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ABSTRACT

The QNR/D cell line was derived from the embryonic quail retina with the
purpose of creating an experimental model of retinal ganglion cell physiology.
However, the validity of this model has not been demonstrated since expression of
retinal ganglion cell protein markers and the electrophysiological properties of
this cell line have not been evaluated. In this study, the expression of retinal
ganglion cell protein markers and voltage-gated ion channels in QNR/D cells was
investigated using immunocytochemistry and the whole cell patch clamp
technique, respectively. Additionally, since these cells express growth hormone
and growth hormone receptor, the effects of exogenous growth hormone treatment
on ion channel expression were also investigated.

Using immunocytochemistry, it was determined that QNR/D cells express
retinal ganglion cell markers Islet-1 homeobox transcription factor, R4A
antigenicity, neurofilament proteins as well as growth hormone and growth
hormone receptor. It was also determined that these cells express vimentin
filaments which are expressed in vivo in retinal ganglion cell precursors.

Using the whole cell patch clamp technique, it was determined that
QNR/D cells are incapable of firing action potentials. However, the expression of
a variety of voltage-gated currents was observed using this technique. These
currents include T-type Ca®* currents, A-type K currents and delayed rectifier K*
currents. It was determined that the inward Ca>" current was conducted by T-type
voltage-gated calcium channels since these currents were completely inhibited by

5 um mibefradil, a T-type selective antagonist. The A-type K' current was



identified by its transient nature and complete inactivation at a holding potential
of -40 mV, while the delayed rectifier was identified by its lack of inactivation
and outwardly rectifying current voltage relationship. Exogenous growth hormone
treatment did not significantly alter the density of these currents or induce the
expression of any other current types after 72 hours of exposure.

These results indicate that QNR/D are representative of retinal ganglion
cells in the specificity stage of differentiation rather than mature retinal ganglion
cells. Nonetheless, these cells do express a variety of voltage-gated currents,
making the QNR/D cell line, from an electrophysiological perspective, the most

suitable cell line model of retinal ganglion cells currently available.
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CHAPTER ONE

LITERATURE REVIEW



I. GENERAL INTRODUCTION

The retinal ganglion cell (RGC) is the output neuron of the retina. It
receives visual information from bipolar cells and amacrine cells, integrates these
inputs and transmits this information over great distances to the visual centres in
the central nervous system (CNS). This transmission is accomplished by the firing
of action potentials which themselves are the product of ionic currents conducted
by voltage gated ion channels. With this mechanism of operation in mind, it is
clear that the expression of ion channels and the ability to fire action potentials is
a RGC phenotype of utmost importance and hence any valid experimental model
representing RGCs must exhibit robust ion channel expression.

Cell lines have been used extensively in the study of retinal ganglion cells.
In fact, a pubmed search reveals over 150 publications in which the RGC-5 cell
line was used as a model for retinal ganglion cells. This cell line was reportedly
derived from the rat retina and yet does not display the single most important
phenotypic characteristic of retinal ganglion cells, the expression of voltage-gated
ion channels (Moorhouse et al, 2004). Furthermore, recent studies cast doubt on
the reported origin of these cells (Van Bergen et al, 2009, Wood et al, 2010).

The QNR/D cell line is also employed as a model of retinal ganglion cells.
This cell line is derived from the embryonic quail retina and could be a useful
model of avian embryonic retinal ganglion cells. However, the validity of this
model has not been demonstrated since expression of retinal ganglion cell protein
markers and the electrophysiological properties of this cell line have not been

evaluated. In this study, the expression of protein markers of retinal ganglion cells



and the expression of voltage-gated ion channels were investigated in QNR/D
cells using immunocytochemistry and the whole cell patch clamp technique,
respectively. Furthermore, the presence of GH and growth hormone receptor
(GHR) in QNR/D cells suggests GH might have local electrophysiological actions
in these cells, especially as GH had electrophysiological effects in the chicken
brain (Lea and Harvey, 1993). Therefore, the effect of growth hormone (GH) on
the expression of voltage-gated ion channels in the QNR/D cell line was
investigated.

In this chapter a brief review of the scientific literature pertinent to these
aims will be conducted. The pertinent topics are (1) the competence model of
RGC differentiation, (2) the electrophysiological properties of RGCs, (3) cell
lines as a model of RGC physiology and (4) growth hormone expression and

activity in the avian neuroretina.



II. THE COMPETENCE MODEL OF RETINAL GANGLION CELL
DIFFERENTIATION

Background

RGCs are the output neurons of the retina. These cells have a large soma,
a single axon and a complex dentritic arbour that varies in breadth depending on
RGC cell type. RGCs receive input from bipolar and amacrine cells and transmit
the summation of this information along their axons in the form of action potential
trains. These axons, which together constitute the optic nerve, ultimately synapse
with neurons in the visual centres of the CNS.

RGC:s are the first retinal cell type to differentiate. This is a complex
process regulated by a number of intrinsic (transcription factors and growth factor
receptors) and extrinsic (paracrine growth factors) factors. Initially the
neuroepithelial cells that constitute the developing retina are mitotic multipotent
progenitors capable of becoming any of the retinal cell types (Adler, 2000;
Marquardt and Gruss, 2002; Mu and Klein, 2004). These multipotent precursors
then progress through a number of developmental states. The chronological order
of these states is (1) multipoentency (the capability to become any cell type within
the retina), (i1) competency (the capability to become a specific cell type without
being fully committed to that specific fate), (ii1) specificity (the commitment to
becoming a specific cell type without the expression of specific phenotypic
characteristics of that cell type) and finally (iv) differentiation (the expression and
functionality of those defining characteristics) (Adler, 2000; Marquardt
and Gruss, 2002; Mu and Klein, 2004).

This process is first initiated in the centre of the immature retina and



spreads outward toward the periphery (Mu and Klein, 2004; Wallace, 2008). This
concentric development pattern suggests that an inductive factor produced in the
optic stalk triggers this development. Some evidence suggests that sonic hedgehog
(Shh) is responsible for initiation of this development (Marquardt and Gruss,
2002; Wallace, 2008), however studies corroborating this in higher vertebrates are
lacking.
Multipotency

Immediately after invagination of the optic vesicle, the cells composing
the primordial retina are neuroepithelial cells in a multipotent state. Proliferation
of these cells is promoted by both extrinsic growth factors: epidermal growth
factor (EGF) (Anchan et al, 1997; James et al, 2004), fibroblast growth factor
(FGF) (James et al, 2004) TGF (Anchan et a/, 1997) and the membrane-bound
Notch ligand Delta (James ef al/, 2004; Ohsawa and Kageyama, 2008) as well as
the intrinsic transcription factors Hes1, Hes5 (Ohsawa and Kageyama, 2008) and
Sox2 (Lin et al, 2009). Sox2 has been shown to increase the proliferation of
retinal progenitor cells and to prevent their exit from the cell cycle (Lin ef al,
2009). This proliferative activity results, at least in part, from Sox2 enhancement
of Notch transcription (Taranova et al, 2006). When Notch combines with its
ligand Delta, the transcription of Hes is then increased (Ohsawa and Kageyama,
2008). Hes transcription factors are basic helix-loop-helix (PHLH) transcriptional
repressors and have been shown to inhibit neural differentiation by binding to
corepressor Groucho and repressing ath3, ath5 and ash1 genes (Ohsawa

and Kageyama, 2008). This process increases the number of retinal progenitors



and as a result increases the number of Muller cells in the mature retina
(Furukawa et al, 2000; Ohsawa and Kageyama, 2008). Furthermore, the
transcription factor Lhx2, which is also expressed at this stage, promotes
expression of Six3 and Rx (Tetreault ez a/, 2009) which are important factors in
the differentiation of the neural retina from retinal pigment epithelial tissue
(Bailey et al, 2004; Eiraku et al, 2011; Liu et al, 2010; Lom et al, 2002;
Marquardt and Gruss, 2002). Rx and Six3 accomplish this by antagonizing the
Wnt signaling pathway, which normally promotes the differentiation of the retinal
pigment epithelium (Eiraku et al, 2011; Liu et al, 2010).
Competency

At the competency stage retinal precursors become postmitotic and begin
to migrate to specific layers within the developing retina. Competency is also
marked by the expression of homeobox-containing transcription factors Pax6 and
Chx10 (Adler 2000; Eiraku et a/, 2011; Marquardt and Gruss, 2002; Mu and
Klein, 2004). These transcription factors permit competency for different cell
types within the retina. Pax6 is critical for RGC competency as well as for the
competency of every cell type within the retina (Adler 2000; Eiraku et al, 2011;
Mu and Klein, 2004) and its activity is initiated by the expression of Lhx2 and
Sox2 (Lin et al, 2009). Pax6 promotes the expression of the proneural bHLH
transcription factor ath5 (Marquardt and Gruss, 2002; Mu ef a/, 2008) that either
directly (as shown in Xenopus laevis) (Hutcheson ef al, 2001) or indirectly, via
unidentified intermediates, promotes the expression of both the Brn3b and Isl1

transcription factors (Mu ef al, 2008; Mu and Klein, 2004).



Specificity

Once retinal cell precursors reach their appropriate layers they enter the
specificity phase. This transition from competency to specificity is marked by the
expression of Brn3 (Qiu et al, 2008) and Isl transription factor families (Pan et al,
2008). Furthermore, this stage is also accompanied by the loss of expression of
transcription factors permissive to the development of other retinal cell types.
Indeed, Brn3 transcription factors establish RGC specificity by repressing the
expression of the transcription factors Crx, NeuroD and Otx2 that are required for
the differentiation of cone photoreceptors, amacrine cells and rod photoreceptors,
respectively (Qiu et al, 2008). Also, during this developmental period the
expression of Rx and Chx10 is limited to developing photoreceptors and bipolar
cells (Marquardt and Gruss, 2002), respectively, where they play a permissive
role in the differentiation of these cells (Livesey and Cepko, 2001). However,
transcription factors promoting RGC competency, namely Pax6 and Six3, are
continued to be expressed in RGC specific precursors (Marquardt and Gruss,
2002).

The transcription factors Brn3b and Isl1 are essential for RGC survival.
Genetic knock-down of these proteins results in extensive apoptosis prior to the
natural period of programmed RGC death (Mu et a/, 2008; Qiu et al, 2008).
Additionally, these transcription factors feed forward to initiate the expression of
other members of their own family, namely Brn3a, Brn3c and Isl2 (Mu ef al,
2008; Pan et al, 2008). Members of both families are continually expressed during

RGC differentiation and maturity. They are the foundations of two separate, yet



overlapping, gene regulatory networks that control transcription of most of the
proteins essential for RGC differentiation and function, including neurofilament
proteins and nerve growth factor receptors (Mu et al, 2008). As such, Brn3b and
Isl1 are the transcription factors most frequently sited by researches as markers of
RGC cell type.
Differentiation

In developmental biology, differentiation is the process by which cells
become specialized to perform a specific physiological role. For the RGC this role
is to receive chemical input from upstream retinal cells, convert this information
into an electrical output and transmit this output to the brain. For this role to be
fulfilled the RGC must develop the proper connectivity with its input and output
neurons so that it is physically positioned in space to communicate with these
cells. Also, the cell must develop the proper excitability so that it is receptive to
its chemical inputs and can convert those inputs into electrical outputs in the form
of action potentials. The axonal and dendritic outgrowth, pathfinding and pruning
required to achieve the proper connectivity is an immense and growing field of
study that is outside the scope of this investigation and will, therefore, not be
discussed in detail. However, the gain of excitability, or the electrical
differentiation of RGCs, is highly relevant and will be discussed in depth in the
section 1L
Regulation of Differentiation

Because the various retinal cell types all differentiate from the same pool

of post mitotic progenitors, over production of any one cell type occurs at the



expense of another. Furthermore, since RGCs are the first cell type to
differentiate, there must be a mechanism to prevent overproduction of these cells.
Therefore, RGCs employ an elaborate system of negative feedback to prevent
their overproduction.

Notch protein is a membrane bound receptor which functions as a key
negative regulator of RGC differentiation. Transcription of Notch is regulated by
the transcription factor Sox2 (Taranova et al, 2006) and is therefore present in
RGC precursors (Austin ef al, 1995; Silva et al, 2003; Taranova et al, 2006).
When Notch is activated, its intracellular C-terminus is cleaved and translocates
to the cell nucleus (Ohsawa and Kageyama, 2008). Here the Notch fragment binds
to the transcription factor complex RBP-J and initiates the expression of Hes1 and
Hes5 (Ohsawa and Kageyama, 2008). The Hes proteins then bind with
corepressor Groucho and together they inhibit the transcription of ash1, ath3 and
ath$5 transcription factors (Ohsawa and Kageyama, 2008) that are required for
RGC differentiation (Lin ef al, 2004; Marquardt and Gruss, 2002; Mu et al, 2008;
Mu and Klein, 2004). The ligand which activates Notch and therefore initiates this
transcription factor cascade is Delta (Austin et al, 1995; Ohsawa and Kageyama,
2008; Qiu et al, 2008; Silva et al, 2003; Taranova et al, 2006). Delta is a
membrane bound protein that is highly expressed on newly differentiated RGCs
(Ohsawa and Kageyama, 2008; Rapaport amd Dorsky, 1998; Silva et al, 2003).
Because it is membrane bound, Delta can only activate Notch signalling (and
therefore inhibit differentiation) of adjacent cells. This type of signalling, referred

to as lateral inhibition, (Rapaport and Dorsky, 1998) prevents overproduction of



RGCs in a single area and ensures that differentiated RGCs exist in a thin layer
rather than a globular sphere.

However, experiments have demonstrated that treatment of immature
RGC precursors with media conditioned by differentiated RGCs results in
diminished production of RGC (Waid and McLoon, 1998). These results suggest
one or multiple diffusible factors may also operate in a paracrine negative
feedback system to prevent RGC overproduction. These diffusible molecules have
not been identified, but Shh may be one candidate molecule for this role since
Brn3b enhances expression of Shh and Shh in turn regulates the transcription of

cell cycle regulatory proteins Glil and Cyclin D1 (Mu et al, 2008).
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III. DEVELOPMENT OF THE ELECTROPHYSIOLOGICAL
PROPERTIES OF RETINAL GANGLION CELLS

Background

The principal purpose of the RGC is to integrate electrochemical inputs
from bipolar cells and amacrine cells and transmit this information over great
distances to the brain. The ability to fire successive action potentials at high
frequency is essential for fulfillment of this. With the exception of one amacrine
cell subtype, RGCs are the only neurons within the retina that are capable of
generating action potentials. Photoreceptors, bipolar cells and the vast majority of
amacrine cells produce only graded responses to light. As the output neuron of the
retina, RGCs must receive and integrate these graded inputs and transform them
into action potential trains. Integration occurs within the dendrites of RGCs. Here,
excitatory post-synaptic potentials (EPSPs) created by synaptic neurotransmission
activate voltage-gated ion channels that produce an amplification of the EPSPs.
These amplified EPSPs then combine with EPSPs from other branches of the
dentritic arbour. If this amplified and summated depolarization reaches the initial
segment of the RGC axon, and is of a magnitude greater than a certain threshold,
an action potential is produced. Not only is this spiking ability critical for relaying
luminance information to the visual centres of the CNS, but it is hypothesized that
the spontaneous spiking that moves in waves across the developing RGC layer
prior to eye opening is also integral to the refinement of immature RGC projection
patterns and dentritic circuitry.
Action Potentials in Retinal Ganglion Cells

The ability to generate trains of action potentials is critical for RGCs to

11



fulfill their role as the output neurons of the retina. The action potential is a rapid
depolarization and repolarization of the plasma membrane. It is an all or nothing
event that is capable of traveling great distances very rapidly without diminishing
in amplitude. The waveform of an action potential can be broken down into a
number of phases, each of which involves different ionic currents and therefore
the activation of different ion channels. These phases, in order, are the stimulation
phase, the depolarizing phase, the repolarizing phase and the hyperpolarization
phase (Bean, 2007).

The stimulation phase, although not technically part of the action potential
proper, is critical for the determination if an action potential will fire. This phase
is essentially concerned with bridging the gap between two important membrane
potentials, the resting potential (between -75 mV and -60 mV) and the threshold
potential (approximately -55 to -50 mV) (Bean, 2007). Small EPSPs will result in
small depolarizing pulses in the membrane potential that will open both Na" and
K" channels. At these voltages, the Na' current from the few Na' channels that
open are overwhelmed by the K current (conducted through inwardly rectifying
K" channels and tandem pore-domain K channels and caused by the shift in
membrane potential away from the K equilibrium potential) and no action
potential is elicited. Larger depolarizations however, will open enough Na"
channels to overwhelm this K" current. This results in a positive feedback
scenario in which depolarization activates Na' channels resulting in an inward
current and greater depolarization which in turn results in more Na' channel

activation and more inward current and depolarization. The level of deloparization
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that must occur before this positive feedback scenario results is the threshold
potential. This potential is usually between -55 and -45 mV and depends on the
density of Na" channel expression and the relationship between the membrane
potential and open probability of those channels—a phenomenon known as
channel gating (Bean, 2007).

Another factor that depends on Na' channel expression is the depolarizing
phase of the action potential. This is the rapid depolarization resulting from the
positive feedback scenario previously described. The slope of the increase in the
membrane potential (when it is plotted against time) is determined by the very
rapid Na" channel activation kinetics (Bean, 2007). This rise in membrane
potential continues until the number of open Na' channels is maximized and the
delayed rectifier voltage-gated K channels begin to activate. Like voltage-gated
Na+ channels, voltage-gated K channels are activated by the increase in
membrane potential (Bean, 2007). However, these channels, as their name
suggests, do not activate immediately. This delay is important since it allows the
depolarizing phase to occur. Simultaneous with the activation of voltage-gated K"
channels is the inactivation of voltage-gated Na' channels, reducing the Na"
current. This increase in K' current and decrease in Na' current results in the peak
of the action potential occurring at an instance when the Na" and K" currents are
momentarily equal, negating any effect on membrane potential.

As more K" channels activate and more Na' channels inactivate, the K
current begins to overwhelm the Na' current and the membrane potential rapidly

begins to drop. This is the repolarizing phase. The rate of repolarization is
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determined by the density of K' channels expressed in the plasma membrane.
Unlike Na' channels, K channels do not inactivate and remain open after the
membrane potential has returned to resting levels (Bean, 2007). This long-term
activation results in after-hyperpolarization, a drop in the membrane potential
below resting levels (Bean, 2007). After-hyperpolarization is important because it
relieves the inactivation of the Na™ channels making them capable of initiating
another action potential (Bean, 2007). The period of inactivation prevents a
subsequent action potential and is therefore referred to as the refractory period
(Bean, 2007). The refractory period is also largely responsible for the
unidirectional nature of action potentials since Na" channels behind the
propagating wave of depolarization cannot activate and initiate more
depolarization.
Development of Spiking Ability

Electrical maturation of RGCs generally conforms to the same
developmental pattern across many species. At early developmental stages prior
to axonal projection and dentritic arbourization, RGCs are incapable of firing
action potentials. Once axonal projections have reached their central targets,
RGC:s are capable of firing single action potentials. Finally, in the mature visual
system the RGCs is capable of firing robust trains of high frequency action
potentials. This change in excitability occurs as a direct result of changes in the
intrinsic membrane properties, or in other words, in the expression patterns and
activity of ion channels.

Prior to synaptogenesis with their CNS targets, RGCs are incapable of

14



generating action potentials (Robinson and Wang, 1998). At this point in
development (embryonic day (ED)14/15 in rodents and ED4/5 in chicks) neither
Na' channels (Schmid and Guenther, 1996; Schmid and Guenther, 1998), K"
channels (Reiff and Guenther, 1999) or Ca*" channels are expressed (Schmid and
Guenther, 1996; Schmid and Guenther, 1999). This creates a condition in which
the cell membrane is highly impermeable to ions; indeed the membrane resistance
of these cells is greater than one gigaohm (Rothe ef al, 1999). According to the
Goldman-Hodgkins-Katz Equation, this low permeability results in very high
resting membrane potentials—approximately 0 mV at this stage of development
in rodents (Reiff and Guenther, 1999). As RGCs sprout axons and generate
synapses with their CNS targets (ED16 in rodents, ED6 in chicks) they also begin
to express ion channels (Reiff and Guenther, 1999; Robinson and Wang, 1998;
Schmid and Guenther, 1996; Schmid and Guenther, 1998). At this developmental
period, Na*, K" and Ca*" channels are all expressed but the channel subtypes and
density of expression are vastly different than that observed at maturity. Initially,
Na' channels are expressed at very low levels. In rat RGCs at ED17/18 Schmid et
al observed an inward Na'" current density of 80 pA/pF (compared to > 600 pA/pF
at maturity) (Schmid and Guenther, 1998). Furthermore, the activation potential
(the potential at which half of the Na" current is activated) of these early Na"
channels is only -15mV compared with -50 mV at maturity (Schmid and
Guenther, 1998). This shifted activation potential results in low excitability since
a large depolarization is required in order to activate these Na" channels, and most

Na' channels exist in the inactivated conformation at the resting membrane
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potential. These effects, combined with the sparse expression pattern of Na"
channels at this time point, result in these cells being capable of generating only
broad single action potentials.

The expression of K channels at this stage is also much different than that
observed at maturity. Once axonal projections reach the brain both delayed
rectifier and A-type K' currents are expressed, albeit at very low levels (Reiff and
Guenther, 1999; Robinson and Wang, 1998; Skaliora et al, 1995). Furthermore,
the A-type K current comprises a much larger proportion of the total current than
it does at maturity (Reiff and Guenther, 1999; Robinson and Wang, 1998;
Skaliora et al, 1995). This expression pattern has a multitude of implications for
RGC electrical activity. K" channel expression, even at low levels, increases the
K" permeability, thereby lowering both the membrane resistance and the resting
membrane potential. This drop in the resting membrane potential, although
limited, is important since it relieves the inactivation of Na' channels enough to
produce slow rising depolarizations. Furthermore, activation of these K™ channels
allows for repolarization thereby generating a broad rudimentary action potential.

Ca®" channels are also first expressed at this period, and again the
expression pattern is much different compared to that at maturity. Initially, only
low voltage activated (LVA) T-type Ca>" channels are present in RGCs (Schmid
and Guenther, 1996, Schmid and Guenther, 1999). Since these channels activate
at relatively low membrane potentials, and since the resting membrane potential at
this stage is still relatively high (due to low K" channel density), these channels

have a high probability of being open at the resting state. It is hypothesized that
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the influx of Ca®" created by these conditions is an important regulator of a
number of developmental processes such as dentritic arbourization (Lohmann et
al, 2002), cell death/cell survival and further expression of both the voltage-gated
and ligand-gated ion channels (Schmid and Guenther, 1996; Schmid and
Guenther, 1999).

The next phase in the electrical maturation of RGCs involves gaining the
ability to fire multiple action potentials. To achieve this, the early ion channel
expression patterns described above change markedly. First and foremost, the
density of Na” and K channel expression increases by many fold. In rats, by
ED21 the Na' current density was observed to increase to 200 pA/pF, with further
increases to 400 pA/pF at P5 and 750 pA/pF at postnatal day (P)12 (Schmid and
Guenther, 1998). This rapid increase in Na" current results in a decreased
threshold for action potential firing, a greater action potential amplitude, and a
more rapid action potential depolarization. This developmental stage also sees a
decrease in the activation potential of Na" channels. In rats, the half activation
potential continues to decreases from -15 mV at ED18 to -23 mV at ED21 to
-34 mV at P5 and finally -40 mV at P12 (Schmid and Guenther, 1998). These
changes in activation potential, combined with increased expression, decrease the
firing threshold and make for a more rapid depolarization phase of the action
potential. Simultaneous to this, the inactivation potential increases. In rats, the
half activation potential increases from -50 mV at ED18 to -44 mV at ED21 to
-38 mV at P5 (Schmid and Guenther, 1998). This also increases the rate of the

depolarization phase since fewer channels will be in the inactive conformation at
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resting membrane potentials.

K" currents also drastically change as the RGCs mature. Similar to the Na"
channel expression pattern, the density of the delayed rectifier K™ channels in rats
steadily increases by nearly eightfold between ED19 and P32 (Reiff and
Guenther, 1999). This increase in delayed rectifier K’ current increases the rate of
membrane depolarization which results in sharper, more rapid action potentials. In
addition, the most significant change that occurs during the maturation of RGCs is
the expression of new classes of K” channels. In cat RGCs a linear K
conductance is observed from ED40 onwards which is likely mediated by tandem-
pore domain K" channels (Robinson and Wang, 1998; Skaliora et al, 1995). Since
this conductance is present even at low membrane potentials, it shifts the resting
membrane potential nearer to the reversal potential for K, a trait exhibited by
mature RGCs. Furthermore, as RGCs reach maturity they also begin to express
inward rectifier K™ channels (Chen et al, 2004; Qu et al, 2009; Tian et al, 2003)
which act to stabilize the membrane potential at this new lower level of
approximately -60 mV in postnatal rats (Robinson and Wang, 1998).

The expression of high voltage activated (HVA) Ca®* channels is perhaps
the most critical development that must occur in order for RGCs to gain high
frequency firing capability. This concept appears paradoxical at first glance since
HVA Ca®* channels mediate long duration inward currents that would normally
broaden action potentials and suppress repolarization. However, in RGCs, HVA
Ca®" channels are coexpressed with Ca®" activated K™ channels (Henne and

Jeserich, 2004; Rothe ef al, 1999). This creates a paradigm in which a relatively
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small inward current activates a much larger outward current that rapidly
repolarizes the RGC. Indeed, Rothe ef al identified HVA Ca®" channel and Ca**
activated K" channel expression as the most critical ion channels needed for
repetitive firing to occur in mice RGCs (Rothe ef al, 1999). Furthermore, much
like LVA Ca" channels, HVA Ca®" channels are also important for a number of
developmental processes.
Spontaneous Electrical Activity

Once RGCs become capable of generating action potentials, waves of
spontaneous electrical activity (SEA) can be observed within the ganglion cell
layer of the developing retina. Using multi-electrode arrays and calcium imaging,
SEA is observed to occur concomitantly with dentritic outgrowth and
arbourization within the inner plexiform layer (IPL). It is designated as
spontaneous since it is generated in the absence of light stimulus and occurs prior
to photoreceptor differentiation. These waves of SEA move at velocities between
100 and 500 m/s (this value varies across species and developmental time points),
rates that are much slower than mature electrical activity. The waves have no
propagation bias, meaning they can move in any direction across the retina,
triggering RGC spiking and leaving Ca”" transients in their wake. SEA is
developmentally critical and has been implicated in a number of cellular processes
including cell survival, synapatic organization in the optic tectum/superior
colliculus and dentritic arbourization.

SEA in RGCs is categorized into three stages based on the time of

occurrence and the mechanism of wave initiation and propagation. Stage I
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commences just after dentritic outgrowth begins, prior to the formation of
synapses in the IPL. Since this stage occurs prior to synaptic transmission to
RGCs, it is therefore independent of neural input from other retinal cell types.
Indeed, antagonists of acetylcholine, y-aminobutyric acid (GABA), glutamate and
glycine receptors do not effect the initiation or propagation of these early stage
waves (Syed et al, 2004). However, Stage I SEA can be potentiated by the
application of BayK8644, an L-type Ca’" channel agonist (Singer ef al, 2001) and
can be interrupted by application of adenosine receptor antagonists and gap
junction inhibitors (Singer et al, 2001; Syed et al, 2004). This evidence suggests
that these waves are initiated by adenosine receptor activation via
autocrine/paracrine signalling, and that they propagate along RGC plasma
membranes in the form of Ca®” influx through voltage-gated Ca®" channels.
Additionally, these waves propagate from RGC to RGC via gap junctions. It is
also likely that GABA suppresses Stage [ waves in vivo since application of
GABAg receptor blockers increases wave frequency (Syed et al, 2004).

The function of Stage I SEA is not known. However, this adenosinic
activity has been shown to increase concentrations of cyclic adenosine
monophosphate (cAMP) via the activation of adenosine A, receptors (Stellwagen
et al, 1999; Torborg and Feller, 2005). This results in activation of protein
kinase A (PKA) and subsequent phosphorylation cAMP response element-binding
(CREB) protein which has been shown to elicit a myriad of effects on a number of
processes including cell survival, neurite outgrowth and ion channel expression

(Socodato et al, 2011). Furthermore, the Ca®" influx that accompanies Stage I
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SEA also enhances these processes, since both cAMP and Ca®* second messenger
signal transduction cascades converge to activate CREB. Therefore, it is likely
that the function of Stage I SEA is to prepare the RGC for high frequency action
potential firing by facilitating proper neural connectivity (by promoting neurite
outgrowth) and excitability (by promoting ion channel expression), and by
enhancing cell survival mechanisms, protecting RGCs against the Ca®" insult that
accompanies repetitive firing.

Stage II SEA begins after the first rudimentary synapses are formed
between RGCs and amacrine cells in the IPL. This stage is dependent on
cholinergic input from star burst amacrine cells since application of nicotinic
acetylcholine receptor antagonists disrupts this stage (Feller et al, 1996).
However, that is not to say that adenosine is not still intimately involved in Stage
IT waves. During Stage II, adenosine agonists have been shown to increase wave
frequency whereas adenosine antagonists decrease wave frequency (Stellwagen et
al, 1999). Furthermore, when Stage II waves are disrupted by nicotinic receptor
blockers, Stage I waves reemerge as the dominant electrical events (Syed et al,
2004). It appears that Stage II waves, much like their Stage I predecessors,
propagate via gap junctions since inhibitors of gap junctions prevent their
propagation (Firth et al, 2005; Torborg and Feller, 2005). However, Stage II SEA
exhibits a refractory period and the rate of Stage II waves can be slowed by
tetrodotoxin application (Stellwagen et al, 1999). This suggests that Na" channels
are involved in the propagation of these waves, but action potential firing is not

necessary for their propagation or initiation.
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The purpose of Stage II SEA is more completely understood than that of
Stage I SEA. Numerous studies show that disrupting Stage II SEA by a variety of
methods prevents the establishment of retinotopic maps in the superior colliculus
and optic tectum of rodents and lower vertebrates respectively (Firth et al, 2005;
Torborg and Feller, 2005). Furthermore, studies also show that these waves are
necessary for the proper formation of ocular dominance columns in the lateral
geniculate nucleus (LGN) of higher mammals (Torborg and Feller, 2005). This
evidence suggests that Stage II SEA is involved in synaptogenesis and pruning of
RGC axons. Studies tracking the propagation of waves across the retina show that
the frequency and velocity of Stage II SEA is such that the probability of
coincident action potential firing decays exponentially as the distance between
RGCs is increased (Godfrey and Eglen, 2009; Torborg and Feller, 2005). This
means that adjacent cells are much more likely to fire at the same time compared
to distant cells. This provides a Hebbian mechanism by which adjacent synapses
originating from adjacent retinal RGCs are potentiated, while adjacent synapses
originating from distant RGCs are depressed and their axons are pruned.

Stage III is the final stage of SEA. It occurs at a later developmental time
point when bipolar cells are born and form synapses with RGCs. It is therefore
logical that Stage III SEA is driven by glutamatergic input from bipolar cells.
Indeed, glutamate receptor antagonists block both the initiation (Zhou and Zhao,
2000) and propagation of Stage III SEA while adenosine receptor antagonists and
nicotinic acetylcholine receptor antagonists are incapable of inhibiting SEA

during this stage (Zhou and Zhao, 2000). However, the application of muscarinic
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acetylcholine receptor antagonists has been shown to prevent wave initiation
without affecting propagation (Zhou and Zhao, 2000). As in the other stages,
Stage III propagation is mediated by gap junctions since genetic knockout of
connexin 36 prevents stage III retinal waves (Torborg and Feller, 2005). This also
suggests that Stage [ and II SEA are propagated by gap junctions formed by
different connexin proteins. Stage III SEA is modulated by both GABA and
glycine. Application of GABA and glycine receptor antagonists increase wave
frequency (Syed et al, 2004), which suggests that these neurotransmitter have the
endogenous function of suppressing Stage III waves as RGCs reach maturity. This
inference is supported by the fact that as development continues and retinal waves
cease, the application of GABA and glycine receptor blockers restores SEA (Syed
et al, 2004).

The function of Stage III SEA is not completely understood but it has been
suggested that it is necessary for the segregation of ON and OFF synapses in the
IPL (Firth et al, 2005). As RGC dendrites grow into the IPL, they form synapses
throughout the thickness of this layer (Sernagor et al, 2001). However, as the
retina matures these synapses are segregated into two mutually exclusive layers
comprising ON and OFF RGC dendrites. This segregation is concomitant with
Stage I11 SEA. Additionally, SEA results in increased intracellular Ca** which is
necessary to stabilize RGC dendrites (Lohmann et a/, 2002). Furthermore,
metabotropic glutamate receptor (a receptor expressed exclusively by ON bipolar
cells) antagonism blocks Stage III waves (Zhou and Zhao, 2000), suggesting that

they originate primarily from the ON-centre retinal circuitry. This reveals
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differences in SEA between ON and OFF RGCs which provides a possible

mechanism for IPL synapse segregation by Stage III SEA.
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IV: CELL LINES AS MODELS OF RETINAL GANGLION CELL
PHYSIOLOGY

Background

There are many advantages of using a cell line to study RGC physiology.
One of these advantages is self-propagation. Cell lines essentially provide an
unlimited source of cells for experimentation, which is highly advantageous for
electrophysiological studies since the patch clamp technique has a relatively low
success rate even when applied by the most experienced technicians. Furthermore,
using a cell line avoids many of the moral implications involved in in vivo
experiments or the dissection of primary cells from an animal source. Most
importantly, a cell line is essential for the study of avian RGCs since an antibody
reactive with Thy-1 is required to create a RGC enriched primary culture by
immunopanning. Currently, an avian Thy-1 antibody is not commercially
available.

There are, however, some limitations of cell line models of RGCs.
Foremost, like all neurons, RGCs are post-mitotic. This phenotype, by definition,
precludes the creation of a cell line that perfectly represents the physiology of
RGCs. However, if a cell line displays RGC characteristics such as proper
transcription factor expression, neurofilament expression and robust ion channel
expression, it can be argue that it is a valid model of RGCs. In this section, the
development and physiology of the QNR/D and RGC-5 cell lines will be
compared and contrasted in order to illustrate their suitability as models for

RGCs.
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The QNR/D Cell Line as a Model of Embryonic Retinal Ganglion Cells

The QNR/D cell line was established using a two-stage immortalization
and cloning procedure. First, retinal cells from ED7 quail were infected with rous
sarcoma virus (Pessac et al, 1983). This virus encodes v-Src, a constitutively
active non-receptor tyrosine kinase (Roskoski Jr., 2004). This established an
immortal but heterogeneous cell line whose neuronal characteristics varied from
cell to cell. In order to create a homogeneous cell line, single cells from the
original cell line were isolated by dilution cloning (Pessac et a/, 1983). One of
these clones, QNR/D exhibited robust neuronal characteristics, namely
synaptobrevin expression, A2B5 antigen expression and action potential firing
(Pessac et al, 1983). Furthermore, when QNR/D cells are reintroduced into the
vitreous of ED9 chicks, they migrate and embed themselves in the ganglion cell
layer of the retina (Trisler et al, 1996).

Another relevant phenotype of QNR/D cells is the expression of GH and
GHR. The expression of GH and GHR in the developing retina of both mammals
and avian species is well-established, and determining their role in these tissues is
an important field in neuroretinal studies (discussed in section IV). Thus their
expression is arguably necessary for a valid model of RGC physiology. The
presence of both of these proteins has been demonstrated at the protein level by
immunocytochemistry, western blot and enzyme-linked immunosorbent assay
(ELISA) techniques, as well as at the messenger ribonucleic acid (mRNA) level
by reverse transcription polymerase chain reaction (RT-PCR) (Sanders ef al,

2010). Furthermore, the function of GH signalling in the QNR/D cell line appears
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to parallel that of GH in vivo since GH knockdown by small interfering
ribonucleic acid (siRNA) results in increased apoptosis of QNR/D cells (Sanders
et al, 2010). Additionally, the discovery that growth hormone releasing hormone
(GHRH) is expressed in both chick RGCs and QNR/D cells (Harvey et al, 2012)
suggests local regulation of GH production and further validates the utility of the
QNR/D cell line for GH studies. However, because the electrophysiological
properties of these cells have not been assessed, their utility in non-GH studies
remains in question.
The RGC-5 Cell Line as a Model of Retinal Ganglion Cells

RGC-5 cells are widely used as a cell line model of RGCs. In fact, a
pubmed search reveals over 150 studies have been published in which RGC-5 cell
were used in this capacity. However, a number of publications have cast
aspersions on the validity of this model. These studies suggest that both RGC
marker expression and electrophysiological properties of RGC-5 cells are
uncharacteristic of RGCs. Furthermore, the reported species origin of this cell line
has come under criticism. These inadequacies as a RGC model will be briefly
described.

The expression of protein markers by RGC-5 cells is not characteristic of
RGCs. When this cell line was first transformed it was reported these cells
express Thy-1. Furthermore, Frassetto et a/ (2006) report the expression of Thy-1
in both undifferentiated and staurosporine differentiated RGC-5 cells. However,
more recent publications provide conflicting accounts of the presence of Thy-1 in

RGC-5 cells. Van Bergen ef a/ (2009) did not observe Thy-1 expression in either
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undifferentiated cells or cells differentiated by succinyl concanavalin A.
Additionally, these same authors reported an absence of neurofilament protein
expression, another marker of RGCs, in RGC-5 cells (Van Bergen et al, 2009).

Electrical properties of RGC-5 cells are not characteristic of RGCs. No
voltage-gated channels are expressed in undifferentiated RGC-5 cells (Moorhouse
et al, 2004). Furthermore, these cells express a number of non-voltage-gated
channels that are not typical of RGCs. For example, RGC-5 cells express un-gated
inwardly rectifying K channels that are not found in mature RGCs or in RGC
precursors at any time during their development (Moorhouse et al, 2004). RGC-5
cells also express CI channels and Gd** insensitive stretch-gated channels that are
not found in mature RGCs (Moorhouse et al, 2004). However, a large outward K"
current could be elicited by staurosporine-induced differentiation of RGC-5 cells,
although no inward currents were observed (Frassetto et al, 2006).

Perhaps the greatest limitation of the RGC-5 cell line is the current
controversy over its species of origin. Krishnamoorthy et a/ (2001) reported that
this cell line was created by the transformation of PD1 rat retinal cells with the
y2 E1A virus. These transformed cells were subsequently cloned to isolate a cell
line possessing a RGC phenotype. However, a number of publications report that
this cell line is derived from the mouse, not the rat (Van Bergen et al, 2009; Wood
et al,2010). Van Bergen ef al obtained the genomic DNA sequence of the Thy-1
gene and the mitochondrial DNA sequence of the tRNA-phe gene in RGC-5 cells
and they found that both sequences matched the DNA sequences of these genes in

Mus musculus and not in Rattus norvegicus. These observations are extremely
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curious and cast doubt on the reported origins of this cell line and its validity as an

RGC model.
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V. GROWTH HORMONE EXPRESSION AND ACTIVITY IN THE AVIAN
NEURORETINA

Background

GH 1s a 22kDa protein that is classically viewed as an endocrine hormone
produced by the somatotroph cells of the anterior pituitary. Once secreted into the
general circulation, GH binds to GHR and directly, or through the activity of
insulin-like growth factors (IGFs), regulates cellular proliferation, metabolism and
somatic growth. Although this may be GH’s primary endocrine role postnatally, it
is also present in many extra-pituitary sites where it has local autocrine/paracrine
functions (Harvey and Hull, 2003).
Growth Hormone in Neural Tissues

Many of the extra-pituitary sites of GH expression are within the CNS. In
fact, GH is expressed within the developing nervous system well before the
differentiation of the pituitary somatotrophs. In the chick embryo, GH and GHR
immunoreactivity is present in all major divisions of the brain as early as ED 3
(Harvey et al, 2001). It is also present in the spinal cord, optic and otic vesicles at
this time. By ED 14 however, GH expression is restricted to a number of
specialized CNS sites. These include the cerebral cortex, cerebellum and choroid
plexus (Harvey et al, 2001). Furthermore, in the mature brain GH and GHR
immunoreactivity have been observed in the cortex, hippocampus, striatum,
olfactory bulbs and cerebellum of mammals (Harvey, 2010; Harvey and Hull,
2003) as well as in the hypothalamus, hippocampus and septal areas of avian
species (Harvey 2010; Harvey and Hull, 2003).

In early development, GH acts as a growth and differentiation factor,
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promoting cell proliferation in a wide range of tissues. Indeed, several studies
have demonstrated GH’s mitogenic effect on neuronal precursor cells. This is
evident in GH deficient (GHD) mice, which exhibit reduced cerebral and
cerebellar mass (Noguchi et al, 1985) because of retarded neuronal growth and
reduced neuron number (Noguchi, 1996). Furthermore, endogenous
autocrine/paracrine GH is required for neurosphere growth in vitro, since GHR
knockout (GHR™") neurospheres must be rescued by other growth factors
(McLenachan et al, 2008). Additionally, exogenous GH has been shown to
enhance the proliferation of wildtype neurospheres (McLenachan ef a/, 2008),
neuronal hybrid cell lines (Lyuh ef al, 2007) and primary human neural stem cells
(Pathipati et al, 2011).

GH has also been demonstrated to promote the differentiation of neuronal
precursor cells into functional neurons. Ajo et al (2007) showed marked increases
in the expression of neuronal markers beta-tubulin and nestin, as well as increased
neuritogenesis upon application of exogenous GH to ED14 and ED17 cortical
cells. This suggests GH promoted neuronal differentiation in these cells.
Furthermore, it has been demonstrated that exogenous GH application increases
neuritogenesis in Stat5 knockout mice in a concentration dependent fashion (Byts
et al, 2008). This, combined with unpublished data from our lab showing
increased neurite outgrowth upon the application of recombinant GH, indicates
GH signalling induces neurite outgrowth and neuronal differentiation. Also, when
applied to primary human neural stem cells, GH increased cell migration, a

pivotal step for neuritogenesis in radial glia precursors (Pathipati et al, 2011).
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It has also been suggested that GH may act as a modulator of
neurotransmission in the mature CNS. Studies have shown that exogenous
administration of GH resulted in decreased levels of homovanillic acid, a
dopamine metabolite, in the cerebrospinal fluid of human patients with GHD.
This suggests a decrease in dopaminergic signalling (Burman et al, 1996). This
effect also was observed in the hypothalamus of a number of species (Johansson
et al, 2005) and is associated with negative feedback regulation of GH secretion
(Johansson et al, 2005).

GH also has been shown to modulate neurotransmission in the
hippocampus, and as such may affect long-term potentiation (LTP) and the
formation of memory. In fact, an increase in GH expression within the
hippocampus has been observed during learning processes (Zearfoss et al, 2008).
Currently, new research is beginning to shed light on the molecular mechanisms
of GH activity in this region. The Nyberg group has demonstrated that
subcutaneous GH injections up-regulate the transcription of mRNA encoding the
NR2B subunit of the N-methyl-D-aspartic acid (NMDA) receptor (Le Greves et
al, 2002). This suggests GH promotes LTP since the expression of the NR2B
subunit is associated with LTP while the expression of the NR2A subunit is
associated with long term depression (LTD) (Le Greves ef al, 2005; Le Greves et
al, 2002). Additionally, GH has been shown to promote EPSPs mediated by both
NMDA and 2-amino-3-(5-methyl-3-oxo0-1,2-o0xazol-4-yl) propanoic acid (AMPA)
receptors (Mahmoud and Grover, 2006). This effect occurred acutely (within

minutes of GH application) and was dependent upon both phosphatidylinositol 3’-
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kinase (PI3K) and mitogen activated protein kinase (MAPK) mediated signal
transduction (Mahmoud and Grover, 2006). Further, studies by Zearfoss et al.
showed that enhancement of EPSPs was also dependent on mRNA
polyadenylation since cordycepin, an inhibitor of polyadenylation, prevented GH
enhancement of LTP (Zearfoss et al, 2008).
Growth Hormone in the Neuroretina

Another neural site of GH production is the developing neuroretina. In the
chick, GH, as well as GHR, are produced by the RGCs as early as ED4 (Baudet et
al, 2007), well before the onset of pituitary GH production. This indicates local
expression. Furthermore, the GH present within the developing retina consists of
many different isoforms. One such isoform is 15-kDa GH. This GH is translated
from mRNA identical to that of pituitary GH. However, retinal GH is rapidly
cleaved after translation resulting in the 15-kDa moiety that is predominant in the
retina (Harvey et al, 2007). This protein is secreted into the intraocular cavity
where it binds the opticin proteoglycan and is thereby concentrated in the vitreous
humour (Sanders et al, 2003). Also present in the developing chick retina is small
chicken GH (scGH). This protein is translated from a novel truncated mRNA.
This GH isoform is not present in the vitreous as it lacks a secretion signal
sequence (Baudet et al, 2007). This suggests scGH signaling via an intracrine
mechanism within the RGC itself.

This GH expression pattern is concomitant with the wave of apoptotic cell
death that occurs in RGCs from ED 6 to ED 8 (Sanders ef al, 2005). This suggests

a possible role for GH in regulating these apoptotic processes. Indeed, there is a
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wealth of evidence that GH has anti-apoptotic effects within RGCs. GH has been
shown to promote cell survival of embryonic chick RGCs in ovo (Sanders et al,
2005) and in primary culture (Sanders et al, 2008; Sanders et al, 2006).
Specifically, the administration of GH antiserum resulted in increased cleavage of
caspase-3 (Sanders et al, 2006) and caspase-9 (Sanders et a/, 2008) and
subsequently increased apoptosis (Sanders et a/, 2008; Sanders et al/, 2006). This
neuroprotective effect of GH is mediated, at least partially, by the PI3K/Akt
kinase pathway since the addition of Wortmannin (an inhibitor of Akt
phosphorylation) abrogated the anti-apoptotic effect of GH (Sanders et al, 2006).
Furthermore, GH administration to these cells has been shown to reduce the
transcription of the pro-apoptotic genes caspase-3 and apoptosis inducing factor
(Harvey et al, 2006).

The 15-kDa isoform of GH is also present within the nerve fibres of the
optic nerve, optic chiasm and optic tract from ED5 to ED8, a time frame that
coincides with the development of these structures (Baudet et al, 2007).
Furthermore, this protein is present in the retinorecipient regions of the optic
tectum as early as ED4, prior to RGC synaptogenesis (Baudet et al, 2007). This
expression suggests a role for GH in axonal outgrowth and guidance in the
developing visual system. This hypothesis is supported by the fact that GH

enhances axonal outgrowth in primary RGC cultures (Baudet ef a/, 2009).
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Cell Culture

QNR/D cell cultures were initiated from cryogenic stocks provided by
American Type Culture Collection (ATCC). Frozen stocks were thawed in a 40°C
water bath and immediately diluted in 10 mL of Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, catalog# 11995065, Burlington, ON, Canada, Grand
Island, NY, USA). This diluted suspension was then centrifuged at 100 g for 5
minutes. The supernatant containing the cryogenic medium was removed and the
cell pellet was resuspended in 2 mL of fresh DMEM supplemented with 10% fetal
bovine serum (FBS) (Gibco, catalog# 12483020, Burlington, ON, Canada, Grand
Island, NY, USA), and 1% antibiotic/antimycotic solution (Gibco, catalog#
15240062, Burlington, ON, Canada, Grand Island, NY, USA) to discourage
microbial contamination. The final concentration of antimicrobial agents in the
medium was 100 pg/mL of penicillin G, 100 pg/mL of Streptomycin sulphate and
0.25 pg/mL amphotericin B. This 2 mL cell suspension was then placed in a
35 mm petri dish (Sarsted, catalog# 83.1800, Montreal, QC, Canada, Numbrecht,
Germany) and incubated at 40°C in humidified air composed of 5% CO, and 95%
atmospheric air. Once the initial culture had reached 80% confluence it was
subcultured at a 1:3 ratio using a cell dissociation solution containing 0.05%
trypsin and 0.53mM ethylenediaminetetraacetic acid (EDTA) (Gibco, catalog#
25300-054, Burlington, ON, Canada, Grand Island, NY, USA).

QNR/D cultures were maintained on 25 cm? tissue culture flasks (Corning,
catalog# 430168, Corning, NY, USA) and incubated under the same conditions as

previously described. The cell culture medium was changed every two to three
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days. Once the cell cultures had proliferated to 80% confluence, they were
subcultured at a 1:3 ratio using the same trypsin and EDTA cell dissociation
solution. All of these techniques correspond to the instructions on the ATCC
website except for the incubation temperature. The incubator temperature was set
to 40°C instead of ATCC recommended 38.5-39°C since virtually no proliferation
was observed empirically at temperatures below 39°C. For experimentation,
QNR/D cells were plated upon coverslips inserted into the wells of 24-well plates
and incubated in normal culture medium for 24 hours to allow for cell adhesion
before experiments were commenced.
Immunocytochemistry

QNR/D cells were plated at a concentration of 2 x 10° cells/mL on 15mm
round coverslips inserted into 24 well plates. Cells were incubated under cell
culture conditions for 24 hours to allow for cell adhesion to the coverslips before
experimentation proceeded. Culture medium was aspirated and cells were washed
3 times for 5 minutes with sterile phosphate buffered saline (PBS). Cell cultures
where then fixed with paraformaldehyde for 30 minutes at room temperature.
After fixation, cells were permeabilized with 0.4% Triton X-100 in PBS for 15
minutes. 10% normal goat serum (NGS) was then added to block non-specific
antibody binding. The cells were then incubated with primary antibodies
overnight at 4°C, after which secondary antibodies were incubated for 1 hour at
room temperature in the dark. Alexa Fluor 488 conjugated goat anti-mouse IgG
(Invitrogen, Catalog# A-11001, Burlington, ON, Canada, Grand Island, NY,

USA) and Alexa Fluor 488 conjugated goat anti-rabbit (Invitrogen, Catalog# A-
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11008, Burlington, ON, Canada, Grand Island, NY, USA) secondary antibodies
were used at a 1:100 dilution. See Table 1 for a list of primary antibodies used.
Cultures were washed three times for five minutes with sterile PBS between each
step except for the blocking to primary antibody transition.

Specimens were mounted in Prolong Gold antifade with 4’-6-diamidino-
2-phenylindol (DAPI) (Invitrogen, catalog# P36930, Burlington, ON, Canada,
Grand Island, NY, USA) on microscope slides. Negative controls were produced
by replacing the primary antibody with normal serum of the same species as the
primary antibody. Immunofluorescence was detected and photographed using a
Zeiss LSM710 confocal microscope under 400x magnification.
Electrophysiology

Electrophysiological data were collected using the patch clamp apparatus.
Micropipettes were produced from capillary tubes using a two-stage electrode
puller (Narishige, Tokyo, Japan) and fire-polished using a wire resistor
microforge (Narishige, Tokyo, Japan). Silver chloride coated silver wires were
used as electrodes. During recordings cells were bathed in an extracellular
solution whose pH was titrated to 7.4 with hydrochloric acid and whose
osmolarity was adjusted to 270 mOsmol in order to obtain high resistance seals.
Cells were dialysed with an intracellular solution whose pH was titrated to 7.4
with sodium hydroxide and whose osmolarity was adjusted to 265 mOsmol to
reduce the intracellular osmotic pressure that would be exerted due to the lower
osmolarity of the extracellular solution. For Ca®* current recordings barium was

used as a charge carrier instead of calcium due to its higher conductance through
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L-type calcium channels and to prevent current rundown caused by calcium-
dependent inactivation of L-type calcium channels. (Refer to Table 2 and Table 3
for detailed description of bath solutions.) Cells were viewed under an inverted
phase contrast microscope (Nikon, Melville, NY, USA) and the micropipette was
controlled using a hydraulic micromanipulator (Nikon, Melville, NY, USA). The
electrical activity of cells was analysed under the whole cell configuration.
Recordings were done upon an air-supported platform in order to dampen
disruptive floor vibration. All recordings were conducted at room temperature.
Membrane potentials were clamped by an Axon instruments amplifier, while the
Axopatch 7.0 program was used to program and control the voltage step protocols
as well as record the current across the cell membranes.
Whole Cell Voltage Clamp Current Recording

The ionic currents were recorded from QNR/D cells one day after plating
on glass coverslips (day 0) to determine current expression. Cells with round
perikarya and smooth membranes were selected for recording. These cells were
patch clamped in the whole cell configuration and the voltage was stepped at 10
mV intervals from holding potentials of -80mV and -40mV. The currents
produced by a series of 16 voltage steps and 12 voltage steps (for -80mV and -
40mV holding potentials respectively) were recorded and analyzed. Currents at
the -40mV holding potential were then subtracted from currents at -80mV holding
potential to separate the Ca®" currents conducted by LVA Ca®" channels (T-type)
from that of HVA Ca" channels (L-type, N-type, P/Q-type and R-type) and to

separate the K currents conducted by A-type K channels from that of delayed
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rectifier K™ channels. Capacitive transients (whose integral represents the charge
displacement caused by the voltage step) were also recorded in order to calculate
the membrane capacitance. Calcium currents were then compared to the
membrane capacitance in order to normalize the current magnitudes to cell
surface area. Statistical differences in results were determined by repeated
measures analysis of variance (rANOVA) using SPSS software (IBM, Armonk,
New York USA). Statistical differences between current-voltage curves were
calculated by a Huynh-Feldt posttest since Mauchly’s Test indicated sphericity
violation. Results with a level of significance below 0.05 (P<0.05) were
considered significant.
Growth Hormone Treatment

Cells in the experimental group were cultured in complete culture medium
(DMEM with 10% FBS and 1% antibiotic/antimycotic solution) supplemented
with recombinant avian GH at a concentration of 10 M. This concentration was
chosen because 10° M is the near the physiological concentration of ocular GH in
the developing retina (Baudet ef a/ unpublished data) and of most
neurotransmitters within the synaptic cleft. Furthermore, this concentration
yielded significant results in in vitro studies by Sanders et al. Cells in the negative
control group were incubated in normal culture medium supplemented only with
the GH administration vehicle (0.01 M bicarbonate solution). The GH containing
medium and the control medium were changed every 24 hours for the duration of

the experiments.

52



Table 1: List of Primary Antibodies Used for Immunocytochemistry

Experiments
Name Antigen Immunogen Clonality Species | Dilution
Raised
In
3A10 Neurofilament | Chick nervous | Monoclonal | Mouse 1:50
associated tissue
antigen
394D5 | Islet-1 C-terminal Monoclonal | Mouse 1:10
homeobox portion of rat
Islet-1
40E-C Vimentin homogenized Monoclonal | Mouse 1:100
adult canary
brain
cGH GH Chicken GH Polyclonal Rabbit 1:500
cGHR GHR Chicken GHR | Polyclonal Rabbit 1:500
RA4 Chick RGC Monoclonal | Mouse 1:100
associated
antigen
Q¢PN Quail‘cell Quail . Monoclonal | Mouse 1:100
associated embryonic
antigen wingbud zone
of polarizing
activity
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Table 2: Composition of Solutions for Calcium Current Recording

Solute

Extracellular Bath Solute
Concentrations (mM)

Intracellular Dialysing
Fluid Solute
Concentrations (mM)

Adenosine Triphosphate 0 2.0
Sodium Salt (ATP-N;)

Barium Chloride (BaCl,) 20 0
Caesium Chloride (CsCl) 5.0 130
Cyclic Adenosine 0 0.25
monophosphate (cAMP)

EGTA 0 10
Glucose 20 5
HEPES 20 20
Magnesium Chloride 0 5.0
(MgCl)

Potassium Chloride (KCI) 5.0 0
Tris 105 0
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Table 3: Composition of Solutions for Sodium and Potassium Current

Recording

Solute

Extracellular Bath Solute
Concentrations (mM)

Intracellular Dialysing
Fluid Solute
Concentrations (mM)

Adenosine Triphosphate 0 4.0
Sodium Salt (ATP-Na,)

Calcium Chloride (CaCl,) 1.8 1.0
EGTA 0 11
Glucose 10 5
HEPES 10 10
Magnesium Chloride 1.2 2.0
(MgCl)

Potassium Chloride (KCI) 5.4 130
Sodium Chloride (NaCl) 140 0
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CHAPTER THREE

RESULTS
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I. IMMUNOCYTOCHEMISTRY

The expression of a number of proteins was analyzed by
immunocytochemistry. These experiments were done to corroborate the identity
of the cell line under investigation and to confirm the presence of GH signalling
activity within that cell line.

To confirm that the cells under investigation were of embryonic quail

origin, they were incubated with Q ¢ PN monoclonal antibody. This antibody was

designed to discriminate between quail cells and cells originating from other
species (Selleck and Bronner-Fraser, 1995). The immunoreactivity observed in
QNR/D cells was limited to the nuclei as evidenced by the colocalization of the
DNA stain DAPI. The observed immunoreactivity was absent when the antibody
was replaced with normal mouse serum (Figure 1).

To confirm that the QNR/D cell line was of RGC lineage, antibodies
recognizing RGC-specific transcription factors were applied. First, QNR/D cells
were incubated with 39.4D5 monoclonal antibody. This antibody has been shown
to bind the RGC-specific transcription factor Islet-1 homeobox when incubated
with embryonic chick retinae (Pimentel ez al, 2000). When applied to QNR/D cell
line, immunoreactivity was observed. The distribution of this immunoreactivity
was both cytoplasmic and nuclear but with higher staining intensity present in the
nucleus. This staining was absent when this antibody was replaced with normal
mouse serum (Figure 2). QNR/D cells were also treated with another RGC-
specific monoclonal antibody, R4A (McLoon and Barnes, 1989). Upon incubation

with R4A, immunoreactivity was observed in a punctate distribution throughout
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the cell cytoplasm. This staining was also absent when normal mouse serum
replaced the monoclonal antibody in the protocol (Figure 3).

The expression of intermediate filament proteins was also assessed by
immunocytochemistry. Since the expression of these cytoskeletal proteins
changes during RGC differentiation, their expression pattern indicates the
maturity of the cell. Developing RGCs express the type III intermediate filament
vimentin and upon differentiation the RGC cytoskeletal composition changes to
include the Type IV intermediate filament neurofilaments (Alvarez-Buylla and
Nottebohm, 1988; Pollerberg et al, 1995). To determine vimentin expression the
monoclonal antibody 40E-C was used because this antibody was designed to
recognize vimentin in differentiating avian radial glia (Alvarez-Buylla et al,
1987). When QNR/D cells were incubated with 40E-C, immunoreactivity was
observed in a filamentous configuration that was specifically dense within radial
processes. This immunoreactivity was absent when 40E-C antibody was replaced
with normal mouse serum (Figure 4). To determine neurofilament expression the
monoclonal antibody 3A10 was used because this antibody recognizes
neurofilaments in embryonic chick neural tissues (Serafini et al, 1996). When
QNR/D cells were incubated with 3A 10, immunoreactivity was observed in a
punctate distribution throughout the cytoplasm. This immunoreactivity was absent
when 3A10 antibody was replaced with normal mouse serum (Figure 5).

To confirm the presence of GH and GHR, anit-GH and anti-GHR
antiserum was applied to QNR/D cells. GH immunoreactivity was present in a

punctate distribution throughout the cytoplasm and nucleus of QNR/D cells. This
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staining is absent in control cells incubated with normal rabbit serum (Figure 6).
GHR immunoreactivity was also present within the cytoplasm and the nuclei of
QNR/D cells. Again, this staining was absent in control cells incubated with

normal rabbit serum (Figure 7).
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II. ELECTROPHYSIOLOGY

The electrophysiological properties of QNR/D cells were investigated
using the patch clamp technique. Experiments were conducted in whole-cell
configuration under both current clamp and voltage clamp conditions. Electrical
responses were measured 24 hours after plating. Also, to investigate the effect of
GH on these electrophysiological properties, electrical responses were measured
after 1 hour, 24 hours and 72 hours of exposure to GH. When recording passive
electrical responses, action potentials and K currents, cells were bathed in
physiological solutions while Ca®" currents were recorded in a Na'-free
environment (see Materials and Methods section for solution composition).
Passive Electrical Responses

One of the electrophysiological properties that was measured was input
resistance. 24 hours after plating the average input resistance of QNR/D cells was
2.8 GQ £ 0.6 GQ. From cell to cell the input resistance ranged from 0.379 GQ to
5.12 GQ. The input resistance did not change with GH treatment of 1 hour,

24 hours, or 72 hours. At each of these time points the average input resistance
was within error of both control and baseline levels (Figure 18).

The other passive electrical response investigated in QNR/D cells was the
ability to generate action potentials. Cells were bathed with a physiological
extracellular solution and patch clamped in whole-cell configuration under current
clamp conditions. The membrane potential was adjusted to -80 mV in order to
relieve any channel inactivation that may occur at the physiological membrane

potential. Current injections of up to 700 pA did not generate voltage spikes
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(Figure 8-A). Additionally, QNR/D cells were bathed with a physiological
extracellular solution and patch clamped in whole-cell configuration under current
voltage clamp conditions in order to record Na" currents. No Na' currents were
observed when cells were subject to increasing voltage steps from a -80 mV
holding potential to a final membrane potential of 80 mV (Figure 8-C).

Previous studies have stated that this cell line will generate action
potentials in response to small injections of current after 4 days in culture.
Furthermore, the authors report that these action potentials can be inhibited with
the Na" channel blocker tetrodotoxin. (Pessac et al, 1983) My findings disagree
with this claim since action potentials could not be generated at any time point
ranging from 24 hours after plating to an entire week without subculturing and no
Na" currents were observed under voltage clamp conditions at any time during
experimentation. If action potentials were to occur, a substantial Na™ current
would be required to generate them.

As a positive control, action potentials and Na' currents were recorded
from differentiated N1E-115 murine neuroblastoma cells. These cells were
exposed to 2% dimethyl sulfoxide (DMSO) for 6 days in order to induce robust
ion channel expression and spiking activity as described by Kimhi et a/ (1976).
After this treatment, cells were bathed with a physiological extracellular solution
and patch clamped in whole-cell configuration under current clamp conditions.
Voltage spikes similar to those observed by Moolenaar and Spector (Moolenaar
and Spector, 1978) were provoked by current injections as small as 100 pA

(Figure 8-B). Furthermore, when differentiated N1E-115 cells were bathed with a
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physiological extracellular solution and patch clamped in whole-cell configuration
under current voltage clamp conditions large Na" currents were activated by
voltages steps as small as 30 mV from a holding potential of -80 mV
(Figure 8-D).
Calcium Currents

Ca®" currents were recorded from cells bathed in a Na'-free solution and
patch clamped in whole cell voltage clamp configurations. 24 hours after plating,
QNR/D cells exhibited Ca*" currents resembling T-type currents observed in other
preparations. These currents activated at low voltages (approximately -60 mV)
and were transient in duration due to rapid channel inactivation (Figure 9, Figure
13). They also exhibited large tail currents typical of T-type Ca®" channels
(Figure 9). To further define these characteristics, current magnitude was
measured in response to increasing holding potentials. The fraction of the total
current generated from each holding potential was plotted as a function of that
holding potential to generate an inactivation curve. This inactivation curve is

described by the Boltzmann Function,

f- !n..'. -] +l:1l'rll. I .I"I_.-..| - ¥ :' I| II

where: 1 is the faction of maximum current,
1,4« 1 the maximum current,
V' is the holding potential,
Vmia 18 the holding potential at which half-maximal current is

observed and
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V. is the voltage required to change 7 e-fold

From this equation the value of V,,;; for this current was determined to be
-35 mV with a standard error of 0.6 mV and V. was determined to be 7.5 mV with
a standard error of 0.5 mV (Figure 15, Table 4). These values are typical of
T-type Ca®" currents measured in retinal cells (Pan, 2000).

To confirm the identity of these currents, a number of pharmacological
antagonists were applied to the extracellular environment by perfusion. Ca*"
current was completely abolished by the application of 5 uM mibefradil, a
selective T-type Ca>" channel antagonist (Figure 10, Figure 11). This inhibition
was nearly instantaneous and was partially reversible by perfusion with fresh
bathing solution (Figure 10). This current was unaffected by the application of
10 uM nifedipine, a L-type Ca®" channel antagonist.

The magnitude of this current did not significantly change with GH
treatment. After 1 hour, 24 hours and 72 hours T-type current density was within
error of both control and baseline levels (Figure 19). Furthermore, no additional
current types emerged upon GH treatment.

As a positive control, Ca®" currents were recorded from the N1E-115 cell
line. These cells also expresses predominantly T-type Ca>* current but can be
differentiated by exposure to 2% DMSO to express L-type currents as well. After
48 hours of GH treatment, the T-type current density in these cells was
significantly reduced in comparison to untreated controls (P<0.05) (Figure 20).
Furthermore, after differentiation by DMSO exposure, N1E-115 cells exhibited

significant L-type currents. These currents are characterized by activation at
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higher voltages (Figure 14), a lack of inactivation and small tail currents
(Figure 12).
Potassium Currents

K" currents were recorded from cells bathed in a physiological solution
and patch clamped in whole cell voltage clamp configuration. 24 hours after
plating, QNR/D cells exhibited two distinct K currents. One of these currents
exhibited low activation threshold (approximately -10 mV), transient duration due
to rapid inactivation as well as outward rectification (Figure 16-A, Figure 17).
Furthermore, this current could be completely abolished by increasing the holding
potential to -40 mV. The fact that this current is inactivated by elevated holding
potentials indicates that A-type K channels conduct this current. Furthermore,
this property of inactivation at higher holding potentials allowed for the separation
of this current from other K' currents that were present. The second current that
was observed activated at higher thresholds (approximately 20 mV), was
sustained in duration and exhibited outward rectification (Figure 16-B, Figure 17).
This current was not affected by increasing the holding potential to -40 mV nor
was it affected by the absence of Ca®" ions in the bath. These observations suggest
that this is the delayed rectifier K' current.

Treatment of QNR/D cells with GH had no effect on the magnitude of
either of these current types. The density of both of these currents remained
within error of the currents recorded from untreated control cells (Figures 21, 22

and 23).
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Figure 1: Quail Nuclear Marker Immunoreactivity in QNR/D Cells A)
QNR/D cells labelled with Q¢PN, a nuclear quail cell marking antibody (green)

(400x) B) QNR/D cells labelled with Q¢PN (green) and nuclei labelled with the

DNA stain DAPI (blue) (400x) C) QNR/D cells incubated with normal mouse
serum and nuclei labelled with the DNA stain DAPI (blue)
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Figure 2: Islet-1 Homeobox Immunoreactivity in QNR/D Cells A) QNR/D
cells labelled with 39.4D5, an islet-1 binding antibody (green) (400x) B) QNR/D
cells labelled with 39.4D5 (green) and nuclei labelled with the DNA stain DAPI
(blue) (400x) C) QNR/D cells incubated with normal mouse serum and nuclei
labelled with the DNA stain DAPI (blue)
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Figure 3: Avian Retinal Ganglion Cell Marker Immunoreactivity in QNR/D
Cells A) QNR/D cells labelled with R4A, a retinal ganglion cell marker antibody
(green) (400x) B) QNR/D cells labelled with R4A (green) and nuclei labelled
with the DNA stain DAPI (blue)(400x) C) QNR/D cells incubated with normal
mouse serum and nuclei labelled with the DNA stain DAPI (blue)
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Figure 4: Vimentin Immunoreactivity in QNR/D Cells A) QNR/D cells
labelled with 40E-C a vimentin binding antibody (400x Alexafluor 488) and B)
QNR/D cells labelled with 40E-C (green) and nuclei labelled with the DNA stain
DAPI (blue) (400x) C) QNR/D cells incubated with normal mouse serum and
nuclei labelled with the DNA stain DAPI (blue)
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Figure 5: Neurofilament Immunoreactivity in QNR/D Cells A) QNR/D cells
labelled with 3A10 a neurofilament binding antibody (400x Alexafluor 488) and
B) QNR/D cells labelled with 3A10 (green) and nuclei labelled with the DNA
stain DAPI (blue) (400x) C) QNR/D cells incubated with normal mouse serum
and nuclei labelled with the DNA stain DAPI (blue)
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Figure 6: Growth Hormone Immunoreactivity in QNR/D Cells A) QNR/D
cells labelled with anti-cGH (green) (400x) and B) QNR/D cells labelled with
anti-cGH (green) and nuclei labelled with the DNA stain DAPI (blue) (400x) C)
QNR/D cells incubated with normal rabbit serum and nuclei labelled with the
DNA stain DAPI (blue)
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Figure 7: Growth Hormone Receptor Immunoreactivity in QNR/D Cells A)
QNR/D cells labelled with anti-cGHR (green) (400x) and B) QNR/D cells
labelled with anti-cGHR (green) and nuclei labelled with the DNA stain DAPI
(blue) (400x) C) QNR/D cells incubated with normal rabbit serum and nuclei
labelled with the DNA stain DAPI (blue)
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Figure 8: Action potentials in QNR/D Cells A) No action potentials were
generated when current was injected into QNR/D cells after 24 hours in culture.
Cells were bathed in a physiological solution and patch clamped in current clamp
configuration. The membrane potential was adjusted to -80 mV and current was
injected in 20 ms pulses with magnitudes ranging from 50 pA to 700 pA in 50 pA
increments as depicted by the stimulus waveform inset. X-axis scale units are ms,
Y-axis scale units are mV. As evident from the smooth and steady increase in
membrane potential, no action potentials were generated. B) Spiking properties
were recorded from N1E-115 cells after 6 days of DMSO exposure. Cells were
bathed in a physiological solution and patch clamped in current clamp
configuration. Current injections were applied to the resting membrane potential
(approximately -40 mV) in 100 ms pulses with magnitudes ranging from 100 pA
to 500 pA in 100 pA increments as depicted by the stimulus waveform inset. X-
axis scale units are ms, Y-axis scale units are mV. C) No Na+ currents were
observed when QNR/D cells after 24 hours in culture. Cells were bathed in a
physiological solution and patch clamped in whole cell voltage clamp
configuration. The inward current observed is clearly a result of Ca®" channel
activation as evidenced by the long current duration, small current amplitude and
large tail currents. The membrane potential was held at -80 mV and stepped to 80
mV in 10 mV increments with the visible current traces depicting steps to -70 mV,
-40 mV, -30 mV, -20 mV, and 10 mV. X-axis scale units are ms, Y-axis scale units
are pA. D) Na' currents were recorded from N1E-115 cells after 6 days of DMSO
exposure. Cells were bathed in a physiological solution and patch clamped in
whole cell voltage clamp configuration. The membrane potential was held at -80
mV and stepped to 80 mV in 10 mV increments with the visible current traces
depicting steps to -70 mV, -30 mV, -20 mV, -10 mV and 20 mV. X-axis scale units
are ms, Y-axis scale units are pA. The inward current observed is clearly produced
by Na' channel activation as evidenced by the rapid current inactivation and large
current amplitude.
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Figure 9. Calcium Currents in QNR/D Cells Ca*" currents were recorded from
QNR/D cells 24 hours after plating. Cells were bathed in Na'-free solution and
patch clamped in whole cell voltage clamp configuration. The membrane potential
was held at -80 mV and stepped to 80 mV in 10 mV increments. X-axis scale
units are ms, Y-axis scale units are pA. A) Voltage steps to -70 mV, -20 mV, 0 mV,
20 mV and 40 mV visible. Note the transient current duration. B) 30 ms voltage
step to -10 mV visible with expanded X-axis scale. Note the large tail current.
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Figure 10. The Effect of S pM Mibefradil on Calcium Currents in QNR/D
Cells T-type specific Ca®” channel antagonist Mibefradil was used to block T-type
current in QNR/D cells. Ca>" currents were recorded from QNR/D cells 24 hours
after plating. Cells were bathed in Na'-free solution and patch clamped in whole
cell voltage clamp configuration. The membrane potential was held at -80 mV and
stepped to 80 mV in 10 mV increments. X-axis scale units are ms, Y-axis scale
units are pA. A) -80 mV to 0 mV step prior to Mibefradil perfusion. B) -80 mV to
0 mV step after Mibefradil perfusion. Note: the total abolishment of current.

C) -80 mV to 0 mV step after Mibefradil washout. Note: the current only partial
recovers from Mibefradil block.
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Figure 11: The Effect of Mibefradil Perfusion on Calcium Currents in
QNR/D Cells This chart illustrates the relationship between voltage and Ca*"
current density prior to (blue line) and after (red line) the perfusion of 5 uM
mibefradil, a selective T-type Ca”" channel antagonist. Each data point represents
the average current density recorded from 5 cells.
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Figure 12: L-type Calcium Currents in N1E-115 Cells Ca®* currents were
recorded from N1E-115 cells after 6 days of DMSO exposure. Cells were bathed
in a Na'-free solution and patch clamped in whole cell voltage clamp
configuration. The membrane potential was held at -40 mV in order to inactivate
any T-type Ca>" channels that may be present and stepped to 80 mV in 10 mV
increments. X-axis scale units are ms, Y-axis scale units are pA. A) Voltage steps
to -10 mV, 0 mV, 10 mV and 20 mV visible. B) Voltage step to 20 mV visible.
Note the sustained current duration and small tail currents.
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Figure 13: T-type Calcium Current in QNR/D Cells 24 Hours After Plating
This chart illustrates the relationship between voltage and T-type Ca®" current
density recorded from QNR/D cells 24 hours after plating. Each data point
represents the average current density recorded from 12 cells. Current density is
calculated by dividing the total current by the cell capacitance. A peak current
density of -4.13 pA/pF with a standard error of 0.67 pA/pF occurred at a
membrane potential of 0 mV.
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Figure 14: Calcium Currents in N1E-115 Cells After 6 Days of DMSO
Exposure This chart illustrates the relationship between voltage and Ca®" current
density recorded from N1E-115 cells after 6 days of DMSO exposure. The total
Ca”" (blue line), the T-type current (red line) and the L-type current (green line)
are depicted in the chart. Each data point represents the average current density
recorded from 5 cells. Shifting the holding potential to -40 mV, a potential that
inactivates all T-type channels, isolated the L-type current. The T-type current was
then calculated by subtracting the L-type current from the total current. Each data
point represents the average current density recorded from 5 cells. Current density
is calculated by dividing the total current by the cell capacitance. T-type current
activation occurred at -50 mV and peak T-type current was achieved at -20 mV. In
contrast, L-type current activation occurred at -20 mV and peak L-type current
was achieved at 20 mV.
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Figure 15: Steady State Inactivation of Voltage-gated Calcium Channels
Expressed in QNR/D Cells This chart illustrates the fraction of the total current
generated from increasing holding potentials. Each data point represents the
fraction of total current density recorded from 5 cells 24 hours after plating. The
curve generated by the data points (blue line) can be described by the Boltzmann
function (red line),

Pt [ Taeaplit,, =¥y

where: : 1 is the faction of maximum current,
1,4« 18 the maximum current,
V'is the holding potential,
Vmia 1s the holding potential at which half-maximal current is
observed and
V. 1s the voltage required to change / e-fold

The values for each of these coefficients are presented in Table 4.
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Figure 16: Potassium Currents in QNR/D Cells K" currents were recorded from
QNR/D cells 24 hours after plating. Cells were bathed in a physiological solution
and patch clamped in whole cell voltage clamp configuration. X-axis scale units
are ms, Y-axis scale units are pA. A) The membrane potential was held at -80 mV
and stepped to 80 mV in 10 mV increments. Voltage steps to -30 mV, 30 mV,

40 mV, 50 mV, 60 mV, 70 mV and 80 mV visible. Note the transient duration of
the current. B) The membrane potential was held at -40 mV and stepped to 80 mV
in 10 mV increments. Voltage steps to -30 mV, 30 mV, 40 mV, 50 mV, 60 mV,

70 mV and 80 mV visible. Note the sustained duration of the current.
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Figure 17: Potassium Currents in QNR/D Cells 24 Hours After Plating This
chart illustrates the relationship between voltage and K* current density recorded
from QNR/D cells 24 hours after plating. The total K™ (blue line), the delayed
rectifier current (green line) and the A-type current (red line) are depicted in the
chart. The delayed rectifier current was isolated by shifting the holding potential
to -40 mV, a potential that inactivates all A-type channels. The A-type current was
then calculated by subtracting the delayed rectifier current from the total current.
Each data point represents the average current density recorded from 8 cells.
Current density is calculated by dividing the total current by the cell capacitance.
A peak total current density of 5.94 pA/pF with a standard error of 1.37 pA/pF
occurred at a membrane potential of 80 mV. A peak delayed rectifier current
density of 1.17 pA/pF with a standard error of 0.78 pA/pF occurred at a
membrane potential of 80 mV. A peak A-type current density of 4.77 pA/pF with a
standard error of 1.05 pA/pF occurred at a membrane potential of 80 mV.
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Figure 18: Input Resistance Measured in QNR/D Cells in Response to
Growth Hormone Treatment The data was generated by taking the mean input
resistance of 8 cells for each time point. Baseline input resistance of QNR/D cells
was measured to be 2.83 GQ with a standard error of 0.612 GQ. At each of these
time points the average input resistance of GH treated cells was within error of
both control and baseline levels.
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Figure 19: The Peak T-type Current Densities Recorded from QNR/D Cells
in Response to Growth Hormone Treatment The data was generated by taking
the mean peak T-type Ca”" current recorded from 12 cells for each time point.
Baseline peak T-type current of QNR/D cells was measured to be -4.13 pA/pF
with a standard error of 0.67 pA/pF. At each of these time points the average peak
T-type Ca”" current recorded from GH treated cells was within error of both
control and baseline levels.
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Figure 20: The T-type Current Density in N1E-115 Neuroblastoma Cells
After 48 Hours of Growth Hormone Treatment This chart illustrates the current
voltage relationship of T-type Ca>" in N1E-115 cells after 48 hours of GH
treatment. The T-type Ca®" current in GH treated cells (blue line) the T-type Ca>"
current in untreated control cells (red line) are depicted in the chart. The T-type
Ca”" current was isolated by shifting the holding potential to -40 mV, a potential
that inactivates T-type Ca>" channels in N1E-115 cells and subtracting the current
at this holding potential from the total at the -80 mV holding potential. Each data
point represents the average current density recorded from 12 cells. Current
density is calculated by dividing the total current by the cell capacitance. A peak
current density of -5.0 pA/pF with a standard error of 0.76 pA/pF occurred at a
membrane potential of -10 mV in GH treated cells. A peak current density of
-6.7 pA/pF with a standard error of 0.67 pA/pF occurred at a membrane potential
of -20 mV in untreated control cells. The statistical significance of the difference
between these curves was calculated to be 0.046 (P<0.05) by ANOVA with
repeated measures.
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Figure 21: The Peak Total Potassium Current Densities Recorded from
QNR/D Cells in Response to Growth Hormone Treatment The data was
generated by taking the mean peak total K' current recorded from 8 cells for each
time point. Baseline peak total current of QNR/D cells was measured to be

5.94 pA/pF with a standard error of 1.37 pA/pF. At each of these time points the
average peak total current recorded from GH treated cells was within error of both
control and baseline levels.
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Figure 22: The Peak A-type Potassium Current Densities Recorded from
QNR/D Cells in Response to Growth Hormone Treatment The data was
generated by taking the mean peak A-type K™ current recorded from 8 cells for
each time point. Baseline peak total current of QNR/D cells was measured to be
4.77 pA/pF with a standard error of 1.05 pA/pF. At each of these time points the
average peak total current recorded from GH treated cells was within error of
control levels.
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Figure 23: The Peak Delayed Rectifier Potassium Current Densities
Recorded from QNR/D Cells in Response to GH Treatment The data was
generated by taking the mean peak delayed rectifier K’ current recorded from 8
cells for each time point. Baseline peak delayed rectifier current of QNR/D cells
was measured to be 1.17 pA/pF with a standard error of 0.78 pA/pF. At each of
these time points the average peak total current recorded from GH treated cells
was within error of control levels.
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Expression of Retinal Ganglion Cell Markers in QNR/D Cells

In these studies, QNR/D cells were explored as a possible avian RGC
model. Their suitability is validated by the expression of RGC markers by these
cells. The expression of a number of RGC markers was assessed by
immunocytochemistry. These markers not only confirm the identity of the QNR/D
cell line as derived from a quail RGC precursor but also indicate the level of

developmental maturity of these cells. First and foremost, QNR/D cells are

immunoreactive with Q ¢ PN antibody. This unequivocally establishes QNR/D

cells as a quail derived cell line. This is an important determination in light of the

current controversy surrounding the species origin of the RGC-5 cell line (Van

Bergen et al, 2009). Furthermore, the strictly nuclear distribution of Q ¢ PN

staining is as expected and establishes the credibility of the technique used for
immunocytochemistry experiments.

The QNR/D cells were also immunoreactive for the R4A antigen. The
R4A antibody recognizes RGC precursor cells immediately after their final cell
division (Mcloon and Barnes, 1989) and as they migrate to the vitreal surface of
the developing retina. Indeed, the creators of this antibody have described its
antigen as “the earliest ganglion cell characteristic to develop yet reported”
(Mcloon and Barnes, 1989). This suggests the R4A antibody recognizes RGC
competent precursors. Furthermore, as RGCs mature the distribution of R4A
immunoreactivity become restricted to RGC axons in the nerve fibre layer. In

QNR/D cells, R4A immunoreactivity was present throughout the cytoplasm and
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was not restricted to QNR/D neurites. This observation suggests that these cells
are not mature or fully differentiated.

The expression of the Isl-1 transcription factor was also assessed by
immunocytochemistry. This transcription factor is first expressed in RGC
precursors at the specificity stage of their differentiation (Pan ef a/, 2008). In
QNR/D cells Isl-1 immunoreactivity was present in both the cytoplasm and
nucleus with especially intense staining in the nucleus. This distribution is as
expected since Isl-1 transcription factor is produced in the cytoplasm and then
transported and concentrated in the nucleus where it fulfills its physiological role.
Furthermore, this is the same distribution observed when Isl-1 staining is
performed on immunopanned chick RGCs (Sanders et a/, 2009).

The expression of intermediate filaments in QNR/D cells was also
investigated by immunocytochemistry. Vimentin distribution was clearly of a
filamentous nature, showing that indeed it is functioning in a cytoskeletal
capacity. Neurofilament protein expression however was not present in a
filamentous distribution, suggesting that these proteins are being translated but not
assembled into the cytoskeleton. These intermediate filament expression patterns
suggest that QNR/D cells, though not fully differentiated RGCs, are primed for if
not in the process of complete differentiation. Intermediate filament expression is
significant because during RGC differentiation the predominant cytoskeletal
proteins change from vimentin to neurofilament proteins (Alvarez-Buylla and
Nottebohm, 1988; Pollerberg ef al, 1995).

When analyzed together, the results of these immunocytochemical
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experiments suggest that QNR/D cells are representative of differentiating RGC
precursors in the specificity stage of their differentiation process.

Growth Hormone and Growth Hormone Receptor Expression in QNR/D
Cells

The expression of both GH and GHR was observed in QNR/D cells. In
both cases, immunocytochemistry showed a diffuse expression pattern throughout
the cytoplasm. In the developing chick retina, GH is expressed in two different
isoforms (Harvey, 2010). There is a 15-kDa isoform that is translated from
mRNA identical to that which encodes the classical 22-kDa pituitary GH but the
full-length protein is then proteolytically cleaved to yield a 15-kDa product. In
addition, scGH is also expressed in the chick retina. This GH isoform is translated
from a smaller, truncated mRNA, resulting in a protein that lacks the signal
sequence required for secretion. Therefore, this isoform, if active, must signal via
an intracrine mechanism. By comparison, the GH expressed in QNR/D cells is
also a small isoform of approximately 15-kDa (Sanders et al, 2010). This isoform
is likely to be derived from the GH mRNA present in these cells, which has
greater than 98% homology with chicken GH mRNA (Sander et al, 2010). A
siRNA directed towards chicken GH mRNA is thus able to knockdown the
expression of the GH in QNR/D cells (Sanders ef al, 2010). Furthermore,
sequencing of the GH mRNA in the quail pituitary did not reveal a second
truncated transcript, so it is unlikely that a scGH-like protein is present in QNR/D
cells.

Electrophysiological Properties of QNR/D Cells

A number of the electrophysiological properties displayed by QNR/D cells
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are consistent with developing RGCs. QNR/D cells exhibited a high input
resistance, similar to that observed in mouse and rat RGCs prior to synaptogenesis
with their CNS targets (Rothe et a/, 1999; Reiff and Guenther, 1999). This high
input resistance is due to low levels of ion channel expression in both RGCs and
QNR/D cells. Specifically, Na” channels are not expressed, HVA Ca*" channels
are not expressed and K channel expression is present at low levels or is absent
in this cell line. This expression pattern has many important implications when
considering the QNR/D cells line as an experimental model of RGCs.

It can be concluded that voltage-gated Na™ channels are not expressed in
QNR/D cells. Under voltage clamp conditions, Na" currents could not be elicited
by membrane depolarization in a physiological bathing solution. Furthermore,
under current clamp conditions no action potentials were observed upon current
injections. This observation is curious since Pessac et al reported recording
tetrodotoxin sensitive action potentials from QNR/D cells (Pessac et al/, 1983).
This indicates the presence of Na™ channels since they are prerequisite for both
action potentials and tetrodotoxin sensitive currents. Since these spiking
observations were made in 1983, nearly 30 years ago, one possible explanation of
this inconsistency is selective death of the more electrically active cells over this
time period.

Examination of Ca®* currents in QNR/D cells revealed only a single
current type, which displayed characteristics of T-type Ca>" channel derived
currents. They activate at highly negative membrane potentials, rapidly inactivate

and slowly deactivate, resulting in large tail-currents. Most conclusively, the
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activity of these channels is blocked by mibefradil, a T-type specific Ca®* channel
antagonist. This Ca®" channel expression pattern is consistent with that of avian
RGC cells at ED7, the age at which the QNR/D cell line was immortalized.
T-type Ca®" channels are the first Ca®" channels expressed in RGCs. They are
expressed just as RGC axons reach their CNS targets at ED16 in the rat (Schmid
and Guenther, 1996; Schmid and Guenther, 1999), which corresponds to
approximately EDG6 in the chick. HVA Ca*" channels (L-type) are not expressed
until ED20 in the rat (Schmid and Guenther, 1996; Schmid and Guenther, 1999),
just before birth and well after the onset of dendritic outgrowth and arbourization.
As the retina matures, HVA current begins to dominate the total Ca*" current and
by maturity the Ca®* channels expressed are almost exclusively HVA (Schmid
and Guenther, 1996; Schmid and Guenther, 1999).

K" channel expression in QNR/D cells was highly variable. Cells
exhibited either A-type current, delayed rectifier current, a mixture of both or no
current at all. This is reflected in the high degree of error displayed in the K"
current histograms. Furthermore, when K™ channels were expressed, they were
present only at very low levels compared to mature RGCs, as shown by the small
current densities. Again, this ion channel expression is typical of RGC precursors
at ED17 in the rat (Reiff and Guenther, 1999). This is the time point at which
RGC axons have just reached their CNS targets and corresponding to
approximately ED6 in the chick. The presence of K' currents in some QNR/D
cells but not others may indicate different levels of maturation/differentiation.

This contention is supported by the pattern of voltage-gated K channel
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expression during development. As RGCs differentiate, they initially do not
express voltage-gated K™ channels (Reiff and Guenther, 1999; Skaliora et al,
1995). Then, once their axons have reached their central targets, RGCs proceed to
express primarily  A-type K channels (Reiff and Guenther, 1999; Skaliora et
al, 1995). Finally, at maturity, the delayed rectifier channel dominates K" channel
expression (Reiff and Guenther, 1999; Skaliora et al, 1995). This pattern also
holds true in a cell line context since RGC-5 cells display increased delayed
rectifier K currents upon differentiation by staurosporine (Frassetto et al, 2006).
These electrical characteristics of QNR/D cells are consistent with RGC
precursors in the specificity stage of differentiation. The foremost inadequacy of
this cell line, when used as an RGC model, is the lack of inward Na' current and
the inability to fire action potentials. That being said, from an electrophysiological
perspective, the QNR/D cell line is a much better model than the RGC-5 cell line
since these cells not only lack any voltage-gated ion channel expression but also
express un-gated inwardly rectifying K channels, CI"channels and Gd**
insensitive stretch-gated channels (Moorehouse ef al, 2004). These ion channels
are atypical of both mature and developing RGCs (Moorehouse et al, 2004) and it
is significant to note that QNR/D cells do not express these inappropriate currents.
QNR/D do not express any significant inwardly rectifying K" channels since the
current-voltage relationship in Figure 11 clearly displays outward rectification.
Nor do they express Cl” channels. The high input resistance observed in QNR/D
cells under voltage clamp conditions in a Cl” rich environment contraindicates the

presence of CI” channels. Clearly, from an electrophysiological perspective,
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QNR/D cells are a better model of RGCs than RGC-5 cells.
The Effect of Growth Hormone on Ion Channel Expression in QNR/D Cells

The presence of GH and GHR in QNR/D cells suggests GH might have
local electrophysiological actions in these cells, especially as GH had
electrophysiological effects in GH- and GHR-positive N1E-115 cells and in the
chicken brain (Lea and Harvey, 1993). However, while GH is active in promoting
cell survival in QNR/D cells (Sanders et al, 2010), it had no electrophysiological
action. This could be due to a number of factors. (1) The GH signalling system in
these cells may be saturated, (2) the tyrosine kinase activity of the V-Src protein
may be saturating the second messenger cascades that are required for exogenous
GH signal transduction and (3) GH signalling may not modulate ion channel
expression in QNR/D cells.

The level of endogenous GH expression by QNR/D cells may already
saturate their GHRs. It is possible that the GH signalling system in QNR/D
cultures operates in an intracrine fashion where GH binds GHR from within the
secretory apparatus of the cell that synthesizes both proteins. It has been
demonstrated that when both GH and GHR are synthesized within the same cell,
GH-GHR binding occurs within the endoplasmic reticulum and prevents
exogenous GH from binding GHR once the receptor reaches the plasma
membrane (Van Den Eijnden and Strous, 2007). This intracrine saturation
hypothesis is supported by intracellular distribution of GH and GHR. Both GH
and GHR proteins detected by immunocytochemistry were not localized along the

plasma membrane. Instead these proteins exhibited a diffuse intracellular
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expression pattern. Furthermore, all of the observed effects of GH activity in these
cells have been elicited by knockdown of endogenous GH (Sanders et al, 2010).
Therefore, it is possible that the endogenous GH produced by QNR/D cells is
preventing the activity of the exogenous GH applied in these experiments.

It is also important to recognize the fact that QNR/D cells are
immortalized by the Rous sarcoma virus. This virus owes its oncogenic and
immortalizing effects to a constitutively active v-Src protein tyrosine kinase
encoded by a viral gene that has been integrated into the quail genome. This
protein phosphorylates the tyrosine residues of intracellular signaling proteins,
many of which are employed by the GH second messenger cascade. Most
significantly, Src proteins initiate a chain of phosphorylation events by activating
both ERK1 and ERK2 MAPK pathways (Zhu ef al, 2002), as well as PI3K/Akt
pathways (Liu et al, 1998), roles normally fulfilled by GH activated c-Src in non-
transformed cells. Furthermore, v-Src has been shown to constitutively activate
both Stat-3 and Stat-5, which are also normally activated by GH signaling (Rane
and Reddy, 2002). This suggests that the signal transduction apparatus normally
employed by GH is saturated by v-Src, thereby masking the effects of exogenous
GH application.

Finally, the null hypothesis may be true. GH may not have any effect on
ion channel expression in QNR/D cells.

Future Directions
The expression of a number of retinal ganglion cell markers and several

types of voltage-gated ion channels makes the QNR/D cell line a useful model of
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RGC:s. The value of these cells as a model is further emphasized by the lack of
availability of an avian Thy-1 reactive antibody, the scarcity of which makes the
establishment of a RGC enriched primary culture impractical.

However, the QNR/D cell line model could be improved upon if these
cells could be induced to express a phenotype that is characteristically more
neural. In fact, a number of neural cell lines can be induced to differentiate by the
application of a specific factor. For instance, N1E-115 cells do not express the
entire range of ion channels normally present in a mature neuron but, upon
exposure to DMSO, they differentiate into a mature phenotype that expresses
more ion channel types and greater current densities (Moolenaar and Spector,
1978). Similarly, action potentials cannot be elicited in PC-12 cells in normal
culture conditions but can be achieved after nerve growth factor (NGF) treatment
(Dichter et al, 1977). Even more germane, it has been reported that delayed
rectifier K™ channel expression can be induced by the application of staurosporine,
a non-selective protein kinase inhibitor, in the RGC-5 cell line (Frassetto et a/,
2006). This “differentiation” effect has been replicated using the tyrosine kinase
specific inhibitor succinyl-conanavalin A (Wood et al, 2010). Application of a
tyrosine kinase inhibitor may initiate a differentiation process in QNR/D cells and
induce greater ion channel expression and/or increased responsiveness to GH. If
some neurotrophic agent can be found to induce Na" channel expression and the
ability to generate action potentials in QNR/D cells, it would make these cells an
ideal model of RGC:s.

There are also a number of future directions for the study of GH activity in

123



QNR/D cells. Due to the possibility that GH signalling mechanisms may be
saturated, the effect of GH would be better elucidated by methods that inhibit GH
signalling rather than potentiate it. GH knock down by RNA interference has been
shown to increase apoptosis in QNR/D cells (Sanders et al, 2010). This
observation is in agreement with the well-established anti-apoptotic effects of GH
in primary cultures as well as in ovo. Perhaps an electrophysiological effect of GH
would be revealed using this approach.

Another avenue of research in the electrophysiological activities of
QNR/D is the effect of GHRH. In the pituitary GHRH not only stimulates GH
synthesis but also controls its release by modulation of voltage-gate calcium
channels. It is possible GHRH functions in a similar capacity in the QNR/D cell
line. It has already been determined that GHRH is expressed in QNR/D cells
where it promotes the transcription of GH mRNA (Harvey et al, 2012). However
the role of GHRH on voltage-gated ion channel activity has not been explored in
QNR/D cells.

Conclusions

The electrophysiological properties of QNR/D cells have been
characterized. Briefly, no Na" current or spiking activity was observed but T-type
Ca’" current, and both A-type and delayed rectifier K currents were expressed.
These currents, unexpectedly, were not affected by exposure to exogenous GH.
However, since these cells express GH and GHR and respond to endogenous GH
by increased cell survival, QNR/D cells provide an experimental model for

investigating the physiology of RGCs in the neural retina of the chick embryo.
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