The peak amplitude of the Ca>" response after second stimulation was not
significantly different from the initial application of nicotine (Fig. 2B). Therefore, in all
subsequent experiments we washed for at least 5 minutes after the initial application of
nicotine before we applied nicotine together with nicotinic antagonists. The response
elicited by nicotine could be significantly reduced by 50 nM MLA, an antagonist known
to selectively block a7-nAChRs on ciliary ganglion neurons at this concentration
(Alkondon et al., 1992); Fig. 2C, p<0.0001; one-way ANOVA, n=34 neurons). The
residual response was completely blocked with a cocktail containing 50 nM MLA and 5
uM Dihydro-f-erythroidine hydrobromide (DHBE; Fig. 2C, compare MLA with
DHPBE/MLA, p<0.0001; one-way ANOVA, n=30 neurons), which completely blocks

transmission through the ciliary ganglion (Bertrand et al., 1992; Liu et al., 2006).
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We then examined whether there are differences in a7-nAChR-induced Ca*" influx
between ciliary ganglion neurons isolated at different stages of development. To
determine the Ca®" influx mediated by 0.7-nAChR, Ca*" responses obtained in the
presence of the a7-nAChR specific antagonist MLA were subtracted from the total Ca**
responses to 10 uM nicotine. When E8 neurons are stimulated with nicotine, the elicited
Ca’" responses have a broad distribution (Fig. 2D), demonstrating that individual E8
neurons exhibit variability in Ca*" influx through a.7-nAChRs. Compared to E8 neurons,
a7-specific Ca** responses at E9 are skewed to the left with the majority of responses
clustered around the mean (Fig. 2D). The mean of a.7-nAChR-specific Ca*" responses at
E9 is significantly smaller compared to E8 neurons (p<0.0002, Student t-test, ES:
0.09+0.007, n=41; E9: 0.06+0.004, n=80). At E13, which is near the end of the cell death
period, only half of the ciliary ganglion neurons display increases in intracellular calcium
in response to perfused nicotine, despite the fact that all of them respond to high K",
indicating that all cells are equally loaded with Fura-2. Of the ones that respond,
intracellular Ca®" decays to baseline at much faster rate than in neurons isolated at E8
(before onset of neuronal loss; Fig. 2E). At E8 the rate of Ca**decay can be fitted with a
single exponential (t=48.9+0.98s) while the rate of Ca®" decay at E13 can be fitted with
double exponential, with initial fast decay (t;=17.5+0.42s) and later slower decay
(12=175.6+91.4s), suggesting that an additional mechanism for sequestering intracellular
calcium has developed. Treatment with MLA eliminates differences in the rate of Ca*"
decay between E8 and E13 neurons; at both stages the rate of Ca*" decay can be fitted

with a double exponential equation (Fig. 2F; E8: 1,=27.9+0.0005s, 1,=1014.1s; E13:
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171=20.7%1.56s, 1,=78.8+26.1s). These results suggest that the activation of a7-nAChRs

. . . 2+
influences how neurons handle increases in [Ca” ;.

Membrane-tethered o.-bungarotoxin inhibits a7-nAChR mediated Ca*
influx in ciliary ganglion neurons

In order to block Ca*" influx via a7-nAChRs cell-autonomously in vivo, we used the
avian retroviral vector RCASBP(A) to express an abtx that was modified at the C-
terminus to include a linker with a consensus sequence for the glycosyl-
phosphotidylinositide linkage from mouse lynx-1 (Fig. 34; (Ibanez-Tallon et al., 2004).
Ciliary ganglion neurons infected with this construct exhibit bright, punctate abtx
immunoreactivity on their cell surface, indicating efficient expression of tethered abtx
(Fig. 3C). When the ciliary ganglion cultures are prepared from embryos infected with
the control (open) virus, neurons do not label with abtx antibody (Fig. 3B). The
specificity of abtx antibody was confirmed by western blot and ELISA (Supplementary

Fig. 1).

To test whether GPIabtx blocks Ca®" influx through o.7-nAChRs, E8 ciliary ganglion
neurons infected either with GPIobtx or open virus were subjected to Ca*" imaging as
described above. GPlobtx-infected neurons have significantly reduced nicotinic Ca®"

responses compared to the neurons infected with control virus (Fig. 3D; open: 1.29 +

0.13, n=21; GPlabtx: 0.36 + 0.06, n=23, P<0.0001, Student t-test). In fact, GPIabtx
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inhibits nicotine-induced increases in intracellular Ca®" to the same extent as exogenously
applied abtx (Fig. 3D; opent+obtx: 0.19 £+ 0.04, n=7; GPlabtx: 0.36 + 0.06, n=23).
Moreover, applying exogenous abtx (50 nM) to GPlabtx infected cultures does not cause
additional reduction in Ca*" influx (Fig. 3D; GPlabtx: 0.36 + 0.06, n=23; GPlabtx + 50
nM abtx: 0.30 + 0.05, n=6). The above findings indicate that tethered abtx inhibits o.7-

nAChR mediated increases in intracellular Ca".

Expression of the GPlabtx does not eliminate all of the calcium influx, leaving behind
the residual Ca®" response (Fig. 3D), which is very similar to the residual response
observed after a treatment with MLA (Fig. 2C). This residual response is eliminated by
the treatment with DHBE (Fig. 2C), an antagonist that is more selective for heteromeric
a3*-nAChRs. Treatment of GPlabtx infected neurons with exogenous abtx does not

cause further reduction in the residual Ca®" response (Fig. 3D).

To determine if the GPlabtx can be spontaneously released from the surface of a neuron
and bind to a7-nAChRs on nearby neurons, we co-incubated uninfected ciliary ganglion
neurons overnight with the neurons infected with the GPlabtx (Fig. 4). The cultures
were then live-labeled with abtx-Alexa 488 to visualize unoccupied surface a7-nAChRs.
Uninfected neurons label strongly with abtx-Alexa 488, while neurons infected with
GPlobtx retrovirus do not label with abtx-Alexa 488 (Fig. 4B,C). Importantly,
uninfected neurons that were co-incubated with the GPlabtx-infected neurons still

exhibit intense abtx-Alexa 488 labeling that is comparable to uninfected controls (Fig.
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4D), demonstrating that their a7-nAChRs are not occupied by abtx clipped off the

surface of GPlabtx-infected neurons.

GPlabtx rescues ciliary and choroid neurons from cell death.

To block activation of a7-nAChRs on ciliary ganglion neurons in vivo, we infected
chicken embryos with RCASBP(A)-GPlabtx and counted the number of surviving
neurons at E14 using design-based stereology (Bunker and Nishi, 2002). If the viral
particles are injected into the mesencephalon at St. 8-9 (36 hours of development), ciliary
ganglion neurons precursors are still present at the neural tube and accessible to retroviral
infection (Fig. 54-C). However, if viral particles are injected at St. 10-13, the precursors
have already migrated away from the neural tube to form a ganglion and are therefore
inaccessible to the retrovirus, resulting in uninfected neurons surrounded by infected non-

neuronal cells (Fig. 5D-F).

For counting purposes, ciliary ganglia were labeled with Islet-1 and somatostatin
antibodies (Fig. 5G). Infection with GPlabtx at 36 hours of development rescues 41% of
ciliary ganglion neurons from cell death compared to control-infected ganglia (Fig. 5H,
p<0.001, ANOVA; open ganglia: 6459 neurons, n=6; GPlabtx ganglia: 11,310 neurons,
n=8). Moreover, both ciliary (p<0.01) and choroid neurons are rescued (Fig. 5H,
p<0.001, ANOVA with Tukey’s multiple comparison post hoc). When neurons are not

infected, but surrounding non-neuronal cells are with RCASBP(A)-GPlabtx, then
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neuronal cell numbers are not significantly different from open-infected control ciliary
ganglia (Fig. 5H, GPlabtx ganglia infected at 48 hr: 8250 neurons, n=9). Thus, the
GPIobtx must be expressed in ciliary ganglion neurons to block cell death. These results
also show that GPlabtx is not released from cells in quantities sufficient to block a7

nAChRs on nearby neurons.

The ciliary ganglion receives preganglionic input from the accessory oculomotor nucleus
(AON) in the midbrain. The preganglionic neurons also contain presynaptic ac7-nAChRs
that control the release of acetylcholine by increasing the Ca*" influx into the presynaptic
terminals (Coggan et al., 1997; Rogers and Sargent, 2003). Therefore, inhibition of these
receptors with GPlabtx could also affect survival of ciliary ganglion neurons. However,
p27gag immunoreactivity is observed only in a small number of AON neurons (arrows in
Fig. 64-C), indicating that preganglionic neurons do not express GPlabtx. Thus,
presynaptic a7-nAChRs in terminals from AON are unlikely to affect survival of ciliary

ganglion neurons.
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DISCUSSION

The principal findings reported here support the hypothesis that a7-nAChRs facilitate
developmental cell death of parasympathetic neurons, possibly by allowing increases in
intracellular calcium that exceed the threshold for cell survival. Shortly after all of the
neurons in the ciliary ganglion are innervated by preganglionic inputs, neurons express
variable levels of a7-nAChRs together with differences in a7-mediated increases in
intracellular calcium induced by nicotine. Furthermore, intracellular increases in calcium
fall to baseline levels at slower rates in young neurons when compared to neurons that
have survived the cell death period. Finally, cell-autonomous inhibition of a7-nAChR
signaling prevents cell death. Thus, anterograde signals play an important role in

sculpting the final number of neurons in the autonomic nervous system.

The conclusion that activation of a7-nAChRs on ciliary ganglion neurons facilitates
normal neuronal loss in the ganglion is based on the cell-autonomous action of GPlabtx.
The utility of this reagent in vivo was first demonstrated in zebrafish striated muscle; also
in these studies, Xenopus oocytes expressing the GPIabtx co-incubated with oocytes
expressing a7-nAChRs did not block a7 responses, demonstrating that the toxin was not
cleaved and acting non-cell autonomously (Ibanez-Tallon et al., 2004). We show similar
results when neurons expressing GPlabtx are co-cultured with uninfected neurons.
Importantly, in vivo, we fail to rescue neurons when the GPlabtx is expressed only in

surrounding non-neuronal cells; the construct must be in neurons to rescue them.
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However, at present time we cannot distinguish between a7-nAChRs located in cell soma
and the terminals of ciliary ganglion neurons. RCASBP(A) does not efficiently infect
early neural progenitors in the neural tube, therefore, GPlabtx is poorly expressed on the
preganglionic neurons in the midbrain. Thus, presynaptic a7-nAChRs in GPlabtx-
infected embryos are not affected. This observation excludes a.7-nAChRs on neurons in
the accessory oculomotor nucleus as a significant contributor to cell death of ciliary

ganglion neurons.

The hypothesis that a7-nAChR activation facilitates cell death of ciliary ganglion
neurons is consistent with the temporal sequence of ganglionic innervation. Afferents
from the AON first make contact at E4.5 and the neurons are 100% functionally
innervated by ES, prior to the onset of cell loss (Landmesser and Pilar, 1972, 1974b).
Our flow cytometry and calcium imaging data confirm and extend previous observations
that ciliary ganglion neurons express many a7 receptors by E8 (Corriveau and Berg,
1993; Blumenthal et al., 1999; Brumwell et al., 2002). Whether the AON is
spontaneously active at such early times is not clear, however, spontaneous electrical
activity in the brainstem is detected using optical recording techniques at very early
stages of embryonic development (Momose-Sato et al., 2003; Sato and Momose-Sato,
2003). In addition, ciliary neurons are enveloped in a preganglionic calyx at E§ that may
serve to trap acetylcholine, bringing it to high levels if extracellular esterase activity is

low. Finally, the kinetics of a7-nAChR inactivation at E8 versus E13 have yet to be
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examined. It is plausible that a7-nAChRs at E8 inactivate more slowly than more mature

receptors.

The molecular mechanism underlying a7-nAChR effects on survival is likely to involve
Ca’" as an activator of cell death. Ca®" is an intracellular messenger that operates over a
wide temporal and spatial range to regulate many different cellular processes and Ca®>"
overload has been suggested to be the final common pathway of all types of cell death
(Berridge et al., 2003; Hajnoczky et al., 2003; Rizzuto et al., 2003). a7-nAChRs have
very high relative permeability to Ca®" that is comparable to that of NMDA receptors.
Furthermore, a7-nAChRs are insensitive to Mg*" blockade, which allows them to
mediate Ca" influx at rest (Role and Berg, 1996a; Berg and Conroy, 2002). Therefore,
we propose that activation of o7-nAChRs can increase [Ca®]; to the levels that can be
toxic to immature neurons. In support of this, a naturally occurring mutation in o.7-
nAChR homolog induces cell death in C. elegans due to increased Ca*” influx entering
via slowly desensitizing receptors (Treinin and Chalfie, 1995). Transgenic mice
homozygous for a similar gain of function mutation in a7-nAChRs also exhibit
widespread neuronal apoptosis (Orr-Urtreger et al., 2000). Furthermore, Ca®" influx
caused by activation of a.”7-nAChRs induced apoptotic cell death in undifferentiated and
immortalized hippocampal progenitor cells, but not in differentiated cells (Berger et al.,
1998a). These progenitor cells were susceptible to Ca*" overload due to their lack of
buffering capability, while more mature neurons upregulated the expression of calbindin

and no longer died as a result of a7-nAChR activation. In line with this evidence, ciliary
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ganglion neurons generate significantly larger increases in [Ca*']; in response to nicotine
at E8 than at E9. In addition, after nicotine stimulation, E8 neurons exhibit a slower rate
of intracellular Ca*" decay than E13 neurons. Thus, E8 neurons with a large response to
nicotine are likely to be more vulnerable to Ca*" influx through a.7-nAChRs.

What prevents a7-nAChRs from triggering cell death after the final number of neurons is
established? In mature neurons, multiple factors control expression and signaling via a.7-
nAChRs, thus protecting neurons from large, global increases in [Ca®'];. For example,
mature ciliary neurons cluster a7-nAChRs on somatic spines (Shoop et al., 2001b; Shoop
et al., 2002), narrowing the spatial signaling range of Ca®" to somatic spines, where it can
be handled regionally. Furthermore, a7-nAChRs on mature neurons are excluded from
postsynaptic densities and therefore are less likely to be activated by the release of
acetylcholine from presynaptic terminals (Jacob and Berg, 1983; Horch and Sargent,
1995). Both types of neurons contain a large number of silent a7-nAChRs, suggesting
that the majority of a7-nAChRs are normally prevented from signaling and are recruited
only in special circumstances (McNerney et al., 2000a). In addition, ciliary neurotrophic
factor (CNTF), which is expressed by ciliary ganglion target tissues, downregulates the
expression of a7-nAChRs (Halvorsen and Berg, 1989). Finally, endogenous neurotoxin-
like molecules such as lynx1 are emerging as important modulators of a7-nAChR
function (Miwa et al., 1999; Ibanez-Tallon et al., 2002). In fact, ciliary ganglion neurons
turn on expression of lynx related gene during the period of cell loss, which reduces the
Ca’" influx through o.7-nAChRs receptors (Rae Nishi, 2006 Soc. Neurosci. Abstr.

322.9.).
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Other studies with pharmacological agents that block nicotinic signaling differ from our
conclusion that inhibition of a7-nAChRs prevents cell death in the ciliary ganglion. Pan-
nicotinic antagonists such as chlorisondamine, pempidine, or d-tubocurare, reduce
survival of ciliary ganglion neurons (Wright, 1981b; Meriney et al., 1987b; Maderdrut et
al., 1988). Furthermore, removal of afferent input to the ciliary ganglion exacerbates cell
death (Furber et al., 1987). These studies together with some cell culture models indicate
that depolarization and increases in [Ca”']; normally enhance survival of ciliary ganglion
neurons (Pugh and Margiotta, 2000). However, increases in intracellular free calcium
can be either survival promoting or death inducing, depending on a neuron’s Ca®" set-
point (Johnson et al., 1992; Ghosh and Greenberg, 1995). Therefore, excessive increases
in intracellular Ca** via a7-nAChRs could exceed threshold for an optimal Ca*" set-point
and induce cell death, while moderate increases in intracellular Ca’" are survival
promoting. To this end, we showed that individual ES ciliary ganglion neurons express
heterogeneous levels of a7-nAChRs on their surface. As a result, some neurons display
very large increases in [Ca®']; while others exhibit a much smaller elevation in [Ca®']; via
a7-nAChRs. Therefore, we propose that the neurons that die as a result of a7-nAChR
activation are the ones that express high levels of surface a7-nAChRs and generate large
[Ca®"]; that exceed the set-point for cell death. Furthermore, activation of heteromeric
a.3/p4 nAChRs, which is the second type of nAChRs in the ciliary ganglion, leads to
smaller increases in [Ca>"]; that could be survival promoting. Thus the balance between
death-inducing signals via a7-nAChRs and survival-promoting signals via a.3*-nAChRs

could determine which neurons die and which neurons survive.
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Although our findings demonstrate that anterograde signaling via a7-nAChRs influence
the survival of ciliary ganglion neurons, they do not invalidate the neurotrophic
hypothesis. In fact, inhibition of a”7-nAChRs with membrane-tethered abtx rescues only
41% of neurons from dying, which argues that a7-nAChRs are not solely responsible for
cell death of the ciliary ganglion neurons. Actually, ciliary ganglion neurons depend on
ciliary neurotrophic factor (CNTF) for survival in vitro and in vivo and overexpression of
CNTF in chicken embryos rescues 31% of ciliary ganglion neurons that would have
normally died in vivo (Nishi and Berg, 1979, 1981; Finn et al., 1998). Therefore, we
propose that the balance between death-inducing and survival-promoting factors
determines the final numbers of neurons in the ganglion. Initially, death signals
predominate, which is evidenced by large programmed cell death at E6, several days
before the actual decrement in cell number and synaptogenesis with the target tissues
(Lee et al., 2001). As neurons extend processes and synapse with their targets they
become dependent on CNTF, which opposes the deleterious effects of a7-nAChRs by
downregulating their expression (Halvorsen and Berg, 1989) or upregulating modulators
of nAChR function such as lynx-1. In conclusion, our results highlight the importance of

nontraditional roles of nAChRs during neural development.
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Figure 1. Cell surface o.7-nAChRs on developing ciliary ganglion neurons.

Acutely dissociated neurons were incubated while alive with abtx-Alexa 488, then
imaged (A-C) or subjected to flow cytometry (D-G). E13 neurons (B,C) were fixed and
stained for somatostatin immunoreactivity to identify choroid neurons. (A) At E8, some
neurons express a large number of a7-nAChRs (arrow), while others have very low
numbers (arrowhead). (B) At E13, a7-nAChRs are clustered on ciliary neurons (arrows).
(C) E13 choroid neurons have evenly distributed receptors on their cell surface. Similar
results were obtained from three additional experiments. Images were captured as optical
stacks on an Olympus epifluorescence microscope and deconvolved on a Deltavision
workstation. Calibration bar = 15 um. (D-G) Acutely dissociated E6-E10 ciliary
ganglion neurons were co-labeled with the neuronal specific Q211 antibody and obtx-
Alexa 488 and at each age 40,000 cells were analyzed by flow cytometry. Axes for all
four graphs are identical to those labeled in F. Cells in the upper right quadrant are
neurons (Q211 positive) that express a7 nAChRs (abtx binding). The majority of
neurons label at a tightly clustered level of abtx intensity; however, at E6 (D) and E7 (E),
there is a subpopulation of cells with high abtx-Alexa 488 binding (arrowhead) and a
subpopulation with very low abtx-Alexa 488 binding (arrow). (F) At E9, all neurons
bind abtx, but few neurons still exhibit high abtx binding (arrowhead). (G) By E10,

virtually all neurons have relatively homogeneous abtx-Alexa 488 binding.
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Figure 2. Calcium influx through o.7-nAChRs during ciliary ganglion development.

Acutely dissociated E8 neurons were loaded with the ratiometric calcium indicator dye
Fura-2 and stimulated by perfusing with 10 uM nicotine. (A) Cell responses to two
applications of nicotine (Nicl and Nic2) for 20 sec with 5 minute wash-out between them
are shown. (B) The mean Nicl and Nic2 Ca®" responses are not significantly different,
indicating that nAChRs recover from desensitization during the 5 minute wash-out
(p>0.05 Student t-test, n=14 neurons). (C) Nicotine induced Ca*" response is
significantly reduced by treatment with MLA (n=34 neurons, p<0.0001, one-way
ANOVA) and completely eliminated by treatment with MLA and DHBE (n=30 neurons;
p<0.0001, one-way ANOVA). (D) At E8, a7-nAChRs-specific Ca*' responses are
distributed over a wide range (mean 0.09+0.007, n=41), while E9 Ca®’ responses are
skewed to the left with majority of Ca*" responses clustered around mean (0.06:0.004,
n=80). Compared to E9 neurons, 20 sec application of 10 uM nicotine induces larger
increases in [Ca*"]; in E8 neurons (p<0.0002, Student t-test). (E,F) The rate of Ca®"
decay was measured in E§ and E13 acutely dissociated neurons. Traces were normalized
to the percent of peak Ca>" amplitude in order to detect changes in the time course of
Ca’" decay. (E) At E8, Ca”" decays back to baseline at much slower rate than at E13 (ES:
1=48.9+0.98s, n=33 from 3 different ganglia; E13: ©;=17.5+0.42s, ©,=175.6+91.4s, E13
n=6 from 5 different ganglia). (F) Treatment with MLA eliminates the differences in the

rate of Ca>" decay between E8 and E13 neurons. Values represent mean + SEM.
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Figure 3. GPlabtx expression in ciliary ganglion neurons after injection with

RCASBP(A) retrovirus.

(A) Diagram of GPlabtx cassette, containing the mature abtx sequence linked to the
lynx1 consensus sequence for addition of a GPI anchor. (B,C) Dissociated ES ciliary
ganglion neurons infected with (B) control (open) RCASBP(A) or (C) RCASBP(A)-
GPlabtx were incubated with anti-abtx while alive at 4°C in order to label cell surface
abtx (green), then fixed and co-labeled with neuronal specific HuC/D antibody (red) to
demonstrate efficacy of infection. Only neurons infected with the RCASBP(A)- GPlabtx
are labeled with the antibody. Calibration bar = 10 um.

(D) GPlabtx-infected neurons exhibit significant reduction in calcium influx via a.7-
nAChRs compared to the open-infected neurons (P<0.0001, Student’s t-test). GPIobtx
reduces the peak Ca®" amplitude to the same extent as exogenously applied abtx and
exogenous application of abtx does not further reduce peak calcium amplitude in
GPlobtx-infected neurons. Values represent mean + SEM of results from =20 neurons for

each treatment from three separate experiments.
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Figure 4. The majority of GPlabtx is not released from cell membranes.

(A-D) Uninfected or GPIlabtx infected E8 neurons were incubated alone or co-incubated
for 24 hours and then labeled while alive with abtx-Alexa 488 to identify cell surface a.7-
nAChRs. Uninfected neurons label brightly with abtx-Alexa 488 whether they are
incubated alone (B), or co-incubated with GPlabtx-infected neurons (D), demonstrating
that few of the cell surface a7-nAChRs are occupied by GPlabtx that has been released
from the membrane. (C) GPlabtx-infected neurons do not label with abtx-Alexa 488,
showing that cell surface a7-nAChRs are either occupied by membrane-tethered abtx or
because they fail to traffic to the cell surface when GPlabtx is expressed. Calibration bar

=15 um.
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Figure 5. Cell-autonomous inhibition with GPIabtx rescues ciliary ganglion neurons

from cell death.

Embryos were infected with open RCASBP(A) or RCASBP(A)-GPlabtx at 36 hrs of
development (St. 8-9; A-C) or 48 hrs of development (St. 10-13; D-F). Immunoreactivity
for p27gag (green) is observed in neurons (red) of ciliary ganglia from embryos infected
at St. 8-9 (A,C; arrows indicate few uninfected neurons), while only surrounding non-
neural tissue is immunoreactive for p27gag in embryos infected at St. 10-13 (D,F).
Calibration bars = 200 um (inset = 50 um). (G) Serially sectioned E14 ganglia were
labeled with neuronal-specific Islet-1 antibody (nuclear, arrows) and somatostatin
antibody (cytoplasmic, arrowheads) to identify choroid neurons. Calibration bar = 50 um.
(H) The total number of neurons (Islet-1 positive) and the number of choroid neurons
(somatostatin-positive) in sections stained as in G were counted by design-based
stereology and the number of ciliary neurons was inferred by subtracting the number of
choroid neurons from the total. Expression of GPlabtx prevents cell death of ciliary
(p<0.01, one-way ANOVA) and choroid (p<0.001,one-way ANOVA) neurons.
Expression of GPlabtx only in surrounding non-neural tissues does not prevent cell

death. Values represent mean = SEM.
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Figure 6. Presvnaptic a7-nAChRs from AON are unlikely to mediate death of

ciliary ganglion neurons.

(A) Neurons in the preganglionic AON from embryos infected at St. 8-9 were identified
with HuC/D antibody. (B) Only surrounding glia, but not HuC/D positive cells, label
with p27gag antibody, indicating that AON neurons are not infected. (C) Overlay of the
HuC/D immunoreactivity (red) with the p27gag immunoreactivity (green). Only a few
neurons show p27gag immunoreactivity (C; arrows). Calibration bar =200 um (inset =

50 um).
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Supplementary Figure 1. Specificity of rabbit anti-obtx.

Purified abtx protein was probed with rabbit anti-abtx and analyzed by (A) ELISA and
(B) western blot. (A) 50 ug of abtx protein was used to coat the wells. Rabbit anti-abtx
was serially diluted as shown. Goat anti-rabbit coupled to alkaline phosphatase (1:2500)
together with p-nitrophenyl phosphate diluted in alkaline phosphatase buffer was used to
develop the signal. Rabbit anti-abtx detected purified abtx protein and this signal was
effectively blocked by preabsorbing the antibody with 100 ug of abtx protein. (B)
Purified abtx protein was separated on 14% polyacrylamide gel and transferred to PVDF
membrane. Rabbit anti-abtx (1:10,000) was used to probe the membrane. The signal
was detected with goat anti-rabbit AlexaFlour 680 (1:20,000) by scanning the membrane
on LI-COR infrared scanner. The antiserum is able to detect 65 ng of abtx at a 1:10,000

dilution.
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SUMMARY

Vertebrate prototoxins modulate nicotinic acetylcholine receptor (nAChR) function and
have been implicated as balancers of neuronal activity and survival in vivo. To identify
members of this family involved in regulating programmed cell death during
development, we screened a chick expressed sequence tag database using lynx1 and
lynx2 and identified 6 sequences, of which one, an ortholog of prostate stem cell antigen
(PSCA), is significantly upregulated in the ciliary ganglion during the period of cell loss.
PSCA expression is neural specific and correlates with the expression of nAChRs. If
PSCA is overexpressed in ciliary ganglion neurons, a7-nAChR activation by nicotine is
selectively blocked. Furthermore, premature expression of PSCA in vivo rescues the
choroid, but not the ciliary neuron subpopulation. These results demonstrate a
developmental function for PSCA and suggest that other members of the prototoxin

family may serve similar functions.
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INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels that play an
essential role in a wide variety of processes in the nervous system including synaptic
plasticity, perception of pain, and attention (Dani and Bertrand, 2007; Rezvani and Levin,
2001). Activation of postsynaptic nAChRs causes rapid depolarization and mediates fast
synaptic transmission, while presynaptic nAChRs control the release of neurotransmitter
(Dani, 2001). To date, 17 nAChR subunits have been cloned, including 10 alpha
subunits, 4 beta subunits, and the muscle specific delta, gamma and epsilon subunits.
Functional neuronal nAChRs are comprised of alpha and beta containing heteromers or
alpha 7 containing homomers, and they have widespread, yet specific patterns of
expression in the central and peripheral nervous system (Role and Berg, 1996). All
nAChR channels are permeable to calcium in addition to sodium and potassium, with
alpha 7 homomers having a calcium permeability comparable to the unblocked NMDA
channel (Berg and Conroy, 2002). Thus, nAChRs have been implicated in calcium-
dependent functions such as regulating gene expression in addition to mediating chemical
neurotransmission (Chang and Berg, 2001). In fact, nAChRs have been found in a
number of non-neuronal cell types including lymphocytes, keratinocytes, epithelium, and

gut endothelium (Sharma and Vijayaraghavan, 2002).

Nicotinic signaling has also been implicated in controlling programmed cell death during

development. By far the most effective means of rescuing spinal cord motor neurons
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from dying is to treat embryos with nicotinic antagonists of neuromuscular transmission
such as d-tubocurarine (dTC) or alpha-bungarotoxin (abtx) (Pittman and Oppenheim,
1979). Similarly, up to 90% of the neurons in the avian ciliary ganglion are rescued by
antagonists of a7 nAChRs such as abtx and MLA (Bunker and Nishi, 2002); however,
non-selective nAChR antagonists that completely block ganglionic transmission
exacerbate cell death (Maderdrut et al., 1988; Meriney et al., 1987; Wright, 1981). In cell
culture, nicotine promotes survival of neurons, but it does so at concentrations at which
a7 nAChRs are desensitized (Pugh and Margiotta, 2000). Thus, nicotinic signaling
through specific subsets of nAChRs may contribute differentially to neuronal survival,
with activation of a7 nAChRs exacerbating cell death, while heteromeric nAChRs

promote neuronal survival.

One means by which nicotinic signaling can be regulated is by the expression of
endogenous prototoxins that are structurally homologous to snake venom neurotoxins
that antagonize specific subclasses of nAChRs. These molecules are members of the
super family of Ly6 molecules that are GPI-linked, cysteine-rich molecules that are
expressed in the nervous system. A number of members of this family have been
identified, including Ly6H, lynx1, lynx2 and SLURP-1 (Chimienti et al., 2003; Dessaud
et al., 2006; Horie et al., 1998; Miwa et al., 1999). These molecules fold into the typical
three-fingered loop structure of abtx (Miwa et al., 1999). In Heterologous expression
systems, mouse lynx1 binds to and alters the kinetics of a7 and a4f2 nAChRs (Ibanez-

Tallon et al., 2002). Furthermore, cortical neurons of mice lacking lynx1 have an
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enhanced sensitivity to nicotine that potentiates excitotoxicity, while aging lynx1 null
mice exhibit an exacerbated degeneration of the central nervous system that is enhanced

by nicotine and attenuated by loss of nAChRs (Miwa et al., 2006).

In the present study we determined whether endogenous prototoxins are expressed during
the development of the avian ciliary ganglion. The ganglion contains two types of
neurons, ciliary and choroid, and both receive cholinergic innervation that is detectable at
E5.5 and complete by E8 (Landmesser and Pilar, 1972). Programmed cell death
coincides with the arrival of afferents, with a loss of over half of the neurons occurring
between E8 and E14 (Furber et al., 1987; Landmesser and Pilar, 1974; Lee et al., 2001).
By ES8, both ciliary and choroid neurons express two major subclasses of nAChRs:
a7nAChRs and heteromeric a.3* nAChRs containing a3, a5, 34 subunits (Blumenthal et
al., 1999; McNerney et al., 2000) and sometimes 2 (Conroy and Berg, 1995). The
number of receptors increases steadily with development; however, by E14, there are
many fewer functional a3* and a7 receptors than are found on the surface, suggesting
that “silent” nAChRs predominate (McNerney et al., 2000). A mechanism that could
silence cell surface a7nAChRs is the cell autonomous binding of an accessory molecule
that prevents binding of acetylcholine or alters the kinetics of ligand induced channel
opening such as lynx1. Using mouse lynx1 and lynx2 we screened for homologous
molecules in the chick and identified 6 molecules. Of these, one is induced in the ciliary
ganglion during the period of cell loss and is the chick ortholog of human prostate stem

cell antigen (PSCA). PSCA prevents rises in intracellular calcium due to nicotine and its
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misexpression prior to loss of neurons in the ciliary ganglion rescues choroid neurons
from cell death. This suggests a function for endogenous prototoxins during

development of the nervous system.
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RESULTS

Identification of chicken lynx sequences

Since mouse lynx1 interacts with a7-nAChRs from chicken (Ibanez-Tallon et al., 2002),
we used the amino acid sequences of mouse lynx1 and lynx2 to search a chicken
expressed sequence tag (EST) database for proteins that had the Ly6 domain as the only
functional domain and whose genes matched the exon-intron structures of lynx1 and
other toxins that have the Ly6 domain. Six sequences that matched these criteria were
identified (Fig. 1A). All 6 sequences are cysteine-rich and 10 of the cysteine residues are
aligned across all molecules. The sequences also encode an N-terminal signal sequence
and a C-terminal consensus sequence for creating a glycosyl-phosphotidylinositide
linkage to the membrane. When analyzed by SMART (a Simple Modular Architecture
Research Tool; http://smart.embl-heidelberg.de/), all molecules are also predicted to fold
into a three-fingered coiled structure similar to that of mouse lynx1 and the cobra venom
neurotoxins (Gumley et al., 1995). This striking structural homology suggests that these
chicken molecules can interact with nicotinic acetylcholine receptors as shown for mouse

lynx1 (Ibanez-Tallon et al., 2002).

To determine if any of the 6 EST transcripts were expressed in a developmentally
regulated pattern in the ciliary ganglion, we used sequence specific primers to amplify
cDNA from ciliary ganglia collected from embryonic days (E) 8, while cell death is

occurring, and E15, which is a day after cell death has ceased (Landmesser and Pilar,
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1974). Three sequences, ch3Ly, chSLy and ch6Ly were expressed in E15 ganglia;
however, ch3Ly and ch5Ly were also expressed at E§ (Fig. 1B). In contrast, no
expression of ch6Ly is detectable at ES (Fig. 1B). Identity of the amplified gene product
as ch6Ly was confirmed by sequencing. The remaining transcripts are not expressed in
the embryonic ciliary ganglion (data not shown). Ch6Ly encodes a pro-protein of 122
amino acids, which corresponds to a molecular weight of 11,160 Da. The mature GPI-
linked protein is 8,051 Da. When ch6Ly is used to search Entrez, it matches mouse
prostate stem cell antigen, with which it shares 40% amino acid identity and 80%
homology (Fig. 2A). Like ch6Ly, open reading frame (ORF) of mouse PSCA shares the
homology with other Ly6 superfamily members and contains cysteine rich Ly6 domain
(Fig. 2B). Thus, ch6Ly is likely to be the chicken ortholog of prostate stem cell antigen
(PSCA), Ly6 family member whose expression becomes upregulated in prostate tumors

(Reiter et al., 1998).

Expression pattern of chicken PSCA

To determine the specificity of chicken PSCA expression, we quantified transcripts in a
variety of tissues in the E15 chicken embryo using real-time PCR and normalized these
levels to chick ribosomal binding protein s17 (CHRPS), a constitutively expressed
housekeeping gene that is abundant in all tissues (Table 1). Heart expresses the lowest
levels of PSCA and, therefore, relative expression of PSCA in all other tissues was

compared to that of heart. Skeletal muscle, liver, ovary and testes (data not shown) have
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1.5-fold higher levels of PSCA mRNA than heart. In the nervous system, the cerebellum,
a structure with few cholinergic synapses also has very low levels; however, the
telencephalon has 7-fold greater levels of PSCA mRNA than cerebellum. In the
peripheral nervous system, ciliary and sympathetic ganglia contain significantly higher
levels of PSCA mRNA than heart (p<0.05, one-way ANOVA). The levels of PSCA
transcripts in the peripheral ganglia are another 2.5 to 7-fold higher than the
telencephalon and ciliary ganglion contains significantly higher levels of PSCA than
cerebellum (p<0.05, one-way ANOVA). Dorsal root ganglia also express higher levels of
PSCA mRNA if compared to heart and liver, but 5 to 10-fold less than sympathetic or

ciliary ganglia.

Because PSCA is enriched in the nervous tissues of chicken embryos, we determined
whether mammalian tissues exhibit a similar expression pattern of PSCA mRNA. We
isolated the neural and non-neural tissues from adult mice and quantified relative
abundance of mouse PSCA normalized to B-actin. As in nearly mature chicken embryos,
the nervous tissues isolated from adult mice contain significantly higher levels of PSCA
than non-neural tissues (Table 2). Furthermore, the superior cervical ganglia express
nearly twice as much PSCA as cerebellum and telencephalon and this increase is also
significant (p<0.001, one-way ANOVA). Thus, PSCA is expressed at very high levels in
neural tissues, and its level of expression correlates with the transcript expression of o7
and a3 subunits of nAChRs in these ganglia (Fig. 3A and Table 1), suggesting a role of

PSCA in modulating nAChR signaling.
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In ciliary ganglia, expression of PSCA mRNA is developmentally regulated between E8
and E15, suggesting that PSCA plays an important role during cell death, possibly by
interacting with a7-nAChRs, which have previously been implicated in inducing cell
death (Bunker and Nishi, 2002, Hruska and Nishi, 2007, in press). If PSCA is involved
in regulating cell death through a7 subunit containing nAChRs, then its expression
should be low when cell death commences, and it should be upregulated as neurons in the
ganglion extend axons to the periphery and initiate synaptogenesis. Accordingly, we
used real time PCR to quantify PSCA transcripts and normalized expression to Islet-1, a
transcription factor that is expressed solely in neurons throughout embryonic
development in the ciliary ganglion (Lee et al., 2001). By normalizing to Islet-1, we
could thus correct for the 50% decrease in neuronal number that occurs between E8 and
E15. PSCA transcripts from ciliary ganglia are low but detectable at E§ with a 100-fold
increase from E8 to E13 (Fig. 3B, p<0.05, one-way ANOVA). The PSCA transcript
levels remain steady through E14, and by E15 PSCA is significantly upregulated in the
ciliary ganglion with levels that are approximately 10%-fold higher than those found at E8
(Fig. 3B; p<0.001, one-way ANOVA). Thus, the expression pattern of PSCA mRNA fits
with its role as a modifier of cell death that is induced by interactions between the target

and innervating neurons.
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PSCA blocks activation of o7 nAChRs and rescues choroid neurons
from cell death

To test whether PSCA could modify nicotine-induced responses in ciliary ganglion
neurons, we used the retroviral vector RCASBP(A) to express PSCA prematurely at ES.
If infective RCASBP(A)-PSCA particles are injected at St. 8-9 (36 hrs of incubation),
virtually all of the ciliary ganglion neurons are infected (Fig. 4A-C), while little or no
infection is detected in the accessory oculomotor nucleus, which innervates the ciliary
ganglion (Fig. 4G-I). We removed PSCA-misexpressing ciliary ganglia and vector-only
infected controls at E8, plated the neurons from dissociated ganglia on coverslips, and
loaded them with the calcium sensitive dye, fura-2, in order to quantify intracellular
calcium in response to rapidly perfused nicotine. TTX and cobalt were added to the

perfusion solution to inhibit voltage-gated sodium and calcium channels, respectively.

Nicotine induces a large increase in intracellular calcium, of which 50-60% can be
blocked by 50 nM MLA or 50 nM abtx (Fig. SA and data not shown). When neurons
infected with RCASBP(A)-PSCA are compared to those infected with open-
RCASBP(A), the nicotine induced rise in intracellular calcium is reduced by 43%
(p<0.0001, Student t-test; open: 0.3 + 0.02, n=69; PSCA: 0.17 = 0.01, n=86), and this
response cannot be further lowered by the inclusion of a7-nAChR specific antagonist,
abtx (Fig 5C). In contrast, inclusion of abtx to open-RCASBP(A) infected neuronal
cultures significantly reduces the amplitude of Ca®" transients to the levels that are

comparable to the PSCA infected neurons (Fig. 5C; p<0.0001, Student t-test open: 0.3 +
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0.02, n=69, open+btx: 0.14 + 0.02, n=31 ). Furthermore, increases in [Ca*"]; when
neurons are depolarized with 25 mM KCl are not significantly different between
RCASBP(A)-open and RCASBP(A)-PSCA infected neurons, indicating that the
differences in nicotinic responses between these two groups are not due to the unequal
loading with fura-2 (Fig. 5B). Thus, retrovirally delivered PSCA 1is expressed at E8 in

ciliary ganglion neurons and it specifically suppresses activation of a.7-nAChRs.

To determine if the premature expression of PSCA by ES8 caused a change in the final
number of neurons recovered in the ciliary ganglion, we infected neurons at St. 8-9 of
development with a retroviral vector containing full length PSCA and quantified the total
number of neurons as well as the number of choroid neurons at E14 by using design-
based stereology (Bunker and Nishi, 2002; Lee et al., 2001). Neurons were identified by
the expression of the transcription factor Islet-1; subpopulations were identified by
somatostatin immunoreactivity, which is found in choroid neurons, but not in ciliary
neurons (Coulombe et al., 1993; Epstein et al., 1988). On the average, PSCA expressing
ganglia contained 35% more choroid neurons as ganglia infected with open-RCASBP(A)
(p<0.0001, one-way ANOVA; open: 4679 = 353.4, n=16; PSCA at 36hrs: 7125 = 355.1,
n=13) and this was reflected in a significant change in the total number of neurons in the
ganglion (p<0.001 one-way ANOVA; open: 8626 = 418.8, n=16; PSCA at 36hrs: 11173
+ 467, n=13), indicating that the change in the number of neurons expressing
somatostatin-like immunoreactivity was not merely due to a shift in neuropeptide

expression (Fig. 6). Interestingly, the number of ciliary neurons remained unchanged
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(Fig. 6), suggesting that choroid neurons are more sensitive to the expression of PSCA.
If injections of RCASBP(A)-PSCA retrovirus into the neural tube are delayed to St .10-
13 (48 hrs of incubation), then ciliary ganglion neurons are not infected but neighboring
glia are (Fig. 5 D-F). These “late-injected” ganglia serve as controls for non-cell
autonomous effects of the membrane-tethered PSCA. In contrast to neuronally expressed
PSCA, PSCA expressed in neighboring glia fails to rescue neurons from dying (Fig. 6;

PSCA at 48 hrs: 9352 + 646.1, n=9).
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DISCUSSION

The principal finding of this study is that PSCA, a molecule originally identified as an
antigen upregulated in prostate cancer, is a prototoxin that prevents signaling through a7
subunit containing nAChRs. PSCA is expressed at considerably higher levels in the
nervous system and the levels at which it is expressed correlate with the relative
expression of a7 containing nAChRs. In the avian ciliary ganglion, PSCA expression is
induced and upregulated between E8 and E15, a time during which half of the neurons
are lost by cell death and peripheral synaptogenesis is completed. Furthermore, forcing
premature expression of PSCA prevents choroid neurons from dying. These results

suggest a modulatory function for prototoxins in nicotinic signaling.

PSCA belongs to the Ly6 superfamily, which are GPI-linked molecules expressed in
tissue specific patterns during development and in the adult. To date, the function of
such molecules has been mysterious because their small size and lack of a
transmembrane domain preclude a direct role in mediating cell signaling (Gumley et al.,
1995). Within this family, molecules that fold into a structure homologous to those
formed by cobratoxins (Betzel et al., 1991; Tsetlin, 1999), which bind with high affinity
to specific subclasses of nAChRs, have been described as prototoxins and include mouse
lynx1 (Miwa et al., 1999), mouse lynx2 (Dessaud et al., 2006), Ly6H (Horie et al., 1998)
and SLURP-1 (Chimienti et al., 2003). These endogenous prototoxins are expressed in

the CNS and the PNS, and likely act as molecules that interact cell autonomously to
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modulate nicotinic receptor function in vivo. Indeed, lynx1 colocalizes with a4/B2 as
well as a7 subunit containing nAChRs in mouse CNS and this association alters nAChR
kinetics, extent of receptor desensitization and agonist affinity (Ibanez-Tallon et al.,
2002; Miwa et al., 1999). Furthermore, neurons from /ynx/ null mice exhibit large
increases in [Ca>"]; in response to nicotine and, as a result, display age-dependent
degeneration that is exacerbated by nicotine and ameliorated by null mutations in
nAChRs (Miwa et al., 2006). Our analyses indicate that PSCA exhibits many of the
features of a prototoxin: 1) it is cysteine-rich, with a spacing of cysteine residues that is
conserved with other members of the family; 2) it is highly expressed in tissues of
nervous system that contain high levels of a7-nAChRs and these data are corroborated by
in situ hybridization from mouse brain, where PSCA is detected in Purkinje and granule
cell layers of cerebellum, cerebral cortex and hippocampus (http://www.brain-
map.org/mouse/brain/Psca.html); 3) it is predicted to form a “three-fingered” tertiary
structure similar to that of nicotinic antagonists derived from cobratoxin; 4) it interferes
with nicotine-induced increases in [Ca']; through a7-nAChRs, but not heteromeric
nAChRs. These results suggest that many other members of the Ly6 superfamily may

also serve as prototoxins with selectivity for specific classes of nAChRs.

Nicotinic signaling has long been known to play an important role in regulating
programmed cell death during development. Blocking neuromuscular transmission with
nicotinic antagonists such as d-tubocurarine or a-bungarotoxin is one of the most

effective ways to rescue spinal cord motor neurons from dying (Pittman and Oppenheim,
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1978; Pittman and Oppenheim, 1979). In the autonomic and the central nervous system,
activation of neuronal nAChRs can directly induce apoptosis. For example, chronic
blockade of a7-nAChRs with systemically applied abtx or MLA prevents cell death of
nearly all ciliary ganglion neurons (Bunker and Nishi, 2002; Meriney et al., 1987). In
addition, reduction in Ca*" influx through a.7-nAChRs in a cell-autonomous manner
prevents ciliary and choroid neurons from dying, suggesting that large a7-nAChR
mediated increases in [Ca®']; promote cell death of ciliary ganglion neurons during
development (Hruska and Nishi, 2007 in press). Immature neurons are especially
vulnerable to Ca*" influx via a7-nAChRs; activation of these channels induces apoptosis
of hippocampal progenitor cells but not differentiated hippocampal neurons (Berger et
al., 1998). Since the activation of a7-nAChRs can be pro-apoptotic in certain neuronal

populations, the signaling through these channels must be precisely regulated.

Our data are consistent with PSCA acting as a modulator of nicotinic signaling in the
ciliary ganglion that limits cell death caused by activation of a7-nAChRs in neurons
vulnerable to calcium overload. At E8, when PSCA is undetectable, many ciliary
ganglion neurons are undergoing apoptotic cell death (Lee, 2001). Subsequent
upregulation of PSCA correlates with a significant decrease in cell death, reflected in the
stabilization of neuronal cell number. Overexpression of PSCA at E8, when it is not
normally expressed, blocks nicotine-induced increases in intracellular calcium through
a7-nAChRs and prevents cell death of choroid but not ciliary neurons. Consistent with

this, it has been estimated that approximately a third of the a7 containing nAChRs on
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mature choroid neurons are “silent” (McNerney et al., 2000). That is, there are more
receptors on the surface than can be accounted for by measuring whole cell ACh-induced
current through a7-nAChRs. The number of silent a7-nAChRs increases between E8 and
E15 (Blumenthal et al., 1999; McNerney et al., 2000), which correlates with the increase

in PSCA mRNA that we observe.

In contrast to a membrane-tethered abtx, which also prevents nicotine-induced increases
in [Ca®]; via a7-nAChRs (Hruska and Nishi, 2007, in press), PSCA rescues only choroid
neurons rather than both ciliary and choroid subpopulations. This suggests that intrinsic
differences between ciliary and choroid neurons could be responsible for the differential
effect of PSCA on ciliary ganglion neurons. In fact, ciliary neurons cluster o.7-nAChRs
on somatic spines that develop between E10 and E14 (Shoop et al., 2001; Shoop et al.,
1999), thus, they have a mechanism that protects them from the global increases in
[Ca®];and choroid neurons display larger a7-nAChR-mediated whole cell current
densities than ciliary neurons (McNerney et al., 2000). Furthermore, o.7-containing
nAChRs in choroid neurons may be qualitatively different from those in ciliary neurons.
Recent data show that a'7-nAChRs can adopt multiple conductance states and, as a result,
ciliary ganglion neurons display heterogeneous o.7-nAChR-mediated whole-cell currents
(McNerney et al., 2000; Nai et al., 2003). These heterogeneous conductance states of a.7-
nAChR might arise from different affinities of distinct a7-nAChRs subclasses for PSCA
and other prototoxins. If choroid neurons express higher number of a.7-nAChRs with

high affinity for PSCA than ciliary neurons, overexpressing PSCA in the ciliary ganglion
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would preferentially prevent choroid neurons from dying. We have also found that two
other members of Ly6 superfamily are expressed in the ciliary ganglion but are not
developmentally regulated. These prototoxins may act with higher efficacy on ciliary

neurons.

The relationship of PSCA expressed in the prostate to its expression in the nervous
system is not clear. PSCA was first identified as an antigen enriched in basal cells of the
prostate epithelium that is upregulated in high grade, metastatic prostate tumors (Reiter et
al., 1998), suggesting that it promotes cell proliferation. Currently, it is unknown
whether PSCA modulates a7-nAChRs signaling in the prostate or whether it has
completely unrelated function. However, many non-neural cells, such as keratinocytes,
lymphocytes, endothelial cells and glia, express a.7-nAChRs (Benhammou et al., 2000;
Macklin et al., 1998; Sharma and Vijayaraghavan, 2001; Smit et al., 2001; Zia et al.,
2000). In fact, inhibition of a7-nAChRs by abtx prevents terminal differentiation of
human keratinocytes, suggesting that a.7-nAChRs play an important role in proliferation
of these cells (Arredondo et al., 2002). It is possible that a.7-nAChR signaling also
regulates cell proliferation in the prostate. Therefore, uncovering the neural and non-
neural functions of nAChRs and their accompanying prototoxin modulators will be key

for understanding the importance of nicotinic signaling in normal physiology and disease.
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SUPPLEMENTAL MATERIAL

Supplemental Table 1: Chicken lvnx specific sequence primer

Name | TC#' | Forward primer (5' — 3') Reverse primer (5' — 3')

ChlLy TC935 | CAACCACATACAGTGCTGCTGG | CAATCCTGCCCTAATGACAC
Ch2Ly TC877 | TTCTTGTCGTGCTTGTCATTGC CGGTCATCGCCGAGTCCCTTAG
Ch3Ly TC810 | CTCATCTGCTTTTCGTGCTCG AGACTTGCCACCGATTCCCACTC
Ch4Ly TC870 | TTGTCCTGTGCGTTGGAGTGGT | CGAGGGAGGTTTTGATGATGGC
ChSLy TC928 | CATCGGTCACCAAAAAATGTGC | AAACACATTCTGTGTGACCAC
Ch6Ly TC654 | GGTTTTCTTCATCCTCCTGCTGG | ATCCCTGCTGCCATTCCATAG

*Chicken lynx sequence specific primers were designed by searching chicken EST

database (http://www.tigr.org/tdb/tgi/) using the specified TC accession numbers.

Supplemental Table 2: Chicken-specific real-time PCR primers and probes

Name Forward primer (5 — 3’) | Reverse primer (5° — 3’) | Probe (5’FAM — 3’ BHQ)*
o3 subun. | CGCTCTCCTCTTAACTGCTG GCGGACGAACTGGTTGTAG AGCCCGAGCACCGGCTGTAC

o7 subun. | ATCTGCCACCAGGCATATTT CAGCCTCCATATGTCCAAGA CGTGCGTTGGTTTCCATTTGATG
chPSCA TTTTCTTCATCCTCCTGCTG GCACATTTCATTTTCCTTGC TCAGCAACAGCAACTGTCAGGCC
chrps AACGACTTCCACACCAACAA CTTCATCAGGTGGGTGACAT CGCCATCATCCCCAGCAAGA
Islet-1 GTCCGGAGAGACATGATGGT CGTATCTGGGAGCTGAGAGG TTTACAGGCGAACCCGGTGGA
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EXPERIMENTAL PROCEDURES

Identification of chicken lynx sequences: Mouse lynx1 and lynx2 protein sequences were
blasted against chicken TIGR gene indices (http://www.tigr.org/tdb/tgi/) and we chose 6
sequences (accession number for each sequence is shown in supplemental table 1) that fit
the following criteria: 1) to have the Ly6 domain as the only functional domain; 2) to
match the exon-intron structures of Lynx1 and other toxins that have the Ly6 domain.
Based on predicted sequences, the sequence specific primers were used to identify the
expression profile of lynx related transcripts in the ciliary ganglion between E8 and E15

(see Supplemental Table 1).

RNA extraction and PSCA cloning: Tissues were isolated at the indicated stages of
development and rapidly frozen on dry ice. Total RNA was extracted by using TRI
reagent (Molecular Research Center Inc., Cincinnati). The cDNA was synthesized from
2 ug of total RNA by reverse transcription using Oligo dTs and Superscripts II Reverse
transcriptase (Invitrogen). The full length PSCA was obtained by PCR using forward
primer (5’ ccatggtaatgaaggttttcttcatcctee 3”) that attached Ncol restriction site to the 5’
end of a PSCA sequence and reverse primer (5’ ggatcccttcacagtetgttgttcagg 3°) that added
BamHI1 restriction site to the 3’ end of PSCA sequence. The 369 base pair PCR product
was cloned into Ncol and BamH1 cloning sites on pSlax13Nco vector and the

sequencing confirmed that it was in fact full-length chicken PSCA sequence.
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Real-time PCR: Tissues were isolated at indicated ages and rapidly frozen on dry ice.
Total RNA was extracted and cDNA was synthesized as described above. The
expression profile of a7-nAChRs, a3-nAChRs and PSCA was assessed using 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA) and their expression in
chicken tissues was normalized to the endogenous gene control (chicken S17 ribosomal
binding protein-chrps), which is constitutively expressed in all cells or to Islet-1, a
neural-specific transcription factor. Primers and probes were designed using a primer
design website at Whitehead Institute at MIT (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi; see Supplemental Table 2). The probes were labeled
with 6 FAM reporter dye at their 5’ ends and black hole quencher (BHQ) at their 3’ ends.
The transcript expression and number was determined using Sequence Detection
Software (SDS) version 1.4. PSCA expression in mouse tissues was normalized to 3-
actin using Assays on Demand from Applied Biosystems (PSCA: Mm00452908 m1; -

actin: Mm00607939 sl).

Expression of PSCA with a viral vector: The PSCA sequence was cloned into the
Slax13NCOL shuttle vector using 5’ Ncol and 3’ BamH1 sites (Morgan and Fekete,
1996); the insert was removed from Slax13NCOI1 by cutting with Clal, and cloned into
the avian retroviral vector RCASBP(A) (Federspiel and Hughes, 1997). Infective
RCASBP(A)-PSCA viral particles were generated by transfecting DF-1 chicken
fibroblast cells with 800 ng of RCASBP(A)-PSCA plasmid using Mirus TransIT-LT

transfection reagent (Mirus Bio Corporation, Madison, WI). Conditioned media
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containing viral stocks collected from DF-1 cells were concentrated approximately 20-
fold by ultracentrifugation at 90,000 x g at 4°C for 3 hr (Morgan and Fekete, 1996).
Concentrated stocks were titered by limiting dilution and infectivity of cells as measured
by staining with p27gag antibody. Stocks with concentration of >10° infectious
particles/ml were used for in vivo injection. Viral particles (60-120 nL) were injected
into the mesencephalic enlargement of the neural tube of Hamburger/Hamilton stage (St.)
8-9 or St. 10-13 embryos using a Drummond Nanoject microinjector (Drummond
Scientific, Broomall, PA). The shells were sealed with a glass coverslip and sterile

vacuum grease and incubated at 37°C to the desired stage.

Calcium imaging: Acutely isolated ciliary ganglion neurons were loaded with Fura-2 AM
(Invitrogen) dissolved in DMSO at final concentration of 5 uM with 2% Pluronic F-127
(Invitrogen). Neurons were loaded at room temperature for 30 min in the dark. Calcium
signals were recorded by exposure to alternating wavelength (340 and 380 nm, 50 ms)
generated by a Xenon light source and Lambda DG-4 ultra high-speed wavelengths
switcher (Sutter Instruments, Novato, CA). Fluorescent responses were recorded using
an Orca-ER digital camera (Hammatsu, Bridgewater, NJ). Paired 340/380 ratio images
were acquired at 4s intervals with Metaflour 5.0r5 software (Molecular Devices Corp,
Downingtown, PA). Drugs were dissolved in chicken physiological buffer (145 mM
NacCl, 5.4 mM KCl, 0.8 mM MgCl,, 5.4 mM CaCl,, 5 mM glucose, 13 mM HEPES, pH
7.4). Voltage gated sodium and calcium channels were blocked by supplementing the

perfusion medium with 600 nM tetrodotoxin (Tocris, Ellisville, MO) and 200 uM cobalt
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chloride (Sigma), respectively. 10 uM Nicotine (Sigma) was applied for 20 sec to
activate nAChRs. a7-nAChRs were inhibited by perfusing the neurons with 50 nM o.-
methyllycaconitine citrate hydrate (MLA) (Sigma) for 1min or pre-incubating with 50
nM abtx (Sigma) for 30 min at 25°C. Upon completion of these experiments, the extent
of dye loading was determined by activating voltage-gated calcium channels with high
potassium perfusion solution (25 mM KCI, with no TTX or cobalt chloride). After the
initial recordings were performed, background was subtracted from every image acquired
and new ratios were calculated using the Metafluor 5.0r5 software. The ratios were then
exported into the Microsoft Excel spreadsheet and all the calculations were performed

using Microsoft Excel.

Tissues were prepared for immunohistochemistry as follows: Ciliary ganglia and
brainstems from E14 embryos were harvested, fixed in Zamboni’s for 48 hours at 4°C,
washed, then equilibrated in 30% sucrose at 4°C. Tissue was embedded in Microm cryo-
embedding compound (Richard Allen Scientific, Kalamazoo, MI), sectioned on a
Microm HM 560 cryostat (Richard Allen Scientific) at 30 um, and collected on
Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Sections were post-fixed in
Zamboni’s vapors for 15 min at 37°C, submerged in Zamboni’s fixative for additional 15
min at 25°C, washed in PBS and blocked. Primary antibodies were incubated overnight

at 4°C and secondary antibodies were incubated 2 hr at room temperature.
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Primary antibodies and the dilutions in blocking buffer at which they were used were:
mouse anti-Islet-1, which recognizes a transcription factor expressed in ciliary ganglion
neurons (Lee et al., 2001) at 1:100 dilution of the culture supernatant (prepared in the
Nishi Lab from clone 39.4D5, DSHB); mouse anti-Hu C/D (Invitrogen), which
recognizes a neuron-specific RNA binding protein (Lee et al., 2001; Marusich and
Weston, 1992) at 1:250 dilution of the culture supernatant; rabbit anti-p27gag (SPAFAS,
Norwich, CT), which recognizes avian sarcoma gag p27 (Wang et al., 1976) at 1:1000;
rat anti-somatostatin (Product #: YMC1020, Accurate Chemical & Scientific corporation,

Westbury, NY) diluted 1:100.

Secondary antibodies: biotinylated anti-mouse (Vector Laboratories, Burlingame, CA) at
1:250; biotinylated anti-rabbit (Vector Laboratories) at 1:250; goat anti-mouse Cy3
(Jackson Immuno Research, West Grove, PA) at 1:750; goat anti-rabbit Alexa 488
(Invitrogen) at 1:750; and goat anti-rat Cy3 (Jackson Immuno Research) at 1:750.
Images of ciliary ganglia and midbrain were acquired with 20x objective using Nikon C1
confocal scanner (Nikon Instruments Inc., Melville, NY) attached to a Nikon Eclipse

E800 microscope (Micro Video Instruments, Avon, MA).

Design-based stereology: Serially sectioned ciliary ganglia (cut at 30 wm) were prepared
for designed-based stereology as previously described (Bunker and Nishi, 2002) and
Islet-1 positive nuclei (representing all neurons) together with somatostatin-positive cell

bodies (representing all choroid neurons) were counted using the Optical Dissector Probe
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of Stereo Investigator (MBF Biosciences, Williston, VT) in conjunction with a Nikon
Optiphot 2 microscope with a Hitachi HVC20 camera, Heidenhahn focus encoder, and a
motorized, computer-driven X, Y, Z stage (all microscope attachments provided by MBF
Biosciences). To avoid inaccuracies caused by cutting artifacts and double counting
between adjacent sections, an upper guard of 4 um and lower guard of 7 um were used
(Bunker and Nishi, 2002). Spacing between sampling sites (grid size) was set such that
13-15 sampling sites were counted per section, which yielded 100-300 objects per each
ciliary ganglion. The number of ciliary neurons was calculated by subtracting the
number of somatostatin-positive neurons from the total number of neurons per ciliary

ganglion (Bunker and Nishi, 2002).
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FIGURE LEGENDS AND FIGURES

Figure 1. Expression of molecules with homologies to the Ly6/Neurotoxin

superfamily in chicken ciliary ganglion.

(A) Chicken EST databases were searched for the sequences with amino acid homologies
to mouse /ynx/ and lynx2. Six sequences were identified. All sequences have the same
intron-exon breaks as mouse /ynx/ and contain Ly6 functional domain (in bold at the
bottom). Open reading frame of all six molecules contains the N-terminal signal
sequence and consensus sequence for the addition of the GPI anchor at their C-terminal.
(B) Sequence specific primers were used to amplify cDNA from E8 and E15 ciliary
ganglia. Three chicken specific /ynx sequences are expressed in the ciliary ganglion. The
ch3Ly and ch5Ly are present at E§ and E15. The ch6Ly is not expressed at E8 but is
expressed at E15. Chrps codes for the ribosomal binding protein expressed ubiquitously

in the ciliary ganglion.
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Figure 2. The ch6Ly is prostate stem cell antigen.

(A) The amino acid sequence of ch6Ly was used to search NCBI and Ensembl databases
and the mouse PSCA sequence was pulled down in the search. The two sequences share
80% homology and 40% identity. Black highlight indicates positions with single, fully
conserved residues. Dark grey highlight indicates that the strong amino acid groups are
fully conserved. Light grey highlight represents the fully conserved weak amino acid
groups. Both molecules contain cysteine-rich Ly6 domain (shown above the amino acid
sequence) with conserved N-terminal leucine and C-terminal asparagine. (B)
Representation of the coding sequence of ch6Ly and mouse psca as compared to the other
members of Ly6/Neurotoxin superfamily such as lynx1, [y6h, a-bungarotoxin. The ch6ly
and psca have the same intro/exon breaks as the other members of the superfamily. 5’
UTR sequence, signal sequence, mature protein containing Ly6 domain, hydrophobic
GPI anchor and 3’UTR sequence are also conserved between ch6ly, psca and other

members of the family.
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Figure 3. Quantification of PSCA transcript expression.

The PSCA mRNA transcripts from different tissues of E15 chicken embryos were
quantified using the real-time PCR and normalized to ubiquitously expressed chicken
ribosomal protein s17 or neuronal-specific transcription factor Islet-1. (A) The
expression of PSCA in various tissues correlates with the expression levels of a7- and
a.3- subunits of nAChR. There is a tighter correlation between PSCA and o7 subunit
(r"=0.8) than between PSCA and a3 subunit (r*=0.5). (B) PSCA expression is
developmentally regulated in the chicken ciliary ganglion. The PSCA transcript levels
were normalized to Islet-1 (neuronal specific transcription factor) to account for 50%
decrease in neuronal numbers between E8 and E15. The levels of PSCA mRNA are the
lowest at E8 and increase 100-fold by E13 (p<0.05). By E15 the levels of PSCA increase
10°-fold when compared to E14 (p<0.001, one-way ANOVA, Tukey’s multiple
comparison post hoc). Values represent mean + SEM from at least 3 separate

experiments.
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Figure 4. Misexpression of chicken PSCA using RCASBP(A) retrovirus.

Embryos were injected with RCASBP(A)-PSCA at 36 hrs of development (St. 8-9; A-C)
and 48 hrs of development (St. 10-13, D-F). (A-C) p27 gag immunoreactivity (green) is
observed in >80% of neurons (red) in ciliary ganglia from embryos infected at St. 8-9.
(D-F) Only surrounding non-neural tissue exhibits p27gag immunoreactivity in the ciliary
ganglia from embryos infected at St. 10-13. Calibration bar = 100 um. (G-H) Neurons in
the AON from the embryos injected at St. 8-9 are not infected and only surrounding glia

exhibits p27gag immunoreactivity. Calibration bar = 250 um (inset = 50 wm).
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Figure 5. Overexpression of PSCA at E8 blocks nicotine-induced calcium influx via

o.7-nAChRs.

Ciliary ganglion neurons from embryos infected with RCASBP(A)-PSCA at St. 8-9 were
acutely dissociated and loaded with fura-2. 10uM nicotine was used to stimulate
nAChRs in the presence TTX and cobalt. (A) Brief application of nicotine induces rapid
increase in [Ca®'];. 50% of this nicotinic response is blocked by o/7-specific antagonist
MLA. (B) The Ca®" responses due to depolarization with 25 mM KCl are not different
between open and PSCA infected ciliary ganglion neurons, indicating the all neurons are
equally loaded. (C) PSCA infected neurons exhibit significantly smaller nicotine-
induced increases in [Ca*"]; compared to open-infected neurons (p<0.0001, Student t-test;
open: 0.3 +0.02, n=69; PSCA: 0.17 £ 0.01, n=86). Addition of abtx (50 nM) to PSCA
infected neurons does not cause additional reduction in nicotine-induced Ca*" while
addition of abtx into open infected neurons significantly reduces increases in [Ca*'];

(p<0.0001, Student t-test, open: 0.3 = 0.02, n=69; open+btx: 0.14 = 0.02 n=31). Values

represent mean = SEM of three separate experiments.
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Figure 6. Misexpression of PSCA rescues choroid, but not ciliary neurons.

Serially sectioned E14 ciliary ganglia infected with RCASBP(A)-PSCA at St. 8-9 (36 hrs
of incubation) or St. 10-13 (48 hrs of incubation) were labeled with Islet-1 antibody to
stain all the neurons and somatostatin antibody to label choroid neurons. Number of
surviving neurons was determined using design-based stereology. Ciliary ganglia
infected at St. 8-9 have significantly more choroid neurons (p<0.0001; open: 4679 +
353.4, n=16; PSCA at 36hrs: 7125 + 355.1, n=13) compared to the open-infected ganglia.
The number of ciliary neurons is the same in open and RCASBP(A)-PSCA infected
ciliary ganglia. The total number of neurons is also significantly greater in RCASPB(A)-
PSCA ganglia infected at St. 8-9 (p<0.002). Infection at St. 10-13 does not prevent cell
death of ciliary or choroid neurons. Values represent mean + SEM of three or more
separate experiments. One-way ANOVA with Tukey’s multiple comparison post hoc

was used to analyze the results.

162



12000-

8000+

4000+

# of neurons

*ok C—0Open
SCA 36hrs
EPSCA48hrs

Total  Ciliary Choroid

163



TABLES

Table 1. Relative real-time PCR quantification of transcripts in tissues from E15

chicken embryos

Gene quantification (arbitrary units)
Tissue type PSCA a3 subunit a7 subunit
Heart 4.55 +4.22 3.94 +2.14 1.7 £ 0.87
Liver 11.36 = 5.44 0.009 = 0.003 0.66 = 0.38
Pectoral muscle 6.02 = 2.87 1.47 £ 0.18 4.08 +2.48
Telencephalon 42.47 + 28.84 2.6+ 0.41 194 + 56.54
Cerebellum 6.74 + 6.18 1.42 +0.38 107.9 + 28.08
Ciliary Ganglion 288.3 = 131.8* 352 +241.6 1176 = 905.9
Sympathetic Ganglia | 100.6 = 16.07 | 1452 + 637.3* 1826 +453.9
DRG 29.58 668.4 = 4.63 230.2 = 1.675

The mRNA transcripts from different tissues of E15 chicken embryos were quantified
using the real-time PCR and normalized to ubiquitously expressed chicken ribosomal
protein s17. *Significant difference: p<0.05, one-way ANOVA, Tukey’s multiple

comparison post hoc. Values represent mean + SEM from three different animals.
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Table 2. Relative real-time PCR gquantification of PSCA transcript in adult mouse

tissue

Gene (Arbitrary units)
Tissue type PSCA
Liver 3.06 = 1.63
Spleen 2.142
Telencephalon 20.28 = 1.79
Cerebellum 14.42 = 0.86
SCG 58.78 £ 18.08%**

PSCA levels in adult mouse tissues were quantified and normalized to B-actin. PSCA is
preferentially upregulated in the nervous system. ***Significant difference: p<0.001,
one-way ANOVA, Tukey’s multiple comparison post hoc. Values represent mean =

SEM from three different animals. Spleen was collected only from a single animal.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

The principal finding in this dissertation shows that the activation of a7-nAChRs on the
ciliary ganglion neurons facilitates neuronal cell death, likely by increasing the levels of
[Ca®];. Later in the development of the ciliary ganglion, a steady upregulation of the
chicken PSCA molecule causes the reduction of Ca** influx via a7-nAChRs and prevents
choroid neurons from dying. At the same time, mature neurons become more efficient in
intracellular Ca*" handling and, thus, become more resistant to the a’7-nAChR-induced
Ca’" insults. These results show that in addition to the competition for target-derived

factors, anterograde influences play an important role in regulating neuronal survival.

Based on these observations, I propose the following model of cell death in the
developing ciliary ganglion (summarized in Figure 1). Ciliary ganglion neurons receive
preganglionic innervation at E 5.5 and transmission through the ganglion is 100%
functional by E8 (Landmesser and Pilar, 1972). By ES8, ciliary ganglion neurons already
express a.7-nAChRs (Corriveau and Berg, 1993; Brumwell et al., 2002); however, the
neurons are heterogeneous with respect to surface a7-nAChR levels. Therefore, the
binding of ACh to a7-nAChRs leads to large increases in [Ca®'];in some neurons. If
these neurons are unable to buffer the [Ca®]; or reduce the Ca®" influx via a7-nAChRs,

they die as a result of apoptosis. The intracellular concentration of Ca*" in neurons with
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Figure 1. A model of cell death in the ciliary ganglion.

At E8, ciliary ganglion neurons express heterogeneous levels of surface a7-nAChRs,
which leads to the large global increases in [Ca®']; in some neurons but not others. A lack
of Ca®" buffers in immature neurons with too many a7-nAChRs allows [Ca*']; to reach
the threshold for cell death. In contrast, the [Ca*"]iin neurons with lower levels of
surface a7-nAChRs does not reach the threshold for cell death. As neurons start making
contacts with their targets (at about E9), they start responding to CNTF, which can
downregulate surface a7-nAChRs. At the same time, upregulation of chPSCA reduces
the Ca”" influx through a7-nAChRs. Mature neurons also cluster a7-nAChR, which
restricts Ca®" signaling to specific cellular subdomains. These mechanisms prevent large,
global increase in [Ca®']; and stop a7-nAChR from facilitating cell death.
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fewer surface a7-nAChRs does not reach a threshold for cell death and, therefore, these
neurons survive. At E9, neurons start making contacts with their targets and by E14
peripheral synaptogenesis is complete (Landmesser and Pilar, 1978). During this time,
chPSCA is upregulated on ciliary ganglion neurons, which leads to the reduction in Ca*"
influx via a7-nAChRs. Furthermore, mature neurons start to express a variety of Ca®"
buffers and pumps, which either sequester the intracellular Ca*" or pump it into the ER or
out of the cell. The neurons also start responding to the ciliary neurotrophic factor
(CNTF) released from their targets, on which they become dependent for survival (Finn
and Nishi, 1996; Finn et al., 1998). Previously, CNTF was shown to downregulate
surface a7-nAChRs (Halvorsen and Berg, 1989). It is also possible that CNTF induces
chPSCA expression, however this is currently unknown. All of these characteristics
ultimately prevent the large, global increases in [Ca®']; in mature ciliary ganglion
neurons, which protects them from a7-nAChR mediated apoptosis later in development

after the final numbers of neurons in the ciliary ganglion have been established.

Significance of the results

The proper complement of neurons is critical for the establishment of precise neuronal
connections in the developing nervous system. Therefore elucidation of the mechanisms
that sculpt the neuronal numbers during development is important for understanding the
proper function of the mature nervous system. Most of the evidence in the field of

developmental cell death supports the neurotrophic hypothesis, which focuses on the role
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of neuron-target interactions and the retrograde control of neuronal survival by target-
derived factors (Oppenheim, 1991; Snider, 1994; Davies, 1996). In contrast, the
evidence for the role of afferents in regulation of neuronal survival is more limited.

Much of the evidence supporting the role of activity in regulating cell death comes from
the studies where the afferent input has been removed by nerve transection or blockade of
the voltage-gated sodium channels with TTX, resulting in increased cell death in target
neuronal populations (Okado and Oppenheim, 1984; Clarke, 1985; Furber et al., 1987).
However, with the removal of pro-survival signaling pathways, complete deafferentation
also removes the pro-death effects. Therefore, from these studies it is impossible to
dissect which ligand-gated channels activate the pro-survival versus pro-death signaling
pathways. In contrast, our studies focused on a role of the single ligand-gated ion
channel, a7-nAChR, that has been well studied in the ciliary ganglion and is known to be
excluded from the PSDs (Jacob and Berg, 1983; Jacob et al., 1986; Horch and Sargent,
1995). Our observations demonstrate that anterograde factors, such as acetylcholine
acting via a7-nAChRs, can facilitate the cell death of neurons by inducing large increases
in [Ca®'].. These results provide an important contribution to the field of developmental
cell death because they demonstrate that neuronal survival can also be regulated
independently of neuron-target interactions. These results further indicate that control of
developmental cell death is more complex than originally predicted by the neurotrophic
hypothesis. Importantly, our data present a mechanism by which classical
neurotransmitters can induce and regulate programmed cell death in the developing

nervous system.
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Although we have used the chicken ciliary ganglion as a model, our findings likely
extend beyond the parasympathetic nervous system and may apply to the developing
neurons in the sympathetic as well as the central nervous systems. Since sympathetic
neurons also express high levels of a7-nAChRs (Margiotta and Gurantz, 1989; Devay et
al., 1994), a similar mechanism by which a7-nAChRs induce cell death in this system
may be applicable; however, this still needs to be determined. In the CNS, the activation
of heteromeric nAChRs containing 32 subunit on newborn granule cells in the olfactory
bulb, a structure that undergoes neurogenesis throughout the adulthood, leads to the
apoptosis of these neurons (Mechawar et al., 2004). Furthermore, in the developing
retina, glutamate acting through NMDA receptors expressed on the retinal ganglion cells
located in inner layer of the retina preferentially induces cell death in this neuronal
population (Rocha et al., 1999; Grunder et al., 2000). Altogether, the above evidence
indicates that, besides at7-nAChRs, neurons use other ligand-gated ion channels to
regulate cell death during development. This suggests that the control of cell death by the
neurotransmitters and the neuromodulators may be the conserved phenomenon utilized

by a variety of neuronal populations in the CNS and in the PNS.

Since a7-nAChRs perform many different traditional and non-traditional roles, they are
subjected to a variety of modulatory mechanisms that fine-tune their signaling. These
modulatory mechanisms probably involve certain post-translational modifications that
alter the conformation of these channels, resulting in changes in the conductance, agonist

affinity and desensitization rates. The discovery of endogenous prototoxins, such as
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lynx1 and lynx2, indicates that a’7-nAChR signaling can also be modulated locally at the
cell surface by directly interacting with these molecules (Miwa et al., 1999; Ibanez-
Tallon et al., 2002). Therefore, based on the intrinsic state of activity and the need for
nicotinic signaling, neurons can recruit these prototoxins to the cell surface where they
alter the biophysical and the pharmacological properties of a7-nAChRs in a very short
time period. We have demonstrated that the neurons in the ciliary ganglion express
PSCA, which modulates the function of a7-nAChRs. The PSCA belongs to the Ly-
6/neurotoxin superfamily and, until our studies had demonstrated it, it was not believed to
be expressed in the nervous system (Reiter et al., 1998). Furthermore, the upregulation of
the PSCA during the period of cell loss in the ciliary ganglion offsets the deleterious
effects of a7-nAChRs, preferentially on choroid neurons, indicating that the endogenous
prototoxins play an important role during normal development by modulating the
nicotinic signaling. However, the mechanism by which PSCA modulates o.7-nAChRs

function still needs to be determined.

The importance of endogenous prototoxins in the normal nervous system is only
emerging and the way these molecules modulate the function of nAChRs is likely very
complex. Based on the cellular distribution of nAChRs, different members of the Ly-
6/neurotoxin superfamily may associate with different nAChRs and modulate nicotinic
signaling in a variety of ways. For example, heteromeric nAChRs which are found in the
PSDs on ciliary ganglion neurons may associate with completely different prototoxins

than extrasynaptically located a7-nAChRs. We have found three different Ly-
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6/neurotoxin members in the ciliary ganglion, however, only PSCA was developmentally
regulated. PSCA was shown to block virtually all intracellular increase in Ca>" via ol7-
nAChRs, suggesting that it has strong modulatory effects on the a7-nAChR signaling.
The presence of a large number of silent a7-nAChRs on the surface of ciliary ganglion
neurons (Blumenthal et al., 1999; McNerney et al., 2000a) further corroborates these
strong modulatory effects of PSCA. Therefore, it is reasonable that other prototoxins
expressed in the ciliary ganglion have more subtle effects on nAChRs signaling than
PSCA. Since a7-nAChRs in the ciliary ganglion display heterogeneous conductances
(McNerney et al., 2000a; Nai et al., 2003), it is possible that they associate with different
prototoxins that modulate their properties in a variety of ways. The neurons may have a
sensor that determines the level of signaling via a7-nAChRs. If the signaling through
a7-nAChRs is too high, neurons upregulate the surface PSCA expression in order to
prevent activation of a7-nAChRs. The neurons with low to moderate levels of a.7-
nAChR signaling may present other prototoxins on their surface, only to fine-tune the
signaling via a7-nAChRs. Some nAChRs may not be modulated by prototoxins at all.
For example, the presynaptic a7-nAChRs that regulate the release of ACh from the
presynaptic terminals in the ciliary ganglion system display much slower desensitization
kinetics than their counterparts on the ciliary ganglion neurons (Zhang et al., 1994).
These slower rates of desensitization could be due to a lack of association of the
presynaptic a7-nAChRs with the PSCA or another member of the Ly-6/neurotoxin
superfamily rather than the association with the $2 subunit. In fact, based on our real-

time PCR data, we found much lower levels of PSCA mRNA in the CNS than in the
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peripheral ganglia. The discovery of more members of the Ly-6/neurotoxin superfamily
and their expression profile in the CNS and in the PNS will be essential for understanding

the normal function of a7-nAChRs in the developing and the mature nervous system.

The a7-AChRs are expressed very early in development (Smith et al., 1979; Zoli et al.,
1995) and their activation has been shown to play an important role in a variety of
developmental processes (Role and Berg, 1996a; Broide and Leslie, 1999). Our results
propose a mechanism of cell death induction in the developing parasympathetic neurons
via the activation of a7-nAChRs. Therefore, the activation of these receptors at improper
times during development, for example, by smoking during pregnancy, can cause a
variety of neurodevelopmenal disorders due to improper cell migration, formation of
circuits and increased cell death. In fact, animals that can self-administer nicotine display
increased neuronal cell death in the dentate gyrus (Abrous et al., 2002) and prenatal
exposure to nicotine in rats can alter the neuronal cell size and number in the

hippocampus and the somatosensory cortex (Roy et al., 1998; Roy et al., 2002).

The a7-nAChRs have also been implicated in many neurodegenerative disorders
(Picciotto and Zoli, 2002); therefore, understanding their signaling and modulation during
development can lead to discovery of new therapies for these diseases. For example, {3-
amyloid can bind to a7-nAChRs and activate MAPK cascade in the hippocampus, which
ultimately leads to dephosphorylation of pro-survival transcription factor CREB (Dineley

et al., 2001). These results suggest that over-activation of a7-nAChRs by the -amyloid
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can cause toxic effects and possibly cell death in the aging brain. Recent experiments
show that increased signaling via nAChRs can lead to neurodegeneration in the
developing mouse brain lacking the l[ynx/ gene (Miwa et al., 1999), supporting our results
that the modulation of nAChR function is important for proper development. Therefore,
the failure to properly modulate the a7-nAChR function in the aging brain could lead to
overactivation of these receptors, which could be important for the etiology of many
neurodegenerative diseases. Genetic screens performed on the brain tissue of patients
with Alzheimer’s or Parkinson’s diseases could reveal whether they carry mutations in

the genes coding for the Ly-6/Neurotoxin molecules.

One of the most provocative suggestions presented in this dissertation is that aberrant o.7-
nAChR signaling may be associated with certain types of cancers. This is based on the
observation that the chPSCA molecule is the ortholog of the mouse PSCA, which is an
antigen upregulated in high-grade matastatic prostate tumors (Reiter et al., 1998). The
implication that a7-nAChR signaling is involved in tumorigenesis of non-neural tissue is
corroborated by the expression of these channels in keratinocytes, lymphocytes,
endothelial cells and glia (Macklin et al., 1998; Benhammou et al., 2000; Zia et al., 2000;
Sharma and Vijayaraghavan, 2001; Smit et al., 2001). In fact, a7-nAChRs control
terminal differentiation in keratinocytes (Arredondo et al., 2002), suggesting that
perturbations in a.7-nAChR signaling may lead to defects in the cell cycle regulation in
these cells. It would be interesting to see whether the endogenous prototoxins are

expressed in keratinocytes and other non-neural cells where they modulate the o7-
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nAChR signaling and whether their expression changes in cancer. Since PSCA is only
one of the prototoxins that modulate the signaling via a7-nAChRs, the discovery of more
members of the Ly-6/Neurtoxin superfamily may prove fruitful in the treatment of

cancers of neural and non-neural origins.

Future Directions

The experiments presented in this dissertation demonstrate that the activation of a.7-
nAChRs on ciliary ganglion neurons facilitates cell death. These experiments suggest
that large increases in [Ca*'];induce cell death of neurons with too many a.7-nAChRs.
Although the experiments that can test this directly in vivo are not easy to design, the role
of Ca*" in 0.7-nAChR-mediated cell death could be determined by performing some of
the following experiments. First, the developmental expression of specific Ca** buffers
and pumps will have to be assessed between E8 and E14 in chicken embryos. Using the
RCASBP(A) retrovirus, buffers such as parvalbumin or pumps such as SERCA can be
overexpressed in the ciliary ganglion neurons. If Ca®" is the messenger of a7-nAChR-
mediated cell death, the chronic activation of a7-nAChRs by the GTS-21, an a7-nAChR
specific agonist, during the period of cell loss in these embryos should result in the
diminished cell death of ciliary ganglion neurons as compared to the open RCASBP(A)
infected embryos. Also, GTS-21 should exacerbate cell death in embryos in which the
endogenous Ca”" buffers or pumps are removed by RNAi. Furthermore, overexpressing

the a7-nAChRs with slow desensitization rates in the ciliary ganglion neurons should

175



lead to a much larger influx of Ca”" to the neurons and, therefore, increased cell death in

the ciliary ganglion.

One of the most interesting results presented here is that the chPSCA molecule inhibits
the nicotine-induced increases in [Ca®']; via a7-nAChRs and prevents the cell death of
choroid neurons. However, how the a7-nAChRs and chPSCA interact is not clear. First,
it will have to be determined whether these molecules physically interact with each other
or whether there is an intermediate molecule that mediates this interaction. This can be
initially assessed in cultured ciliary ganglion neurons overexpressing chPSCA tagged
with a V5 epitope tag and determining whether there is a co-localization of a7-nAChRs
with the V5 antibody. Next, we can perform immunoprecipitations using the antibodies
against a7-nAChRs and the V5 and determine whether a7-nAChRs immunoprecipitate
with the V5 antibody. If there is such interaction between a7-nAChRs and chPSCA, we
will need to determine whether chPSCA binds to the same site on a7-nAChRs as abtx or
some other allosteric site. To show this, competition experiments using the labeled abtx
can be performed in acutely dissociated ciliary ganglion neurons overexpressing
chPSCA. If both molecules bind to the same site on the a7-nAChRs molecule, adding
increasingly higher concentrations of abtx-Alexa 488 to dissociated neurons should
displace the bound chPSCA. This could be quantified with the flow cytometry or

radioactively.
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The molecular signals that lead to the upregulation of chPSCA in the ciliary ganglion
during the period of cell loss are unknown. The sharp increase in chPSCA expression
during the period of synapse formation suggests that targets regulate the expression of
chPSCA in ciliary ganglion neurons. This can be tested in vitro by treating the ciliary
ganglion neurons with different target-derived molecules. The expression of chPSCA
can be quantified by quantitative real-time PCR. Since CNTF effectively downregulates
the expression of a.7-nAChRs on the ciliary ganglion neurons (Halvorsen and Berg,
1989), it is a perfect candidate for the regulation of chPSCA expression. Rather than
downregulating the expression of a.7-nAChRs, retrograde signaling via the CNTF could
lead to the upregulation of chPSCA and the inhibition of a7-nAChR current. Some other
target-derived molecules that could regulate chPSCA expression include activin or
follistatin, which are the molecules that regulate expression of somatostatin in ciliary

ganglion neurons (Darland et al., 1995; Darland and Nishi, 1998).

In conclusion, in addition to mediating fast excitatory transmission, nAChRs perform a
variety of non-traditional roles in the developing nervous system, which are attributed to
their high relative Ca®" permeability. Therefore, the precise function of nAChRs
combined with fine-tuning in their signaling by a growing number of endogenous
prototoxins is important for proper development of the nervous system. Furthermore, it
is intriguing that chPSCA is an ortholog of mouse PSCA, an antigen upregulated in
prostate cancers, suggesting that nAChRs may be involved in the formation of certain

types of tumors, a function previously not associated with nAChRs. These findings
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further demonstrate the widespread functions of nAChRs in the nervous system but also
in non-neural tissues. Therefore, the elucidation of non-traditional roles of nAChRs will
be important for a complete understanding of their function in normal physiology and in

disease.
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