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ABSTRACT

Use-dependent downregulation of neuronal activity (negative feedback)
can actas a homeostatid mechanism to maintain neuronal activity at a particular
specified value. Disruption of this negative feedback might lead to neurological
pathologies such as epilepsy, but the precise mechanisms by which this
feedback can occur remain incompletely understood. At one glutamatergic
synapse, the Drosophila neuromuscular junction, a mutatibn in the group’ I
metabotropic glutamate receptor gene (DmGIuRA) increased motor neuron
excitability by disrupting an autocrine, glutamate-mediated hegative feedback. |
show that DmGIuRA mutations increase neuronal excitability by preventing P13
kinase (PI3K) activation and cdnsequently hyperactivating the transcription factor
Foxo. Furthermore, glutafnate application _increases levels of phospho-Akt, a
product of PI3K signal_ing, within motor nerve termvinals in a DmGIuRA-dependent
manner. Finally, | show that PI3K increases both axon diameter and synapse
number via the Tor/S6 kinase pathway, but not Foxo. In'humans, PI3K and
group |l mGIuRs are impIidated in epilepsy, neuroﬁbromatqsis,'autism,
schizophrenia and other neurological disorders; however, neither the link
between group Il mGIuRs and PI3K, nor the rble of PI3K-dependent regulation of
Foxo in the control of neuronal excitability, had been previously reported. My
work suggests that some of the deficits in these neurological disorders might

result from disruption of glutamate-mediated homeostasis of neuronal excitability.
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Chapter 1: Background

1.1  Significance

Negative Feedback Processes

Negative feedback processes, which can enable maintenance of neuronal
homeostasis, are widely observed in neuronal systems (Marder and Prinz, 2003;
Davis, 2006; szzi et al., 2008). For example, neuronal silencing via tetrodotoxin
application both in vivo and in vitrb increa‘ses excitability (Desai et al., 1999;
Gibson et al., 2006; Echegoyen et al., 2007). This effect occurs in vitro via both
increased sodium currents and decreased potassium currents. However, the
signaling pathways responsible for these excitability changes remain unclear.

In addition, a number of neurological disorders are associated with changes in
excitability due to alterations of neuronal homeostasis: epilepsy, autism,'anxiety
disorders, and others. Consequently, increasing my understanding of the
mechanisms responsible for maintaining proper neuronal homeostasis is of

substantial importance.
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1.2 Drosophila peripheral nerves

Drosophila peripheral nerves consist of bundles of motor and sensory axons
that are each individually ensheathed in a layer of wrapping glia which are
analogous to Schwann cells in mammals (Sepp et al., 2000; Stork et al., 2008).
This bundle of ensheathed axons and wrapping glia is then itself ensheated in an
outer layer of subperineurial giia.followed by a second outer layer of perineurial
glia, which is hypothesized to provide structural support to the peripheral nerve

(Yager et al., 2001; Stork et al., 2008).
1.3  Action potential propagation and Synaptic Transmission

The axonal membrane potential is derived from the relative balance of
charged ion species on either side of the membrane. This potential can be
described mathematically by the Goldman Constant Field Equation in which the
resting electrochemical potential of the membrane (Em) is the sum of the

individual electrochemical potentials of each of the relevant ion species (E)).

RT (Px[K}a + PyglNal, - PgiICll,

Ep= ——
PylK]; + PygNal; — Poi[Cl; ) “Goldman Constant Field Equation”

_ The eléctrophemical potentials for the individual ion species can be derived using

the Nernst Equation.
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RT fC
wor-s0- ) -
¢2~ 5 zF\C “Nernst Equation”

Because CI” ions are isotonic on both sides of the membrane,,Em can be further
simplified into the Mullins and Noda steady state equation in which ris the
coupling ratio of the Na*/K* pump that maintains th'e electrochemical gradient,

and b is the ratio of membrane permeability to Na* and K* respectively.

- (r[K]{, + b{Na]a)

r[K}; + biNa]; “Mullins-Noda Steady State Equation”

Axonal membra'nes at rést are maintained at a negative resting potential.
Stimulation of the neuron at the axon hillock can generate a smallv depolarization
of the membrane (see figure 1.1). If the depolarization is beyond the stimvulation
threshold, voltage-gated sodium channels will open, increasing the membrane’s
permeability to Na* idns in a localized region, thus leading tb an increasé in ‘b’
Diffusing down their electrochemical gradient, Na* ions then flow into the neuron
resulting in further depolarization 6f the membrane potential. As this
depolarization spreads outwards from its source, a positive feedback is
generated triggering the opening of other voltgage-gated sodium channels, thus
creating a wave of depolarization traveling down the axon. .In addition to
triggering the opening of sodium channels, the depolarization triggers the

| opening of voltage-gated potassiUm channels, subsequently increasing the
membrane’s permeabilify to K* iohs. I}n the initial phases of the action potential,

the Na" influx is greater than the K" efflux, thus creating arise in the membrane

3 .
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Figure 1.1. Schematic of action potential propagation. When a neuronal
membrane is disturbed from the resting state by a stimulus, and the subsequent
depolarization is sufficient to cause the opening of voltage gated Na* channels,
and action potential will be generated. The subsequent influx of Na* ions
causes further depolarization leading to the rising phase of the action potential.
After the initial opening, Na* channels will close and remain inactive, thus
allowing a directional propagation of signal. As the action potential reaches the
peak of depolarization, votage-gated K* channels open, allowing for an efflux of
K" ions initiating the repolarizing phase. There is a brief overshoot of
polarization, leading to the hyperpolarized state, after which the membrane
returns to its resting state.
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potential. As the Na* channels reach a maximal opening and the membrane
, potentiai reaches its peak, Na* channel inactivation allows the K" efflux to

repolarize the cell. This repolarization overshoots the resting potential causing a

hyperpolarization, after which the neuron is in a brief refractory period due to Na*
channel inactivation during which further action potential propogation cannot
occur. As thé action potential}reaches the nerve terminal, the depolarization
induces the or;ening of voltage-gated calcium channels, allowing the influx of
Ca?" ions from the extracellular environment. This Ca®" influx then triggers the
Snare-mediated release of vesicles containing neurotransmitter into the synapse
and the subsequent diffusion of the neurotransmitter across the synaptic cleft to
the postsynapﬁc cell. |

Because action potential propagation is dependent on the alteration of

membrane permeability,'by ion channels, it stands to reason that neuronal

excitability, or the propensity of a neuron to fire an action potential, is directly

related to the ratio of different species of ion channels present in the membrane.

1.4 Long term facilitation (LTF) as a measure of neurdnal excitability
Alterations in neuronai excitability are manifested by an increased rate of

onset of a form of synaptic plasticity termed long-term facilitation (LTF) (Jan and

~ Jan, 1978; Bogdanik et‘ al., 2004), which is induced when a motor neuron ié

subjected to repetitive nerve stimulation at low bath [Ca%']. At a certain point in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the stimulus train, an abrupt increase in transmitter release and hénce muscle
depolarization (termed excitatory junctional potential, or ejp) is observed (Figure
3.2 A). LTF not only increases ejp amplitude, but also ejp duration, indicative of
prolonged and asynchronous transmitter release (Figure 3.2 A). This abrupt
increase in the amount and duration of transmitter release is caused by an abrupt
increase in the duration of nerve terminal depolarization and hence Ca** influx,
and reflects a progressive increase in motor neuron excitability induced by the
repetitive nerve stimulation: when an excitability threshold is reached, LTF
occurs (Jan and Jan, 1978; Stern and Ganetzky, 1989; Stern et al., 1990).

In Drosophila, many genotypes that increase motor neuron excitability by
decreasing K* currents or increasing Na" currents increase the rate of onset of
LTF. For example, altered activities of frequenin and Hyperkinetic, which act via
K* channels, or paralytic and pumilio, which act via Na* channels, each increase
the rate of onset of LTF (Loughney et al., 1989; Stern and Ganetzky, 1989; Stern
et al., 1990; Mallart et al., 1991; Chouinard et al., 1995; Schweers et al., 2002;
Mee et al., 2004). By increasing motor neuron excitability, the genotypes
described above apparently bring excitability closer to the threshold required to
evoke LTF and consequently decrease the number of prior nerve stimulations
required to reach this threshold. In these genotypes, the prolonged nerve
terminal depolarizations that triggered LTF were revealed by recording ejps and
simultaneously recording extracellularly electricall activity within the peripheral
nerves during LTF onset. It was found that LTF onset was accompanied by the

appearance within peripheral nerves of supernumerary action potentials
6
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occurring at about 10 msec intervals following the initial induced action potential
(Ganetzky and Wu, 1982; Loughney et al., 1989; Stern and Ganetzky, 1989;
Stern et al., 1990; Mallart et al., 1991; Chouinard et al., 1995; Schweers et al.,
2002; Mee et al., 2004). Several lines of evidence suggested that these
supernumerary action potentials arose in motor axons and were responsible for
the increased transmitter release underlying LTF. First, the number of these
supernumerary action potentials correlated with ejp duration, and second, these
supernumerary action potentials often preceded depolarizing steps in the
asynchronous, multi-step ejps that occurred after LTF onset. Similar
supernumerary action potentials were observed following nerve stimulation in the
eag Sh double mutant, in which two distinct K channel a subunits are
simultaneously eliminated, and which consequently exhibits extreme neuronal
hyperexcitability. In the eag Sh double mutant, these supernumerary action
potentials arise in the motor nerve terminals and exhibit retrograde propagation
(Ganetzky and Wu, 1982). It was suggested that the supernumerary action
potentials were caused by, and also prolonged, motor nerve fermina|
depolarization, and thus participated in a positive feedback loop prolonging
depolarization (Ganetzky and Wu, 1982); This positive feedback loop |

presumably underlies the abrupt, threshold-like onset of LTF.

1.5 Metabotropic glutamate réceptors (mGluRs)
7
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The amino acid glutamate is a critical signaling molecule in the nervous
system, acting as the principle excitatory neurotransmitter in the mammalian
CNS (Watkins and Evans, 1981) and the arthropod nmj, and can act on two
c|aéses of receptors. One class, ionotropic glutamate receptors, comprises ligand
gated mutlimeric ion-channels and can be divided into three distinct types based
on their associated agonists: NMDA (N-methyl-D-aspartate), AMPA (a-amino-3-
hydroxy-5-methyl-4—isoaxolepropionic acid), and kainate receptors. As ion
channels, these receptors allow glutamate to act in fast excitatory
neurotransmission, often postsynaptically at glutamatergic synapses. The second
class of glutamate receptors, metabotropic glutamate receptors (mGIluRs) are
coupled to heterotrimeric G-proteins which allow them to link glutamate signaling
to intracellular second messenger systems. As such, mGluRs provide slow
modulation of assorted functions (reviewed in Ferréguti and Shigemoto, 2006)
including excitatory (Glaum and Miller, 1992) and inhibitory (Fiorillo and Williams,
1998) transmission, long term potentiation (Bortolotto and Collingridge, 1993)
and long term depression (Linden and Connor, 1992), and are also involved in
numerous processes such as neuronal development (Catania et al., 2001), and
Iearning and memory (Aiba et al., 1994). In addition mGluRs have been
implicated in neurological disorders such as epilepsy, schizophrenia,
Parkinsoh’s, anxiety, Fragile X mental retardation, and others (Enz, 2007).

~ Collectively, these4 features make mGIuRs an attractive subjet:t of research to

gain a better understanding of neuronal homeostasis.
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1.5.1 Function and Structure of mGIuRs

The first evidence of metabotropic glutamate receptors came from
experiments showing that glutamate, when applied to cultured striatal neurons,
stimulated enhanced hydrolysis of phosphoinositides (Sladeczek et al., 1985).

By demonstrating that glutamate could stimulate metabolic processes beyond the
fast excitatory transmission exhibited by ionotropic receptors, this observation
suggested that there was a second type of glutamate receptor acting in these
systems. Similar experiments in other braih preparatlons confirmed these
results: cultured cerebellar granule eells, rat brain slices, rat brain
synaptoneurosomes, and cultured glial sells (reviewed in Schoepp et al., 1999;
Sepp et al., 2000) Further experimentation performed in Xenopus oocytes
injected with rat brain mMRNA showed that application of glutamate and its
analogue quisqualate, but not NMDA or kainate, were able to initiate inositol
phospholipid metabolism, formation of lP3, and subsequent mobilization of Ca?*
from internal stores (Sugiyama et al., 1987). In addition, Joro Spider toxin, an
inhibitor of ionotroeic glutamate receptors, was unable to block the mobilization
of Ca®* by quisqualate. Taken together, these data confirmed the existence of
mGIuRs as a receptor class independent Qf the known ionotropic receptors.v

Lastly, Sugiyama et al. (1987) showed that glutamate induced Ca?* mobilization
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Q , PREFERRED SIGNALING
J> - GROUP'  RECEPTOR ‘5 pRoTEIN MECHANISM-

mGIUR1 (a.b,6,0) /
b mouwRs{ab) S pLc 1
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. - mGIuREG - .
< mGIuRS (a.b)
COOH

Figure 1.2 Topological schematic and classification of mGIuRs. A)
mGIuRs consist of 7 transmembrane domains. All groups of mGluRs
have a high degree of conservation in the transmembrane domains and N
terminal. The intracellular C-terminal, however, varies widely between
different mGluR receptor types. B) mGluRs are divided into three groups
based on sequence homology, preferred G-protein, pharmacological
properties, and consequential signaling mechanisms. Group | mGluRs
most often associate are often excitatory, whereas Group Il and Group |l
mGluRs are usually inhibitory. Image take from (Enz, 2007).

10
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was inhibited by the addition of pertussis toxin, suggesting that mGIuR activity
was mediated by G,or G;. Rat mGIuR1a, the first mGIuR cloned, was
expression-cloned using a rat cerebellar library (Houamed et al., 1991; Masu et
al., 1991). In short succession, seven other mGIuR types were identified based
von their sequence homology to mGluR1a, named mGIuR2-8 in order of their
discovery. These receptors fall info three distinct groups, differentiated by
sequence homology, associated signal- transduction mechanisms, and
pharmacological properties‘(Enz, 2007) (Figure 1.2).

Like all G-protein coupled receptors (GPCRs), mGIuR’s consist of seven
hydrophobic transmembrane domains linked by three intracellular loops and four
extracellular loops (for review see Schoepp, 2001 and the references within).
The N-terminal Consisté ofa highlyb'conserved extracellular Iigand-binding}do'main |
of about 600 amino acids which recognizes glutamate and its analogues (O'Hara
et al., 1993). The intracellular C-terminus, which physically interacts with the
associated G-proteins, can vary betwéen 37 and 377 amino acids in length -
depending on the receptor type, and it is this diversity which is responsible for the
variety of fuhctions carried out by the individual receptor types. This differs from
other GPCRs in which the specificity and activation of the associated G proteins

is carried out by the third intracellular loop (Pin et al., 1994).

1.5.2 Mammalian roles in neuronal homeostasis

11
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The mammalian group Il metabotropic glutamate receptors, are well
positioned to mediate negative feedback. When localized presynaptically, these
- receptors can act as autoinhibitors of glutamate release (Scanziani et al., 1997;
Kew et al., 2001; Chen et al., 2002; Poisik et al., 2005). Because these
receptors are located outside of the active zone (Schoepp, 2001), activation is
thought to occur ﬁnly during conditions of elevated glutamate release and might
serve to prevent glutamate-mediated neurotoxicity. Agonists for these receptors
are proposed for treatment of schizophrenia, anxiety and epilepsy, among others
(Swanson et al., 2005; Patil et al., 2007), but the mGluR-dependent signaling
pathways that underlie these disorders remain unidentified. Furthermore,
although many of the. acute effects of group Il mGIuR activation on neuronal
physiology have been elucidated (Anwyl, 1999; Alexandef' and Godwin, 2006),
possible long term effects on neuronal function, such as through changes in ion

channel gene expression, remain essentially unexplored.

1.5.3 Drosophila mGIuRA (DmGIuRA)

In Drosophila, the single DmG/uRA gene encodes a protein most similar to
the mammalian group || mGIuR (Bogdanik et al., 2004). DmGIuRA is located
presynaptically at the neuromuscular junctioh (nmj), which suggests that
DmGIuRA might regulate transmitter reiease from motor neurons. Elimination of
DmGIuRA by the null mutation DmGIuURA""?, or by RNAi-mediated DmGIuURA

knockdown specifically in motor neurons, increases neuronal excitability

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Bogdanik et al., 2004). Given that glutamate is the excitatory neurotransmitter
from Drosophila motor neurons, the increased excitability of DmGIuRA mutants
raised the possibility that DmGIuRA decreases motor neuron excitability upon
activation by glutamate released from motor nerve terminals. In this view,
DmGIuRA would mediate an activity-dependent negative feedback onvexcitability.
However, the mechanism by which this negative feedback is accomplished was

not elucidated.

1.6 PI3K/AKT signaling

Phosphatidylinositol 3-kinases (PI13K)s represent a family of enzymes capable
of phosphorylating the 3’-hydroXyI group on the inositol ring of
phosphatidylinositol (PtdIns), Ptdins 4-phosphate, or Ptdins 4,5-bisphosphate
(Panayotou, 1998). This activity is responsible for a host of signal transduction
cascades within the cell including but not limited to: DNA synthesis, cell survival,
membrane ruffling, chemotaxis, cytoske.letal rearrangements, oocyte maturation,
glucose transport, and vesicle trafficking (Pahayotou, 1998). PI3K is comprised
of two subunits, a 1,068-aa catalytic subunit called p110, and a 724-aa regulatory
subunit called p85. p85 has several functional domains within its structure,
including two SH2 domains, an SH3 domain, and a BCR domain. These

domains serve to interact with activated tyrosine-phosphorylated molecules
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Figure 1.3. PI3K activity regulates many downstream effectors. PI3K
is activated by receptor tyrosine kinases such as the insulin receptor
shown here. PI3K phosphorylates the 3’ hydroxyl group on the
inositol ring of PIP; thus generating PIPs. The presence of PIPsin the
cell membrane recruits proteins containing pleckstrin homology (PH)
domains, such Akt, to the membrane. Here, Akt is phosphorylated
and activated, thus going on to phosphorylate a number of
downstream targets including the forkhead transcription factor Foxo,
and the Tor/S6K pathway. Image adapted from Cell Signaling
Technology.

within the membrane (Panayotou, 1998). The p110 catalytic subunit is then

recruited to the membrane via its association with p85 and brought into proximity
14
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with its phospoinositide substrates, setting the stage for their phosphorylation
(Figure 1.3). In addition to activation by receptor tyrosine kinases, the small
GTP-ase Ras via its direct interaction with the p110 catalytic subunit can activate
PI3K. Phosphatase and tensin homolog on chromosome 10 (PTEN) is another
molecule important to phosphoinositide signaling. As'its name suggests, PTEN
has phosphatase activity specific to the 3’hydroxy| group on the inositol ring of
Ptdins. Together, PI3K and PTEN serve to fightly regulate phosphoinositide
signaling at the membrane.

One Qf the downstream effectors of PI3K of interest to the Stern lab is the
serine/threonine protein kinase Akt. Akt contains a pleckstrin homology domain
(PH) to which PIP3 binds causing the subsequent translocation of Akt to the
membrane (Hay and Sonenberg, 2004). Here, Akt is activated by the
phosphorylation of residues 342 ahd 505 by PDK1 and PDK2, both of which are
necessary for Akt activation (Figure 1.3). Akt subsequently acts in a signaling
pathway that results in the regulation of cell growth and prolifefation throuéh

mTOR signaling (Hay and Sonenberg, 2004).

1.7 Gal4/UAS system

The Gal4/ UAS system is a powerful genetic tool that allows for ectopic

expression of genes of interest in a tissue and temporal specific manner within

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



an organism. It utilizes the yeast transcription factor Gal4 in order to drive
expression of a gene placed under the control of the Gal4 upstream activating
sequence (UAS) (Brand and Perrimon, 1993). The expression of Gal4 is placed
under the regulatory control of a gene with a desired expression pattern (Figure
1.4). Inflies carrying the Gal4 transgene, Gal4 will be present in whichever cell
types the regulatory control gene is present. Being an transcription factor
exdusively found in yeast, the presence of Gal4 by itself within Drosophila cells
is unlikely to lead to the activation of Drosbphila gehes. waeve'r, a second fly
line carrying a gene of interest under the regulatory control of the UAS sequence
can then be crossed to the Gal4 line. Wilthin the progeny of this cross, Gal4 will
bind to the UAS in the tissues in which Gal4 is present. This thus allows one to
drive expression of a desired gene under UAS control in whatever tissue the

Gal4 driver expresses Gal4.
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Figure 1.4 Schematic of the Gal4/UAS system. The Gal4/UAS
system allows for the temporal and tissue specific expression of
transgenes of interest. Fly lines expressing the yeast transcription
factor Gal4 under the control of regulatory elements from a gene
with a desired expression pattern are crossed to fly lines containing
a gene of interest under the regulatory control of the upstream
activating sequence (UAS). The progeny of these flies will express
the UAS-regulated transgene in the expression pattern of the Gal4
transgene. Image taken from (Duffy, 2002).

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2: Methods and Materials

2.1 Maintenance of fly stocks and crosses

Fly stocks were maintained on standard cornmeal/ agar Drosophila media at
room temperature. D42 and OK6 express Gal4 in motor neurons and were
provided by Tom Schwarz, Boston, Massachusetts, and Hermann Aberle,
Tubingen, Germany respectively. The UAS-PI3KPN (D954A) and UAS-PI3K-
CAAX transgeneé weré provided by Sally Leevers, London, UK, the UAS-Foxo®
transgene was provided by Marc Tatar, Providence, RI, the Foxo?' and Foxo®
lines were provided by Heinrich Jasper, Rochester, NY, the UAS-S6KPN and
UAS-S6K® transgenes were provided by Ping Shen, Athens, GA, and the UAS-
DmGIuRA-RNAj and the DmGIuRA"Zb lines were provided by Marie-Laure
Parmentier, Montpelier, France. All other ﬂy stocks were provided by the
Drosophila stock center, Bloomington, IN. |

The D42 motor neuron driver was used to express transgenes for almost all
experiments, except that the OK6 driver was used for experiments where the
‘Foxo?'/Foxo?® genotype was included. OKB6 is located on a different
chromosome from Foxo, which simplifies stock construction.

Fly husbandry was preformed as previously described (Greenspan, 1997).

2.2 Larval micro-dissection

18
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Wandering 3rd instar Iafvae were grown in uncrowded bottles at 23°C and
collected from the bottle within 2 days of the first observation of the presence of
wandering third instar larvae. Larva were pinned ventral side down to a
dissection plate using magneticallyv retained insect pins and eviscerated in a
standard saline solution for electrophysiology, or in PBS-T for
Immunocytochemistry leaving Qn|y an intact central and peripheral nervous
system and body wall muscles. Special care was taken not to damage or pull the

, nerves away from the nmj. The peripheral nerves were then severed
immediately posteﬁor to the ventral ganglia, leaving them attached only at the
nmj (Figure 2.1). The resulting larval pelt contains sevén repeating abdominal
hemi-segments, each with fepeating overlapping sets ofrabdominal- muscles. For

my work, only muscles 7 and 6 were used.

2.3 Immunocytochemistry

2.3.1 Bouton counts

FITC conjugated antibodies against horseradish peroxidase (HRP) were
raised in goat (Jackson ImmunoResearch) and were used ét 1:400 dilution.
Antibodies against Drosophila p-Akt (Ser505) were raised in rabbit (Cell

Signaling Technologies) and were used at 1:500 dilution. Rhodamine Red
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Figure 2.1 Wandering 3™ instar larval preparation. A, Toluidine-blue-
stained preparation of Drosophila 3" instar larvae (adapted from Budnik et
al., 1990). B, Schematic drawing of larval preparation. The body wall
muscles of are divided into 7 repeating abdominal hemi-segments each
innervated by a peripheral nerve radiating from the ventral ganglion.
Ventral longitudinal muscles 6 and 7 at segments A3 and A4 were used for
arborization measurements, and muscle 6 was used for intracellular muscle
recordings of ejps. Scale bar = 200 um
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conjugated goat anti-rabbit (Jackson ImmunoReseérch) was used at a dilution of
1:1000. For arborization measurements, larvae were dissected in PBS-T and
fixed in 4% paraformaldehyde. Images were takén on‘a Zeiss 410 laser |
scanning confocal microscope (LSM) with a 20x objective. ImageJ was used to
obtain surface area measurements of muscle 6 from abdominal segment A3, and
the number of boutons was counted manually.

2.3.2 P-Akt measurements

For p-Akt measurements, larvae were dissected in Grace’s insect cell culture
media (Gibco). When glutamate was applied,1‘00 MM glutamic acid monosodium
salt monohydrate (Acros Organics) dissolved in Grace’s insect cell culture media
was added to the well of the dissection plate. 1 minute after glutamate addition,
larvae were rapidly washed in standard saline (0.128 M NaCl, 2.0 mM KCl, 4.0
mM MgCl,, 0.34 M sucrose, 5.0 mM HEPES, pH 7.1, and 0.15 mM CacCly), and
then immediately fixed in 4% paraformaldehyde. For the 10 min wash, the larvae
were washed in Grace’s insect cell culture media and placed on shaker for 10
minutes before fixing. Care was taken to treat all samples identically during this
procedure. Images were taken on a Zeiss 510 LSM with a 20x objective. Z-
stacks were compiled from 2 Hm serial sections to a depth adequate to
encofnpass the entire bouton fhickness for each sample (from 8-20 pym).
Muscles 7 and 6 from either abdominal segments A3 or A4 were used for
measurements. ImageJ software was used to analyze p-Akt intensities. In

~particular, 2D projections were created using the median pixel intensity from
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each stack at each coordinate point. Neuronal structures, marked by anti-HRP,
were traced using the freehand selection tool and the selection was transferred
to the anti-p-Akt image where the mean pixel intensity value was measured.
Background was obtained with a selecﬁon box encompassing the non-neuronal
area of muscles 6 and 7 in the particular abdominal segment, the mean-pixel

intensity was measured and subtracted from the mean p-Akt pixel intensity.

2.4 Electrophysiology

241 Ejprecordings

Larvae were grown to the wandering third-instar stage in uncrowded bottles at
room temperature and dissected as described (Jan éhd Jan, 1978; Stern and
Ganetzky, 1989) in standard saline solution (128 mM NaCl, 2.0 mM KCl, 4.0 mM
MgCl,, 34 mM sucrose, 5.0 mM HEPES, pH 7.1, and CaCl; as specified in the
text).v Periphe‘ral nerves were. cut posterior to the ventral ganglion and were
stimulated using a suction electrode (Figure 2.2). Muséle recordings wére taken
frbm muscle 6 in abdominal sections 3-5. Stimulation intensity (5 V for
approximately 0.05 msec) was adjusted to 1‘.5 times threshold, Which
reproducibly stimulates_both axons innervating muscle cell 6. Recording
electrodes were pulled using a FIarhing/Brown micropipette puller to a tip
resistance of 10-40 mQ and filled with 3M KCl. ejp amplitude data are reported
as geometric, rather than arithmetic méans, because the data show a positive

skew.
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2.4.2 Long term facilitation (LTF)

Larvae were dissected and recordings performed as described in section
2.5.1, with the exception that, unless otherwise noted, the bath solution
contained 0.15 mM [Ca*"] and 100 pM quinidine, which is a K* channel blocker
that sensitizes thevmotor neuron and enables LTF to occur and be measured
evenin hyboexcitablelneurons. The number of stimulations required to reach
LTF was recorded at 4 stimulation frequencies, 3Hz, 5Hz, 7Hz, and 10Hz. LTF
data are reported as geometric, rather than arithmetic means, because the data

show a positive skew.

2.4.3 Extracellular nerve recordings

For extracellular recordings of neuronal action potentials, a loop of nerve
near the nerve terminal was introduced into a suction electrode and nerve activity

recorded with a DAM-80 differential amplifier.

244 Failures

The failure of an action potential to elicit a release of neurotransmitter,
otherwise known as a failure, is a condition that is directly dependent on external
[Ca®"]. Larvae were dissected and recordings performed as described in section
2.5.1. The percentage of successful ejp’s out of the total number of stimulations
is plotted as a percentage. Failures were measured under 3 different external

[Ca?'T's, 0.1mM, 0.15mM, and 0.2mM conditions.
| 23
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Figure 2.2 Larval nmj preparation. A loop of the severed peripheral nerve
(purple) is sucked into a micro-bore glass suction/stimulating electrode. The
nerve is then stimulated, generating an action potential and subsequent
neurotransmitter release at the nmj. The muscle’s (green) depolarization in

. response to this evoked neurotransmitter release is recorded using a second
glass recording electrode.
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2.5 Electron Microscopy

Larvae were grown to the wandering third-instar stage in uncrowded bottles at
room temperature. Dissections and preparation for microscopy were performed
as previously described (Yager et al., 2001). Nerve cross sections close to
(within about 10 uym from) the ventral ganglion were obtained and analyzed.

Axon diameter measurements were taken from the five largest axons from five

different nerves from at least two different larvae.

2.6 Ca’* measurements

The Cameleon 2.1 transgene is a powerful tool for analyzing chan‘ges in
[Ca?"] within a cell. The transgene encodes calmodulin (CaM) and the sequence
for the calmodulin target pebtide M13 flanked on either side by a yellow
fluorescent protein (YFP) and cyan fluorescent protein (CFP) fluorophores. In
the absence of Ca?*, the Cameleon sensor is elongated, and thé two
fluorophores are excited by and emit |ight under their respective
excitation/emission spectra. In the presence of Ca*, however, the CaM binds
the Ca?" and the Cameleon undergoes a conformational change, bringing the
two fluorophores into close proximity thus allowing for F& réter resonance energy
transfer (FRET) to occur. Under these conditions, when excited in the 440 nm
range appropriate for excitation of CFP, the CFP will transfer energy to the YFP,

and light will be emitted at 535 nm wavelength. Measurements are taken of both
25
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the 485 nm and 535 nm emission spectra, and the ratio of 535/485 nm light is a
’ .relative measure of the [Ca®*] within the visualized cell. Due to photobleaching
| of the fluorophores over time, the data is best normalized as AR/R where R is the
intial ratio of YFP/CFP fluorescence. Fluorescence intensities were measufed |
using ImageJ software analysis. In my experiments, | drove expression of UAS-
Cameleon in motor neurons using the motor neuron specific Gal4 driver D42.

v Larvae wére dissected in Jans buffer without calcium, as described above in
the electrophysiology section. The intensity of each of channel, both FRET and
CFP, was background corrected by subtracting the background from each by
selecting a region surrounding each bouton that showed no specific ﬂuorescent
signal. Dividing the background corrected FRET by the CFP yielded the value
R. | then gathered a control R value, Rg, by taking the average of R values from
three seperate images before adding calcium. For each time point, an individual
R, R was then calculated. AR s then calculated by subtracting the control R
from the individual timepoint R (R¢-Ro). Finally, AR/R is calculated by dividing AR
by the control R, Ry ((Ri-Ro)/Ro). This was calculated for 5 boutons per image to
achieve the final AR/R for each timepoint perimage. n values represent the

number of images averaged together. Error bars represent +/- SEM.

Chapter 3: Results
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~ 3.1Drosophila mGIuRA (DmGIuRA) affects the rate of o‘nset of long term

facilitation (LTF), a reporter for motor neuron excitability

The observation that mGIuR"'?®

increases the rate of onset of LTF suggested
that DmGIURA"'? increases motor neuron excitability as well (Bogdanik et a|.;
2004). To confirm this suggestion, | simultaneously recorded peripheral nerve
electrical activity and ejps during LTF induced by 10 Hz stimulus trains. As
previously observed in the hyperexcitable génotypes'described above (Ganetzky
and Wu, 1982; Loughney et al., 1989; Stern and Ganetzky, 1989; Stern et al.,
1990; Mallart et al., 1991; Chouinard et al., 1995; Schweers et al., 2002; Mee et
al., 2004), | found that the abrubt onset of LTF in mGIuRA"'? was accompanied
in the nerve by the apbearance of supernumerary actioﬁ potentials (Figure 3.1).
This observation confirmed that LTF onset in mGIuRA"™? was caused by
prolonged motor nerve terminal depolarization, and hence that mGIuRA"'?® |

- increases neuronal excitability. Thus, as suggested previously (Bogdanik et al.,
2004), it appears that DmGIuRA mediates an activity-dependent inhibition of
neuronal excitability. In this view, glutamate release from motor nerve terminals

downregulates subsequent neuronal activity by activating presynaptic DmGIuRA

autoreceptors, which then decrease excitability. Elimination of DmGIURA
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Figure 3.1. LTF onset is accompanied by supernumerary action potentials in
the peripheral nerve. Simultaneous intracellular recordings from muscle
(lower traces) and extracellular recordings from the innervating peripheral
nerve (upper traces) in the indicated genotypes in response to 10 Hz nerve
stimulation. Responses are shown immediately prior to and immediately
following LTF onset. Note that LTF onset in each genotype, indicated by
arrows, was accompanied by supernumerary, repetitive firing of axons in the
innervating nerve (arrowheads). Bath [Ca®*] was 0.15 mM, quinidine
concentration was 0.1 mM.
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disrupts this negative feedback and prevents the decrease in excitability from

occurring.

3.2 The DmGIuRA""?® —null mutation increases neuronal excitability by

preventing PI3K activation

In addition to increasing neuronal excitability, DmGIuRA"'? also decreases
arborization and synapse number at the larval neuromuscular junction (Bogdanik
etal., 2004). This phenotype is also observed in larval motor neurons with |
decreased activity of PI3K (Martin-Pena et al., 2006‘). This observation raiéed the
possibility that DmGIuRA might exert its effects on neuronal excitability as well as
synapse formation via PI3K activity. To test the possibility that PI3K mediates
the effects of DmGIURA on neuronal excitability, | used the D42 Gal4 driver
(Brand and Perrimon, 1993; Parkes et al., 1998) to overexpress transgenes
expected to alter activity of the motor neuron PI3K pathway. | found that
inhibiting the PI3K pathway by motor neuron-specific overexpression of either the
phosphatase PTEN, which oppoées the effect of PI3K, or the dominant-negative
PI3KPN (Leevers et al., 1996), each significantly increased the rate of onset of
LTF, similarly to that of DmGIuRA"'? (Figure 3.2 A and 3.2 B). In contrast, |

found that activating the PI3K pathway by expression of the Constitutively active
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Figure 3.2. DmGIURA activity inhibits neuronal excitability via activation of the
PI3K pathway. The motor neuron GAL4 driver D42 was used to drive
expression of all transgenes. For all LTF experiments, the bath solution
contained 0.15 mM [Ca?*] and 100 uM quinidine, which is a K* channel blocker
that sensitizes the motor neuron and enables LTF to occur and measured
even in hypoexcitable neurons. A, Representative traces showing the
decreased rate of onset of long-term facilitation (LTF) (I) and decreased
excitatory junction potential (ejp) amplitude (1) in larvae overexpressing PI3K-
CAAX in motor neurons compared to wildtype at the indicated [Ca?"], and the
increased rate of onset of LTF and ejp amplitude in larvae overexpressing
PTEN. Arrowheads indicate the increased and asynchronous ejps, indicative
of onset of LTF. In (Il), ejps are averages of 180 responses for each
genotype. B, Number of stimulations required to induce LTF (Y axis) at the
indicated stimulus frequencies (X axis) in the indicated genotypes. Geometric
means +/- SEMs are shown. From top to bottom, n=6, 12, 7, 18, 12, 21, and
6 respectively, for each genotype. One-way ANOVA and Fisher's LSD gave
the following differences, at 10 Hz, 7 Hz, 5 Hz and 3 Hz, respectively: For
D42>+: vs. D42>PI3K-CAAX, p=0.013, 0.0021, 0.0002, <0.0001; vs. .
D42>PTEN, p=0.011, 0.056, 0.079, 0.0054; vs. D42>PTEN"* p=0.0018,
0.0004, 0.0006, 0.0014; vs. D42>PI3K°", p=0.035, 0.036, 0.05, 0.038; vs.
mGIuR"'?, p=0.0012, 0.0005, 0.0004, 0.0009. For mGIuR''?®, D42>PI3K-
CAAX vs: mGIluR""®, p=0.0003, <0.0001, <0.0001, <0.0001; vs. D42>PI3K-
CAAX, p=0.33, 0.34. 0.46, 0.62. : : ‘

PI3K-CAAX (Leevers et al., 1996), or via RNAi-mediated inhibition of PTEN,

decreased rate of onset of LTF (Figure 3.2 A and 3.2 B). As was described
30 .
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above for mGIuRA"'®, LTF onset was aécbmpanied by the appearance of
supernumerary action potentiais in the nerve (Figure 3.1) demonstrating that
 altered excitability is responsible for the altered rate of onset of LTF in these

genotypes. |

The rate of LTF onset described above was measured in the presence of the
potassium channel blocking drug quinidine, which moderately increases neuronal
excitability and hence rate of onset of LTF in the larval motor neuron. Quinidine
application sensitizes the motor neuron to the effects of the nerve stimulation and
énables LTF to occur reliably in genotypes with low excitability, even at lower
stimulus frequencies. To demonstrate that altered PI3K activity does not alter
rate of onset of LTF by altering sensitivity to quinidine, | compared the timing of
LTF onset in the absence of quinidine in wildtype larvae and in larvae with
inhibited PI3K. | found that inhibiting PI3K activity in motor neurons significantly
accelerated LTF onset even in the absence of quinidine (Figure 3.3)
demonstrating that altered sensitivity of motor neurons to quinidine does not
underlie the altered onset rate of LTF that | observe.

In addition to effects on LTE, niutations that alter motor neuron excitability‘can
alter basal transmitter release and hence ejp amplitude at low bath Ca?
concentrations, at which Ca®* influx would be limiting for vesicle fusion to occur.

For example, mdtations in ether-a go-go (eag), which encodes a potassium
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Figure 3.3: PI3K pathway inhibition increases neuronal excitability.
Number of stimulations required to induce LTF (Y axis) at the indicated
stimulus frequencies (X axis) in the indicated genotypes. Geometric means
+/- SEMs are shown. Bath [Ca?'] was 0.15 mM. n=5 for all genotypes.
One-way ANOVA and Fisher's LSD gave the following differences, at 10
Hz, 7 Hz, 5 Hz respectively: For D42>+: vs. D42>PI3K"N, p=0.027, 0.020,
0.0033; vs. D42>Foxo, p=0.0099, 0.018, <0.0001.
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channel B-subunit, increase transmitter release about two-fold (Ganetzky and
Wu, 1982), whereas a mutation in the sodium channel gene paralytic decreases
transmitter release by increasing the frequency at which nérve stimulation failed
to evoke any vesicle fusion, termed "failure” of vesicle release (Huang and Stern,
2002). Presumably altered excitability affects the amplitude or duratibn of the
action potential and consequently the amount of Ca?" influx through voltage-
gated channels. | found that DmGIuRA"'? also increased ejp amplitude and
hence basal transmitter release at three low bath Ca®* cbncentrations tested
(Figure 3.4 A), which is consistent with increased motor neuron excitability in this
genotype. | found that decreasing PI3K pathway activity via motor neuron
overexpression of_PI3KDN or PTEN also increased transmitter release to levels
similar to DMGIURA""?*, whereas increasing PI3K pathway activity via
overexpression of PI3K-CAAX decreased basal transmitter release (Figure 3.4
A).

The DmMGIURA"™ mutation also decreased the frequency at which failures of
vesicle release occur, particularly at the lower Ca?* concentrations tested (Figure
3.4 B). This observation confirms that the effect of DmGIuRA"'? on ejp
amplitude is presynaptic. | also observed a decreased frequency of failures
when the PI3K pathway was inhibited by motor neuron expression of PI13KPN or
PTEN (Figure 3.4 B). In cdntiast, motor neuron overexpression of PIBK-CAAX
increased the frequency of failures (Figure 3.4 B). Therefore, with three

electrophysiological readouts, the DmGIURA™™® mutant phenotype was mimicked
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Figure 3.4. DmGIuRA activity inhibits neurotransmitter release via
activation of the PI3K pathway. The motor neuron GAL4 driver D42 was
used to drive expression of all transgenes. A, Mean ejp amplitudes (Y
axis) at the indicated [Ca®'] (X axis), from the indicated genotypes.

Larval nerves were stimulated at a frequency of 1 Hz, and 10 responses
were measured from each of nine larvae (for D42>PI3K-CAAX and
D42>PI3KP") and for six larvae from other genotypes. Means +/- SEMs
are shown. One-way ANOVA and Fisher's LSD gave the following
differences, at 0.1 mM, 0.15 mM and 0.2 mM [Ca?'], respectively: For
D42>+: vs. D42>PI3K-CAAX, p=0.028, 0.05, 0.04; vs. D42>PTEN,
p=0.017, 0.03, 0.06; vs. D42>PI3K"N, p=0.0018, 0.0033, 0.14; vs.
mGIluR""®, p=0.0077, 0.0029, 0.01. For mGIuR"'?, D42>PI3K-CAAX vs:
mGIluR"'?, p<0.0001, <0.0001, 0.0001; vs. D42>PI3K-CAAX, p=0.70,
0.47, 0.26. B, Effects of altered PI3K pathway activity on failures of
transmitter release. Mean transmitter release success rate +/- SEMs (Y
axis) at the indicated Ca®* concentration (X axis) for the indicated
genotypes. Larval nerves were stimulated at 1 Hz. 10 responses were
collected per nerve from each of 6 larvae for the given genotype and at
the given Ca®* concentration. One-way ANOVA and Fisher's LSD gave
the following differences, at 0.1 mM, 0.15 mM and 0.2 mM [Ca?"],
respectively: For D42>+: vs. D42>PI3K-CAAX, p=0.0023, 0.023, 0.001,
vs. D42>PTEN, p=0.0014, 0.0068, 0.69; vs. D42>PI3K°", p=0.011,
0.003, 0.63; vs. mGIuR"™®, p=0.027, 0.0053, 0.99. For mGIuR"'?,
D42>PI3K-CAAX vs: mGIuR"'?®, p=0.0001, <0.0001, 0.94; vs. D42>PI3K-
CAAX, p=0.21, 0.45, 0.0008.
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by decreased actiQity of the PI3K pathway, whereas increasing Pi3K pathway
activity conferred opposite effects. These observations support the notion that
loss of DmMGIURA invcreases motor neuron excitability by preventing the activation
of PI3K. If so, then motor neuron expressibn of PI3K-CAAX, which will be active
independently of DmGIuRA, is predicted to suppress the DmGIURA"™?
hyperexcitability. To test this possibility, | drove motor-neuron expression of
PI3K-CAAX in a DmGIuRA"'? background and found a rate of onset of LTF and
ejp amplitude that was very similar to what was observed when PI3K-CAAX was
expressed in a wildtype background, but significantly different from DmGI&RA”Zb
(Figure 3.2 B, Figure 3.4 A). In addition, motor neuron-specific expreésion of
PI3K-CAAX increased failure frequency at the two lower [Ca®"] tésted to the
same level in DmGIuRA"? larvae as in wildtype (Figure 3.4 B). | conclude that
hyperexcitability of the DmGIuURA'"?* mutant results from inability to activate

PI3K.

3.3 Glutamate application increases levels of phosphorylated Akt in motor

nerve terminals in a DmGIuRA-dependent manner

The results described above suggest that glutamate release from motor nerve
terminals as a consequence of motor neuron activity activates PI3K within motor
nerve termivnals via DmGIuRA autoreceptors. To test this possibility directly, |

measured the ability of glutamate applied to the neuromuscular junction to
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activate PI3K within motor nerve terminals. To assay for PI3K activity | applied
an antibody specific for the phosphorylated form of the kinase Akt (p-Akt), which
is increased by elevated PI3K pathway activity. The‘ usefulness of this antibody
for specific detection of Drosophila p-Akt has been previously derhonstrated _
(Colombani et al., 2005; Dionne et al., 2006; Palomero et al., 2007). The ability to
detect p-Akt in larval motor nerve terminals overexpressing PI3K-CAAX, but not
in wildtype (Figure 3.5), further validates this antibody as a PI3K reporter.

We compared p-Akt levels in wildtype versus DmGIuRA!"? motor nerve
terminals immediately prior to or following a 1 minuté application of 100 pM
glutamate. | found that gluta}mate application strongly increased p-Akt levels in
wildtype larvae, but not in the DmGIURA""?" larvae (Figure 3.5), demonstrating
that glutamate application increases nerve terminal p-Akt levels, and that
DmGIuURA activity is required for this increase. |

We found that DmGIURA activity was required presynaptically for this p-Akt
increase: motor neuron-specific expression of a DmGIuRA R.NAi construct
(Bogdanik et al., 2004), blocked the ability of glutamate to increase p-Akt levels
(Figure 3.5). In (Bogdanik et al., 2004) it was reported that expression of
DmGIuRA ‘RNAi decreased, but did not eliminate, mGIuRA immunoreactivity,
suggesting that this transgene decreases, but does not eliminate, glutaméte-
mediated signalling via mGIuRA. The abiiity of this transgene -to block glutamate-
mediated induction of p-Akt suggests that activation of PI3K by glutamate is
sensitive to mGIuRA'Ieveis and requires a minimum level of MGIURA expression.

In contrast, expression of the DmGIuRA
36
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.RNAi construct in the muscle, with use of the 24B Gal4 driver, did not inhibit p-
Akt levels: p-Akt intensity following 1 minute of glutamate application was not |
significantly different from wildtype (17.6 +/- 2.9, p=0.59).

To determine if PI3K activity was required presynaptically for this glutamate-
induced p-Akt increase, | inhibited PI3K activity by motor neuron-expression of
PI3KP", and found that this transgene significantly inhibited the ability of
glutamate to activate p-Akt (Figufe 3.5). _Thus, presynaptic DmGIuRA and PI3K

activity are both necessary for glutamate to increase p-Akt.

3.4 T>he effects of PI3K on neuronal excitabilivty are mediated by Foxo, not

Tor/S6 Kinase

Many effects of the PI3K pathway are mediated by the downstream kinase
Akt. Activated Akt phosphorylates targets such as Tsc1/Tsc2, which regulates
cell growth via the Tor/S6 Kinase (S6K) pathway (Hay and Sonenberg, 2004),
Foxo, which regulates apoptosis (Tang et al., 1999), and GSK3 (Cross et al.,
1995), which mediates at least in part the effects of altered PI3K pathway activity
on arborization and synapse number (Martin-Pena et al., 2006). All of these Akt-
mediated phosphorylation events inhibit activity of the target proteih‘. If PI3K

pathway activity decreases neuronal excitability by inhibiting Foxo, then Foxo
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Figure 3.5. Glutamate application stimulates presynaptic Akt phosphorylation in
DmGIuRA®* but not in DmGIuRA"'? mutant larvae. A, Representative confocal images
of DmGIuRA*, DmGIuRA"'®, D42>DmGIuRA* and D42>PI3K"" larvae stained with
anti-HRP (upper) and anti-p-Akt (lower) in the indicated conditions. All images are from
muscles 7 and 6 of abdominal segment A3 or A4. Scale bar = 20 yum. B, Quantification
of phosphorylated Akt (p-Akt) levels in DmGIURA*, DmGIuRA™® , D42>DmGIuRAR
and D42>PI3K"N larvae immediately prior to glutamate application, after 1 min of 100
MM glutamate application (final bath concentration), and 10 min after a wash with
glutamate free media. Nerve terminals were outlined with HRP fluorescence as
reference. Pixel intensities were quantified using ImageJ software and background
subtraction was performed as described in detail in Methods section. Bars represent.
mean synaptic p-Akt levels +/- SEMs. D42 > PI3K-CAAX is included as a positive
control. One-way ANOVA and Fisher's LSD gave the following significant differences
for p-Akt levels one minute after glutamate application. For DmGIuURA" vs.
DmGIuURA"™®, p=0.0072; vs. D42>PI3K"", p=0.0097; vs. D42>DmGIuRA*, p<0.0001.
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overexpression is predicted to mimic the hyperexcitability observed when PI3K
pathway activity is blocked in motor neurons, whereas loss of Foxo is predicted
to mimic the hypoexcitability observed when PI3K-CAAX is expressed in motor
neurons. To test these predictions, | measured neuronal excitability in larvae
carrying the heteroallelic Foxo?'/Foxo?® null mutant combination (Junger et al.,

- 2003) and in larvae overexpressing Foxo® (Hwangbo et al., 2004) in motor
neurons. | found that overexpression of Foxo* increaéed the rate of onset of
LTF, basal transmitter release and frequency of successful ejps to a level very
similar to that observed when PI3K pathway activity was decreased (Figure 3.6)
whereas in Foxo®'/Foxo® larvae, the rate of onset of LTF, basal transmitter
release and frequency of successful ejps were decreased to levels very sim‘ilar to

‘those observed when PI3K-CAAX was expressed in motor neurons (Figure 3.6).
These observations support the notion that PI3K activity decreases excitability by
downregulating Foxo activity.

If the hyperexcitability conferred by motor neuron expression of PI3KPN
results from Foxo hyperactivity, then the Foxo?'/Foxo? null combination will
su‘ppressv this hyperexcitability and confer motor neuron hypoexcitability similar to
what is observed in F,oxoz’/Foxoﬁ larvae in an otherwise wildtype background. |
confirmed this prediction: larvae carrying the Foxo?'/Foxo?® null combination and
expressing PI3KP" in motor neurons exhibited a rate of onset of LTF, basal
transmitter release, and failure frequency very similar to what was observed in -

the Foxo®'/Foxo?® null mutant alone (Figure 3.6), or in larvae expressi‘ng PI3K-
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Figure 3.6. Foxo mediates the effects of PI3K on motor neuron excitability. The
Gal4 driver D42 was used to drive expression of transgenes in all genotypes except
for Foxo?/Foxo®%; OK6>PI3KP", in which the motor neuron driver OK6 was used
and which behaves similarly to D42 in this assay. For all LTF experiments, the bath -
solution contained 0.15 mM [Ca®*] and 100 uM quinidine. A, Representative traces
showing the decreased rate of onset of LTF (l) and decreased ejp amplitude (l1) in
Foxo®'/Foxo® larvae compared to wildtype at the indicated [Ca®"], and the increased
rate of onset of LTF and ejp amplitude in larvae overexpressing Foxo. Arrowheads
indicate the increased and asynchronous ejps, indicative of onset of LTF. In (ll),
representative traces are averages of multiple ejps. From top to bottom, n = 23,
180, and 34 respectively. B, Number of stimulations required to induce LTF (Y axis)
at the indicated stimulus frequencies (X axis). Geometric means +/- SEMs are
shown. From top to bottom, n=12, 6, 7, 18, 10, 21, 5, and 9 respectively, for each
genotype. One-way ANOVA and Fisher's LSD gave the following differences, at 10
Hz, 7 Hz, 5 Hz and 3 Hz, respectively: For D42>+ vs. Foxo?®'/Foxo®®, p= 0.0096,
0.0069, <0.0001, 0.0007; vs. D42>Foxo’, p=0.0026, 0.0012, <0.0001, 0.0065. For
D42>PI3K-CAAX, Foxo vs. D42>PI3K-CAAX, p=0.0041, 0.0005, 0.0002, 0.0006;
vs. D42>Foxo, p=0.50, 0.43, 0.16, 0.14. For Foxo®'Foxo®; OK6>PI3K"N vs.
OK6>PI3KPN, p=; 0.0003, 0.0004, 0.0014, 0.001. vs. Foxo?'Foxo®, p=0.63, 0.74,
0.43, 0.20. C, Mean ejp amplitude +/- SEMs (Y axis) for each genotype at the
indicated [Ca*"]. Nerves from six larvae were stimulated at a frequency of 1 Hz, and
10 responses were measured per larva. One-way ANOVA and Fisher's LSD gave
the following differences, at 0.1 mM, 0.15 mM and 0.2 mM [Ca®"], respectively: For
D42>+ vs. Foxo?'/Foxo?®, p=0.0079, <0.0001, 0.012; vs. D42>Foxo, p=0.017,
0.0005, 0.10. For Foxo®'/Foxo?®: OK6>PI3KP": vs. Foxo®'/Foxo?®, p=0.74, 0.12,
0.93; vs. D42>PI3KPN, p<0.0001, <0.0001, 0.0001; vs. D42>PTEN, p<0.0001,
<0.0001, <0.0001. For D42>PI3K-CAAX, Foxo vs. D42>PI3K-CAAX, p<0.0001,
<0.0001, =0.0024; vs. D42>Foxo, p=0.52, 0.13, 0.77. D, Mean transmitter release
success rate +/- SEMs (Y axis) at the indicated Ca®* concentration (X axis) for the
indicated genotypes. Larval nerves were stimulated at 1 Hz. 10 responses were
collected per nerve from each of 6 larvae for the given genotype and at the given
Ca?* concentration. One-way ANOVA and Fisher's LSD gave the following
differences, at 0.1 mM, 0.15 mM and 0.2 mM [Ca®"], respectively: For D42>+ vs.
Foxo?'/Foxo?®, p=0.0008, 0.0039, 0.0009; vs. D42>Foxo, p=0.0008, 0.004, 0.7. For
Foxo?!/Foxo®®: OK6>PI3KPN: vs. Foxo?'/Foxo®®, p=0.81, 0.99, 0.43. vs.
D42>PI3K°N, p<0.0001, <0.0001, <0.0001. vs. D42>PTEN, p<0.0001, <0.0001.
<0.0001. For D42>PI3K-CAAX, Foxo vs. D42>PI3K-CAAX, p<0.0001, <0.0001,
=0.002; vs. D42>Foxo, p=0.29, 0.98, 0.7.
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CAAX in motor neurons. | used the OK6 motor neuron Gal4 driver rather than
D42 for ease of stock construction in experiments involving Foxo?'/Foxo®. OK6
-confers motor neuron phenotypes indistinguishable from D42 in my assays

| (Figure 3.6 B and not shown).

In addition, if the hypoexcitability conferred by motor neuron expression of PI3K—
CAAX results from decreased Foxo activity, then co-overexpression of Foxo" will
suppress this hypoexcitabi]ity and confer hyperexcitability similar to what is
observed when PI3KPN, PTEN or Foxo* alone are expressed in motor neurons. | |
-confirmed this prediction: larvae cb-expressing Foxo* and PI3K-CAAX in motor
neurons exhibited rate of onset of LTF, basal transmitter release and failure
frequency very similar to what was observed when PI3K®", PTEN, or Foxo®
alone were expressed in motor neurons (Figure 3.6). Thus, eliminating Foxo
‘reverses the hyperexcitability oonfefred by blocking PI3K pathwéy in motor
neurons, whereas overexpressing Foxo* reverses the hypoexcitability confered
by activating PI3K in motor neurons. These.epistasis tests suppbrt the notion
that PI3K activity decreasés motor neuron excitability by inhibiting Foxo.
In contrast, | found that altering the Tor/S6K pathway had little effect on motor
neuron excitability. In particular, motor neuron éxpreésion oflneither the
“dominant-negative S6K™" nor the constitutively active S6K** transgene (Bafcelo
and Stewart, 2002) had any effect on the rate of onset of LTF (Figure 3.7). In
addition, except for the aplpearance of some enhancement at the lowest stimulus

freqUency applied, expressioh of S6KN had no effect on the ability of PI3K-
| 42
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CAAX to decrease the rate of onset of LTF (Figure 3.7). Furthermore,
expression of S6K” had no effect on basal transmitter release, and did not affect
| the ability of PI3K-CAAX to depress basal transmitter release (data not shown).
Therefore | concludé that the Tor/S6K pathway does not mediate the effects of

PI13K on neuronal excitability.

3.5The effects of PI3K on neuronal growth are mediated by Tor/S6 Kinase,

not Foxo
3.5.1 Nerve terminal growth

Because altered PI3K pathway activity alters motor neuron arborization and
synapse number (Martin-Pena et al., 2006), it seemed possible that a causal
relationship existed between the PI3K-mediated excitability and neuroanatomy
defects. To test this possibility, | evaluated the roles of the Tor/S6K and Foxo
pathways in mediating the effects of altered PI3K activity on synapse number. |
found that motor neuron-specific expression of S6K* increased Synapse number
to an extent similar to PI3K-CAAX, and motor neuron expression of S6K°Y
partially suppressed the increase in synapse number conferred by PI3K-CAAX
(Figure 3.8 A and 3.8 B). These observations suggést that S6K mediates in part

the effects of PI3K on arborization and synapse number. However, the ability of
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Figure 3.7. S6K does not mediate the effects of PI3K on motor neuron
excitability. Number of stimulations required to induce LTF (Y axis) at the
indicated stimulus frequencies (X axis). The bath solution contained 0.15
mM [Ca®'] and 0.1 mM quinidine. Geometric means +/- SEMs are shown.
From top to bottom, n =12, 7, 9, 14, and 18 respectively, for each genotype.
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S6K°N to suppress onl‘y partially the effects of PI3K-CAAX overgrth suggests
that both Tor/S6K and a second, PI3K-mediated, pathway (presumably involving
GSK3) regulate synapse formation. A role for the Tor/S6K in the control of
synapse number was previously reported by Knox et al. (2007). In this report,
null mutations in S6K decreased synapse number as well as muscle size at the
larval nmj. However, it was fqrther reported that activation of the PI3K effector
Rheb, which activates Tor/S6K, increased synapse number at the larval nmj
even when Tor activity was inhibited by rapamycin (Knox etal., 2007), raising the
possibility that Rheb activates synapse formation via multiple redundant |
pathways, including Tdr/SBK. In contrast to the effects of altered S6K on
synapse formation, | found that Foxo® overexpression had no effect on synapse
number (data not shown) and failed to suppress the growth-promoting effecté of

PI3K-CAAX (Figure 3.8 A and 3.8 B).

3.5.2 Axon diameter

‘We found that the PI3K pathway also affects axon diameter. In Drosophila
peripheral nerves, about 80 axons, including about 35 motor axons, are wrapped.
by about three layers of glia, as shown in the transmission electron micrograph

~ from cross sections of peripheral nerves in Figure 3.8 C. | found that motor

neuron specific expression of PTEN decreased motor axon diameter, whereas
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Figure 3.8. PI3K regulates synapse formation and axon growth via S6K, not
'Foxo. A, Representative images of muscles 7 and 6 in the indicated genotypes.
Larva were stained with anti-HRP (green). Scale bar = 50 ym. B, Mean number
(+/- S.E.M.s) of synaptic boutons normalized to the surface area of muscle 6 at
abdominal segment A3 in the indicated genotypes. From left to right, n=6, 8, 6,
6, 7, 11, 11, respectively, for each genotype. One-way ANOVA and Fisher's
LSD gave the following differences: For D42>S6K"! vs. D42>PI3K-CAAX,
p=0.40; vs. D42>+, p=0.0009. For D42>PI3K-CAAX vs. D42>PI3K-CAAX,
Foxo, p=0.64; vs. D42>PI3K-CAAX, S6K"N, p=0.05. C, Representative
transmission electron micrographs of peripheral nerve cross sections. Axons are
marked with arrows. Scale bar = 2 ym. D, Mean axon diameter (+/- S.E.M.s) of
the five largest axons from five different nerves (25 measurements total) for the
indicated genotypes. One-way ANOVA and Fisher's LSD gave the following
significant differences: for D42>+: vs. D42>PI3K-CAAX, p<0.0001; vs,
D42>PTEN, p<0.0001; vs. D42>S6K"N, p=0.0009; vs. D42>S6K*", p<0.0001;
vs. D42>PI3K-CAAX, Foxo, p<0.0001; vs D42>PI3K-CAAX, S6K”", p=0.0011.
For D42>PI3K-CAAX vs. D42>PI3K-CAAX, S6KPN, p=0.0002. Means from
D42>PI3K-CAAX and D42>PI3K-CAAX, Foxo were judged to be not significantly
different (p=0.43). Confocal images for arborization measurements captured in
part by Curtis Lin. All samples for electron microscopy were prepared by and
electron micrographs captured by William Lavery.
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motor-neuron specific expression of PI3K-CAAX increésed motor axon diameter.
'I"or/>SGK,’ but -hot Fbxo, mediates this Qrowth effect. In particular, motor neuron-
,s_peci‘ﬁc," ‘evxpression of S6K"* incre}ased axon diameter to an extent similar to
PI3K-CAAX, and motdr-neuron-speciﬁc expression of S6K”" decreased motor
axon diameter to an extent similar to PTEN and also partially suppressed the
growth-promoting effects conferred by PI3K-CAAX. In contrast, FoXo.+
overexpression did not have a significant effect on the ability of PI3BK-CAAX to
increase axon diameter (Figure 3.8 D). Therefore, Foxo mediates the excitability
effects, but not the growth-promoting effects, of altered PI3K pathway activity,
whereas the Tor/S6K pathway médiates in part the growth promoting effects but
not the excitability effects of altered PI3K pathway. | conclude that the excitability
and growth effects are comp.letely separable genetically and thus have no causal

relationship.

3.6 Activity-Dependent increase in synapse number requires PI3K activity

Depending on the system, neuronal activity can either restrict or promote
synapse formation (Vicario-Abejon et al., 2002). The Drosophila eag Sh
double mutant, in which two distinct potassium channel subunits are
simultaneously disrupted, displays extreme neuronal hyperexcitability
(Ganetzky and Wu, 1982), and a consequent increase in synapse number

(Budnik et al., 1990; Davis et al., 1996). This activity-dependent increase in
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synapse number does not require DmGIuRA activity (Bogdanik et al., 2004),
suggesting that excessive glutamate release is not necessary for this
excessive growth to occur. To determine if PI3K activity is required for this
overgrowth, | compared synapse number in wildtype larvae, in larvae
expressing dominant-negative transgenes for both eag (eag”™) and Sh (ShPMy
(Broughton et al., 2004; Mosca et al., 2005) in motor neurons, and in larvae
co-expressing eag™, Sh®" and PI3KP". | found that co-expression of eag™
and Sh®" in motor neurons increased synapse number similarly to what was
observed previously (Budnik et al., 1990), and that this increase was
completely blocked by simultaneous expression of PI3K™" but not by lacZ
(Figure 3;9). Thus, thevaCtivity-dependent increase in synapse formation
requires PI3K activity. The observation that glutamate activation of DmGIuRA
is not necessary for this increase raises the possibility that another PI3K

- activator contributes to synapse formation at the larval nmj. Insulin is a
plausible candidate for such an activator because both insulin and insulin

receptor immunoreactivity are present at the nmj (Gorczyca et al., 1993).
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Figure 3.9. PI3KPN expression suppresses the synaptic overgrowth
conferred by motor neuron expression of eag® and Sh®N. The D42 Gal4
driver was used to induce motor neuron transgene expression. A,
Representative confocal images of muscles 7 and 6 in the indicated
genotypes. Larvae were stained with anti-HRP (green). Scale bar = 20
pum. B, Mean number (+/- S.E.M.s) of synaptic boutons normalized to the
surface area (Y axis) of muscle 6 at abdominal segment A3 in the indicated
genotypes (X axis). From top to bottom, n = 12, 6, 6 and 6 respectively, for
each genotype. One-way ANOVA and Fisher's LSD gave the following
differences: For D42>lacZ, eag™, Sh°"vs. D42>+, p=0.027; vs.
D42>PI3KPN, eagP", ShPN, p=0.0075. For D42>PI3K"", eag”", Sh°N vs.
D42>PTEN, p=0.86
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3.7 Drosophila Homer regulates neuronal excitability via a non-DmGIuRA

dependahtmechanism -

Mammalian group | mGluRs activate PI3K via the Homer scaffolding protein and
the PI3K enhancer PIKE (Rong et .al., 2003)7 thus makihg Homer an attractive
‘candidate to mediate DmGIuRAs activation of PI3K. In addition, Drosophila
Homer mutants exhibit defeéts in locomotor control (Diagana et al., 2002) a
phenotype that can be associated with defects in synaptic transmission (Stern
and Ganetzky, 1989; Stern et al., 1990; Huang and Stern, 2002). This
hypothesis becomes problematic, however, when it is considered that Drosophila
mGIuRA, similar to mammalian group Il mGIuRs, lacks a Homer binding motif
(Diagana et al., 2002). Since Drosophila only contain one known mGIuR gene, it
remains ‘possible, however, that they have evolved an alternative mechanism by
which DmGIuRA can interact with Homer and thus lead to PI3K activation.
Another pitfall of this hypotheéis is that while Drosophila Homer has been shown
to be located in the dendrites and endoplasmic reticulum (ER) of motor neurons
(Diagana et al., 2002), its présence ét motor nerve terminals has not been
shown. Based on this evidence it is unclear whether Drosophila Homer
mediates activation of the PI3K pathway by DmGIuRA at motor nerve terminals.
If DmGIURA activates PI3K via a Homer scaffolding complex, then loss of
Homer is predicted to mimic the hyperexcitability observed when DmGIuRA

activation of PI3K is blocked in motor neurons (Figure 3.2, and Figure 3.4),
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whereas Homer overexpression is predicted to mimic the hypoexcitability
observed when PI3K-CAAX is expressed in motor neurons (Figure 3.2, and
Figuie 3.4)" To tést tiiese prédiétions, | measured‘ neuronal excitability in Iarvée
carrying the Homer?"? nuil mufa_tion (Diagana et al., 2002) and in larvae
overexpressing a wildtype Homer transgene (EP-Homer) in motori neurons. |
found that in Homer?'%? mutant larvae, the rate of onset of LTF was increased to
a level very similar to that observed when activation of PI3K pathway activity was
blocked by the DmGIuRA""? null mutation (Figure 3.10 A) whereas when EP-
Homer was overexpressed, the rate of onset of LTF was decreased to levels
very similar to those observed when PI3K-CAAX was expressed in motor
neurons (Figure 3.10 A).

If Drosophila Homer acts as an intermediate in the process of DMGIURA
activation of PI3K it is also predicted that Homer?"2 mutant larvae would exhibit
a suppression of the glutamate induced P-AKT increase observed in wildtype
larvae (Figure 3.5), similar to the phenotype of DmGIuRA""? |arvae. When |
tested this hypothesis, however, | found that Homer™'%? mutants exhibited a
wildtype P-AKT response (Figure 3.10 B)

Together, these results suggesf that Homer may be an important regulator of
neuronal excitability in Drosophila. However, this regulation appears to be |
independent of the DmGIURA-PI3K pathway described in this thesis. Further

experimentation will be required to elucidate this role.
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Figure 3.10 Homer regulates neuronal excitability via a DmGIuRA
independent mechanism. A, Quantification of the rate of onset of long term
facilitation for each genotype. The bath [Ca®*] was 0.15 mM. A 100 pM
concentration of quinidine was present in the recording solution. The
geometric mean of number of stimulations required for the onset of long-term
facilitation at the indicated stimulus frequencies is shown for each genotype.
From top to bottom, n = 6, 18, and 7, respectively, for each genotype. Error
bars represent SEMs. B, Quantification of phosphorylated Akt (p-Akt) levels
in DMGIuURA®, and Homer?'* |arvae immediately prior to glutamate
application, after 1 min of 100 uM glutamate application (final bath
concentration), and 10 min after a wash with glutamate free media. Nerve
terminals were outlined with HRP fluorescence as reference. Pixel intensities
were quantified using ImageJ software and background subtraction was
performed as described in detail in Methods section. Bars represent mean
synaptic p-Akt levels +/- SEMs. The P-AKT experiment was conducted in
large part by Elaina Bolinger.
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3.8 Retrograde transpbrt required for proper regulation of synaptic
transmission:

According to my model, Akt activated by phosphorylation at the‘synapse
targets the transcription factor Foxo in order to regulate synapti’c transmission. In
order for p-Akt to interact with Foxo, | hypothesize that p-Akt undergoes '
retrograde transport from the synapse to the nucleus. To test this hypothesis, |
expressed a dominant negative dynactin transgene (Glued®” (Allen et al., 1999))
in motor neurons which interferes with retrograde axonal transport. As expected,
| observed a drastic increase in both the rate of onset of LTF (Figure 3.11) and in
basal transmitter releése (data not shown). my model would suggest these
electrophysiological effects to be due to the relvief of inhibition of Foxo by p-Akt,
thus allowing Foxo to promote excitability unencumbered. Alternatively, the
observed results could be caused by an unrelated and unknown developméntal
defect since disruption of Glued is known to affect synapse formation in ways not
described by my model (Eaton et al., 2002; Moréles-MuIia and Scholey, 2005;

Vendra et al., 2007)
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Figure 3.11. Retrograde axonal transport required for proper regulation
of synaptic transmission. Quantification of the rate of onset of long
term facilitation for each genotype. The bath [Ca®]was 0.15 mM. A
100 uM concentration of quinidine was present in the recording solution.
The geometric mean of number of stimulations required for the onset of
long-term facilitation at the indicated stimulus frequencies is shown for
each genotype. From top to boftom, n =18, 9, and 5, respectively, for
each genotype. Error bars represent SEMs.
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3.9 DmGIuRA activity initiates an increase in Ca** within nerve terminals

Another attractive candidate for an intermediate between Drosophila mGI.uR
and PI3K is Ca*" signaling via the release of Ca®* from internal stores. Ca®*
increases can lead to the release of insulin, which could in turn lead to the
activat_ion of PI3K. mGluRs induce postsynaptic long term depression (LTD) in
mammals (Bashir et al., 1993); a process dependant on an increase in
intracellular calcium (Lynch et al., 1983). These mGIuR dependant Ca?*
increases are dependent on two Ca?* sensing molecules, protein interacting with
C kinase (PICK1) and neuronal Ca®*" sensor (NCS-1) in addition to IP3 (Jo et al,,
2008). NCS-1, and its Drosophila homolog frequenin, can act to regulate the
release of Ca®* from internal stores via activation of the inositol 1,4,5-
trisbhosphate receptor (IP3R), yet can also be regulated by the surrounding
[Ca®'] (Choe and Ehrlich, 2006). Since PICK1 has been shown to bind and
interact with the C-terminal of group Il mGluRs, it remains possible that an
interaction between DmGIuURA ahd the Drosophila homolog of PICK1 .could
occur.

Taken together, the findings discussed in the above paragraph raise the
possibility that DmGIURA activity initiates an increase in intracellular Ca? levels
in the nerye.terminal. To test this possibility directly, | measured the ability of
glutamate applied to the neuromuscular junction to initiate an»increa_se in Ca?

levels within motor nerve terminals. To assay for changes in Ca?* | drove
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expression of a F& rster resonance energy transfer (FRET)-based Ca®* sensor

transgene (UAS-Cameleon) specifically within nerve terminals.

We corﬁpared FRET éignal intensity levels in wildtype versus
D42>DmGIURARM motor nerve terminals immediately prior to or every 5
seconds for a minute after application of 100 uM glutamate. Subsequent
measurements were taken every minute foilowihg for a total of five minutes of
recording. | found that glutamate application strongly increased FRET-signal
intensity in wildtype larvae, but not in the DmGIuRAR* 1arvae (Figure 3.12),
‘demonstrating that glutamate application increases nerve terminal Ca?" levels,
ahd that DmGIURA activity is required for this increase.

While DmGIuURAR* 1arvae did not respond immediately to the addition of
glutamate, the larvae did exhibit a Ca®'increase 2 minutes after the initial
addition of glutamate (Figure 3.12). This cbuld represent a non-mGIuR
_dependent mechanism by which glutamate can induce changes in'intracellular
Ca? lévels within the nerve terminal, presumably by ionotropic glutamate

receptors.

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60~
+ +
RNAi
40+ =-0=— DmGIuRA
20+
S
o
~
o
d o-
20 =
“40 ] | | | ] L] | | J | | | | ] | | § ’ ’ i | | | | ]

L} L]
0 5 10 15 20 25 30 35 40 45 50 55 60 H 120 180 240 300 360

Time (s)

Figure 3.12 Glutamate application stimulates an increase in intracellular
Ca®" levels in the DmGIURA" but not in D42>DmGIuRA™NA mutant larvae
nerve terminals. Quantification of FRET signal intensity levels corresponding
to levels in DmMGIURA* and D42>DmGIuRA™* |arvae every 5 seconds after
an initial 100 uM glutamate application (final bath concentration). After 1
minute, measurements were taken on the minute for four subsequent
minutes. Pixel intensities were quantified using ImageJ software and
background subtraction was performed as described in detail in Methods
section. Circles represent mean normalized synaptic FRET signal intensity
levels +/- SEMs. n values from top to bottom are 8, and 4 respectively.
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3.10 FAK and Ras are possible mediators of DmMGIuURA dependant

activation of PI3K

Another plausible intermediate between DmGIURA and PI3K activation is the
Ras oncogene. In many cell types the PI3K pathway is an effector of the Ras
signaling. the Stern lab has already shown that Ras regulates PI3K activity in the
peripheral glia (Lavery et al., 2007) énd in the prothoracic gland (PG) (Caldwell et
al., 2005) so it seems plausible that Ras covul‘d activate PI3K in the nerve terminal
as well.

If Ras activity leads to the activation of the PI3K pathway, then inhibition of

N17

Ras via expression of a dominant negative transgene (Ras” ') is predicted to

mimic the hyperexcitability observed when PI3K pathway activity is blocked in
motor neurons, whereas hyperactivation of Ras via introduction of null mutations
in the Ras-GAP neurofibromin (NF1) is predicted to mimic the hypoexcitability
observed when PI3K activity is elevated in motor neurons. To test these

predictions, | measured neuronal excitability in larvae overexpressing Ras"

1P1

(Lee et al., 1996) in motor neurons and in NF1"" null mutant larvae (Theetal.,

1997). Unfortunately, larvae overexpressing the constitutively active Ras""

transgene were embryonic lethal. | found that overexpression of Ras"'’
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Figure 3.13 Ras and FAK likely mediate the activation of PI3k by DmGIuRA.
A, Quantification of the rate of onset of long term facilitation for each
genotype. The bath [Ca®**]was 0.15 mM. A 100 uM concentration of
quinidine was present in the recording solution. The geometric mean of
number of stimulations required for the onset of long-term facilitation at the
indicated stimulus frequencies is shown for each genotype. From top to
bottom, n = 4, 15, 6 and 10, respectively, for each genotype. Error bars
represent +/-SEMs. B, Mean number (+/- S.E.M.s) of synaptic boutons
normalized to the surface area of muscle 6 at abdominal segment A3 in the
indicated genotypes. From left to right, n=19, 21, and 18 respectively, for
each genotype. Arborization experiment conducted in large part by Alexandra
Mirina. C, Quantification of phosphorylated Akt (p-Akt) levels in DmGIuRA®,
and FAK mutant larvae immediately prior to glutamate application, after 1 min
of 100 uM glutamate application (final bath concentration), and 10 min after a
wash with glutamate free media. Nerve terminals were outlined with HRP
fluorescence as reference. Pixel intensities were quantified using ImageJ
software and background subtraction was performed as described in detail in
Methods section. Bars represent mean synaptic p-Akt levels +/- SEMs. The
P-AKT experiment was conducted in large part by Elaina Bolinger.
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increased the rate of onset of LTF to a level very similar to that observed when
PI3K pathway activity was decreased whereas in NF1°" null mutant larvae, the
rate of onset of LTF was decreased to levels very similar to those observed when
PI3K-CAAX was expressed in motor neurons (Figure 3.13 A).

If PI3K is an effector of Ras in the nerve terminal, then it is predicted that
hyperactivation of Ras should also phenocopy the synaptic growth observed
when PI3K is hyperactivated. In order to test this prediction, | measured synaptic
arborization in NF1°7 and NF172 null mutant larvae. |found that both NF17’ and
NF172 null mutant larvae exhib}it increases in synaptic arborization similar to
those observed in larvae overexpressing D42 > PI3K-CAAX in motor neurons
(Figure 3.13 B). |

These data raise the possiblity that Ras is an important regulator of PI3K in
motor nerve terminals. However, the observed fold increase in NF17" and NF17?
nuli mutant larvae over the wildtype control is not as great as the extent observed
in D42 > PI3K-CAAX over its D42 > + control. For this experiment, an isogenic
wildtype stock (s880) was used as the wildtype Control instead of the D42 > +
used in the arborization studies reported above. | found s880 larvae to exhibit
bouton densities that were slightly highef than those in the D42 > + control
Iarvaé. This difference could be due to differences in genetic backgrbunds
between s880, Nf1, and D42 larvae. Alternatively, the phenotypic discrepancies

could reveal that a second activator of PI3K is active at the motor nerve terminal
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- A second candidate regulator of PI3K is the focal adhesion kinase (FAK),
which has been shown to activate PI3K directly via the SH3-domain of p85a
(Guinebault et al., 1995) and can also increase Ras activity when 0verexbressed
(Schlaepfer and Hunter, 1997). In addition, FAK itself can be activated by
ihcreases in intracellular Ca®* (Giannone et al., 2004), making FAK activation of
PI13K consistent with the hypothesis explored above.

If FAK is necessary for activation of PI3K in motor nerve terminals, it is |
predicted that loss of function of FAK via null alleles should phenocopy the
inactivation of PI3K activity, either by dominant negative transgene or
overexpression of PTEN. In order to test this hypofhesis | measured the rate of
onset of LTF in FAK null mutant larvae. As expected, FAK mutant larvae exhibit
an increase in the rate of onset of LTF consistent with my hypothésis (Figure
3.13 A). Whilebthe hyperexcitability observed in FAK mutants does raise the
possibility that FAK can activate PI3K in motor neurons, the hyperexcitability
could be the conséquence of an unrelated, non-PI3K mediated effect.

lﬁ order to test whether FAK is directly mediating the activation of PI3K
activity by DmGIuRA, | assayed the P-Akt Igvels of FAK mutant larvae upon
épplication of glutamate, as described above. | found that FAK mutant larvae are
unable to illicit an increase in P-Akt in response to glutamate (Figure 3.13 C)
similar to the phenotype observed for DmGIURA"™® mutant larvae. This

suggests that FAK does indeed mediate the activation of PI3K by DmGIuRA.
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Chapter 4: Discussion

4.1 Synopsis

Here | show that glutamate-mediated activation of DmGIuRA decreases
neuronal excitability by activating the lipid kinase PI3 kinase (PI3K), which
promotes grthh and inhibits apdptosis in various cell types. In particular, |
report that transgene-induced inhibition of PI3K in motor neurons confers
neuronal excitability phenotypes similar to DmGIuRA"'?, whereas transgene-
induced activation of PI3K confers the opposite Vexcitability phenotypes. | also
show that PI3K activation in motor neurons suppresses the increased excitability
of DmGIuRA"'%, and glutamate application to motor nerve terminals activates
PI3K in a DmGIuRA-‘dependent manner. _Finally, | show that altered PI3K activity
regulates both axon diameter and synapse number, and that these effects on .
neuronal growth are mediated by the Tor/S6 kinase pathway, whereas the effects
of PI3K on neuronal excitability are mediated by the transcription factor Foxo. |
conclude that negative feedback of Drosophila'motor neuron excitability occurs
via the glutamate-induced activétion of DmGIuRA autbrebeptors, causing the
PI3K-dependent inhibition of Foxo'and a consequent decrease in neuronal
excitability}. A similar negative feedback operating in the mammalian CNS might

underlie neuronal disorders involving the group Il mGIuRs or PI3K.

4.2 A mechanism for the glutamate-induced negative feedback of motor

neuron excitability
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The effects on neuronal excitability of altered DmGIuRA, PI3K, and Foxo
activities are consistent with a model in which glutamate released from motor
nerve terminals as a consequende of motor neuron activity activates motor
neuron PI3K via DmGIURA autoreceptors, which then downregulate neuronal
excitability via inhibition of Foxo (Figuré 4.1). Foxo, in turn, might regulate
excitability via tranécription of ion} channel subunits or regulators. Although such

| butative Foxo targets have not been identified, one potential target might be the
translational repressor encoded by pumilio (pum): pum expression is
downregulated by neuronal activity, Pum decreasés transcript levels of the
sodium channel encoded by paré, and both para overexpression and pum
mutations increase rate of onset of LTF in a manner similar to that described
here (Loughney et al., 1989; Stern et al., 1990; Schweers et al., 2002; Mee et al.,

2004)
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Figure 4.1. A model for the negative feedback loop regulating motor neuron
excitability. The transcription factor Foxo increases neuronal excitability
through a mechanism possibly involving transcription of ion channel subunits
or regulators. This increased excitability promotes glutamate release from
motor nerve terminals, which then activates presynaptic DmGIuRA in an
autocrine manner. This activation, in turn, activates PI3K and the
subsequent inactivation of Foxo by Akt-mediated inhibitory phosphorylation.
Activated PI3K also promotes axonal growth and synapse formation via the
Tor/S6K pathway. Dotted lines represent hypothetical interactions.
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4.3 Other negative feedback systems at the Drosophila nmj

The DmGIuRA-dependent negative feedback reported here co-exists with
several other negative feedback systems operating at the Drosophila nmj. In
addition to altered excitability, these systems include alterations in the vesicle
release properties of the motor nerve terrhinal and density of the muscle
glutamate receptors (Davis, 2006). Presurhably, these diverse feedback
systems, acting ih parallél, regulate épeciﬁc aspects of neuronal function. The
DmGIuRA-dependent feedback system reported here differs in several- respects
from some of the other feedback systems reported. For example, this DmGIURA-
dependent feedback apparently involves transcriptional changes, suggesting that
this system operates on a long time scale and thus will be responsive to chronic,
rather than acute, chanAges in neuronal activity.‘ In addition, this system is likely
to be motor neuron-celll éutonomous, and will not involve participation of |
additional cells, such as target muscles or adjacent glia. Furthermore, this
system is predicted to link meéhanistically several PI3K-dependent processes,
including activity—dependén’t downregulation of neuronal excitability and
upregulation of neuronal growth. In this regard, the PI3K-dependent inhibition of
Foxo might protect neurons from excitotoxic effects of prolonged stimulation;
such protection would not be accomplished by the other feedback systems

operating.
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4.4 Role of mammalian mGlur’s and PI3K in regulation of ion channel

activity

Both mGIuRs and PI3K have been previously implicated in regulation of idn
channel activity. For example, ligand activation of group | mGluRs trigger Gag-
mediated release of Ca®* from intracellular stores, and consequently ‘activate
Ca”—debendenf K éhannels ahd nonselective cation channels (Fagni et al.,
2000), whereas activation of group Il mquRs inhibit transmitter release via
inhibition of P/Q Ca** 6hannels (Robbe et al., 2002; Mela et al., 2006). PI3K
activation can promote ion channel insertion into cell membranes (Dryer et al.,
2003; Viard et al., 2004; Hou et al., 2008) and can. mediate the decrease in
excitability conferred by applicaﬁoh of leptin, the product of the obese gene, by
activating Ca?*-dependent K* channels (Shanley et al., 2002). However, to my
knowledge, effects of mGIuR or PI3K activation on ion channel transcription in
the nervous system have not been reported. |

PI3K also regulates ion channel activity in non-excitable cells. PI3K
mediates the ability of insul‘in growth factor to activate the Eag channel, and the
ability of serum to activate the intermediate-conductance Ca®*-activated K*
channel in breast carcinoma and lymphoma célls, respectively (Borowiec et al.,
2007; Wang et al., 2007). Interestingly,‘in these non-excitable cells,v activation is
accomplished byboth acute effects on channel activity as well as long term

effects as a conSequence of increased channel transcription. Therefore, PI3K
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can regulate channel activity over different time courses, and via distinct

mechanisms, presumably via distinct effector pathways. |

4.5 Neuronal excitability in human disease

Human orthologues of group Il mGluRs and PI3K are implicated in several
neurological disorders. For example, group Il mGluRs are potential drug targets
for schizophrenia, epilepsy, and anxiety disorders (Swanson et al., 2005;
Alexander and Godwin, 2006; Patil et al., 2007), raising the possibility that
éltered excitability of glutamatergic neurons might play a role in these disorders.
In addition, levels of phospho-Foxo, a product of PI3K/Akt activity, are increased
following induction of seizures in rats, and in the‘hibpocampi of epileptic patients
(Shinoda et al., 2004). This activity-induced iricrease in phospho-Foxo was
interpreted as a mechanism to protect neurons frorri the excitotoxic effects of
excessive glutamate release because Foxo is more likely than phospho-Foxo to
promote apoptosis. my results raise the possibility that this increase in phospho-
Foxo levels occurs via glutamate-inducéd P|3K activation mediated by grbup H
mGIuRs, and interpret this increase as a negative feedback on excitability. A role
for PI3K activity in inhibiting epileptic seizures is fuither supported by the recent
observation that applicatisn of leptin, a known PI3K activator, inhibits seizures in

-a PI3K-dependent manner (Xu et al., 2008).v Increased insulin/IGF levels and

increased PI3K activity are also implicated in autism spectrum disorders (Kwon
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et al., 2006; Mills et al., 2007). These increases are generally hypothesized to
affect neuronal function by increasing arborization and syhapse forrhation, but
my results raise the possibility that altered neuronal excitability might also
contribute. Thus, the results reported here might haye signiﬁcance for several

human neurological disorders.

4.6 A novel signaling pathway linking group Il mGluRs and PI3K

The mechanism by which glutamate-activated DmGIuRA activates PI13K
remains unknown. Although, as discussed abqve, mammalian group I mGluRs
activate PI3K via the Homer scaffolding protein and the PI3K enhancer PIKE
(Rong ‘et al., 2003), Drosophila mGIuRA, simila‘r to mammalian group Il mGIuRs,
lack Homer binding motifs (Diagana et al., 2002) and thus would not be predicted
to activate PI3K by this mechanism. Alternatively, although the inhibition of
glutamate-induced p-Akt activation by PI3KPN expression demonstrates that PI3K
activity is required for this activation, it remains possible that glutamate increases
p-Akt levels by activating an enzyme in addition to PI3K. For example, Akt is
reported to be phosphorylated and activated by Calmodulin-dependent kinase
kinase (Yano et al., 1998). Additionally, glutamate-activated DmGIuRA might
activate PI3K in motor nerve terminals indirectly by triggering Ca?* release from

stores, leading to release of insulin and hence acfivation of PI3K by well-
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established mechanisms. Further experiments will be required to address these

issues.

4.7 Future Work

471 Determine the mechanism by which DmGIuRA activates PI3K

in the nerve terminal

Calcium signaling

As described above, intracellular Ca?* signaling is an attractive candidate for
an intermediary between DmGIURA and PI3K. It is known th_avt group Il mGluRs
can initiate elevation of intracellular Ca®* and thére are several mechanisms by
which Ca?* signaling can lead to the activation of PI3K.

While the data presented above demonstrate that glutaméte application to the
nerve terminal can induce éléva_tion of Ca? levels within the nerve terminal, and
that this is DmGIuRA dependent, the methodoloéy used can be improved upon to
gain a more detailed picture of the dynamics of the Ca?" transient initiated by
DmGIuRA activity. The Cameleon 2.1 transgene has several drawbacks that
limit its usefulness by the Stern lab. The foremost of these drawbacks is purely
technical, yet limiting nonetheless. For optimal measurement, the use of a FRET
based Ca?* indicator requires a sbope and camera system that allows lfor two
simultaneous images to be taken: one in the 5635 nm spectrum and another in the

485 spectrum. The fluorescence scbpe that | have access to does not have the
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c;apability of taking two images simultaneously. Despite taking the images as
quickly as possible, the mechanics of the scope do not allow for the proper filter
cubes to be set in place in less than a second. This causes a delay between the
capturing of fhe two images, which in turn could skew the data. While there are
other scopes available with the capability of capturing two simultaneous images
at different wavélengths, they are inverted scopes and thus are unsuitable to the
Stern lab dissection technique which requires a larva plécéd upright, pinned in an
open dissection tr,ay; | |

- The above mentioned problem can be avoided, howéver, by the use of a
single fluorophore genetically encoded calcium indicator (GECI) such as the
cahvgaroo or GCaMP 3.1 GECls. These transgenic indicators employ circularly
permutated fluorophores in which the interaction of Ca* With CaM induce a
conformational change within the fluorophore that increases its fluorescence
(Kotlikoff, 2007). With the use of these single fluorophores based indicators, only
a single image would need to be téken. This would also aid a great deal in post
collection data analysis.

Steps should also be taken to attempt to quantitate the amount of Ca®*
present within the nerve terminals. This can be accomplished by calibrating each
sample with a maximum, via application of Ca”* ionophores, and minimum via

EGTA induced Ca?* chelation (Palmer and Tsien, 2006).

These technical details aside, assaying for the presence or absence of a Ca®

transient upon glutamate application has great potential in helping to dissect

which molecules are responsible for the activation of PI3K by DmGIuRA. Two
70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



important questions remain unanswered regarding the Ca? transient descr/ibed in
figure 3.12: Is the source of this Ca?* from outside the cell, 6r from internal
stores, and if it is from internal stores, is the Ca®* release mediated by the
ryanodine receptor or the IP3R? - If the Ca? transient is from IP3R mediated
release from internal stores, then inhibition of the IP3R with an RNAI transgene

should inhibit the glutamate induced Ca** increase.

4.7.2 Determine the transcriptional target of Foxo that is regulating
neuronal excitability

Another important unaﬁswered question is what is the transcriptional
térget of Foxo that regulates neuronal excitability. As discussed above, a-
very attractive candidate is the translational repressor pumilio which has been
shown to fegulate the sodium channel Para (Mee et al., 2004). If Foxo does
indeed inhibit pum, | predict that in flies carrying the Foxo?'/Foxo? null

- combination, protein levels of pumilio should be elevated. This experiment
has recently been performed by Curtis Lin in the Sterh lab, and preliminary
data suggest that pum levels are increased as bredicted in Foxo?'/Foxo® null
flies. Levels of pum could also be tested immunohistochemically to determine
if they are increased at the nerve terminal as compared to wildtype, and. pum

. transcript levels could be tested Qsing'Q-PCR methods‘. While these
experiments would strongly suggest that Foxo led to the transcriptional

inhibition of pum, it would not necessarily be indicative of a direct inhibition of
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pum by Foxo. It is entirely plausible to think that Foxo itself regulates the

transcription of a second unidentified gene that in turn inhibits pum.
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Chapter 5: The effects of larval nutrition on neuronal excitability

and nmj growth

5.1 Introduction

While investigating the role of PI3K in regulating motor neuron excitability,
| observed that larvae deficient for PI3K (heteroallelic combination of a loss of
function mutation PI3K* and a hypomofphic mutation PI3K*"" ) exhibited a
marked decrease in neuronal excitability as measured by the rate of onset of LTF
(Figure 5.1 A). This observation seems contradictory to the evidence reported in
the previous chapter showing that motor neuron specific decreases in PI3K
activity lead to an increase in neuronal excitability (Figure 3.2). A possible
explanatibn of this contradiction is that PI3K activity can regulate neuronal
excitability in a cell non-autonomous manner. For example, PI3K levels in
another tissue such could regulate the production or release of a growth factor or
other signaling molecule which in turn acts on the motor neuron to regulate
excitability. In addition to alterations in neuronal excitability, PI3K deficient larvae
were developmentally delayed, reaching third instar larval stage both late and at
a much smaller size than their wﬁdtype counterparts. Intéréstingly, small size,
developmental delay, and decreased neuronal excitability.can‘ also be observed
in larvae whose diets have been calorically restricted, either by nUtritionaIIy :

deficient food (reviewed in Pletcher et al., 2005) or larvae found in older,
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ovefcrowded bottles where food is less blentiful (unpublished Stern lab
observations); Caloric restriction is well documented in mammals as a means of |
reducing neuroﬁal excitability and has even been used as é- treatment fof

epilepsy (Bough and Rho, 2007), however little is known about the molecular
mechanisms behind this phenomenon. As such, my data raise the possibility
that PI3K could play an integral role in the nutrition dependent regulation of |

neuronal excitability.

5.2 Results

5.2.1 Global larval insulin levels affect the excitability of Drosophila

motor axons and growth at the nerve terminal

Since the Drosophila irnsulin receptor signals via thé PI3K pathway
(reviewéd in Johnston.et al., 2003’), and insulin levels are directly dependent
upon caloric intake, | hypothesize' that ablation of the insulin proddcing éells
(IPCs) that produce three Drosophila insulin homologues, the Drosophilé insulin
like peptides 2, 3, and 5 (dilp2, dilp3, and dilp5 respectively) in the Drosophila

~ brain, should phenocopy both a restricted diet and a loss of function of PI3K..
When | ablated these neurons using dilp2Gal4 to drive expression of the

apoptosis inducing reaper (rpr) gene | in fact did observe both a decrease in
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neuronal excitability and a marked developmental delay (Figure 5.1 A, and data
not shown), supporting my hypothesis.
To test whether PI3K was required within the insulin producing cells
: (IPCs)‘diréctIy, | decreased PI3K activity specifically in these neurons using the
PI3KP" transgene, but observed only a modest decrease in éxcitability as
compared to wildtype (Figure 5.1 A). Suprisingly, however, incfeasing PI3K
activity in these neurons by overexpression of PI3K-CAAX induced a significant
‘increase i»n excitability (Figure 5.1 A).

Our hypothesis also predicts that an increase in insulin levels should produce
larvae who exhibit an increase in neuronal excitability. Magdalena Walkiewicz in
the Stern lab has previously shown that expression of a constitutively active PKA
transgene (PKAR') within the IPCs leads to an increase in larval insulin Ievéls. I
observed that larvae overexpressing PKAR' within the IPCs also exhibited a
decrease in rate’of onset of LTF (Figure 5.1 A), contrary to my prediction. One
could envision a different model, however, that could explain this result. In this
model, if insulin levels are low, due to caloric restriction or ablation of the insulin
producing cells, a Cell non-autonomous pathway regulates neuronal excitability,
perhaps via the peripheral glia. Howéver, when insulin levels are high, for
instanCe either under conditions of increased food consumption or transgenic
overexpressibn of PKAR' within the IPCs, insulin acts directly on the motor
neuron, activating the PI3K pathway via the Insulin receptor. In this view,
activation of PI3K Within the motor neuron would decrease mdtor neuron

excitability via inhibition of Foxo as described in Chapter 3.
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Figure 5.1. Insulin released from the insulin producing cells (IPC’s) in the CNS
modulate neuronal excitability and synapse formation. A) Quantification of the
rate of onset of long term facilitation for each genotype. The bath [Ca®'] was
0.15 mM. A 100 uM concentration of quinidine was present in the recording
solution. The geometric mean of number of stimulations required for the onset
of long-term facilitation at the indicated stimulus frequencies is shown for each
genotype. Error bars represent SEMs. B, Mean number (+/- S.E.M.s) of
synaptic boutons normalized to the surface area of muscle 6 at abdominal
segment A3 in the indicated genotypes. From left to right, n=6 and 18
respectively, for each genotype. Arborization experiment conducted in large
part by Alexandra Mirina
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If insulin is activating PI3K in the nerve terminal, then it is prediéted that
increasing larval insulin levels should phenocopy the synéptic growth observed
when PI3K is hyperactivated. In order to test this prediction, | measured synaptic
arborization in larvae overexpressing PKAR' in the IPCs. | found that dilp2 >
PKAR?" larvae exhibit increases in synaptic arborization as is predicted by my

model (Figure 5.1 B).

5.2.2 Adipokinetic horomone (Akh) levels affect both neuronal

excitability and growth at the neuromuscular junction

In order td explain the dichotbmy in resuits described above, | examined
the role of PI3K in the corpus cardiacum (CC) which vproduces the Droéophila
analog of glucagon, adipokinetic horrhone (AKH). First, | observed that ablation
of the CC using AKHGal4 to drive expression of rpr resulted in hypoexcitable
larvae (Figure 5.2), suggesting that AKH, as well as insulin, positiveiy regulates
neuronal excitability. When | altered PI3K activity in the CC, either by increasing
its activity by overexpression of PI3K-CAAX or decréasing its'activity by
expression of PI3KPN, | observed larvae that were hyperexcitable and ,

hypoexcitable respectively (Figure 5.2). In addition, overexpression of Akh in the
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Figure 5.2. Adipokinetic hormone (Akh) regulates neuronal excitability.
Quantification of the rate of onset of long term facilitation for each genotype. The
bath [Ca®*] was 0.15 mM. A 100 uM concentration of quinidine was present in the
recording solution. The geometric mean of number of stimulations required for the
onset of long-term facilitation at the indicated stimulus frequencies is shown for
each genotype. From fop to bottom, n =5, 6, 6, 18, and 6, respectively, for each
genotype. Error bars represent +/- SEMs.
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CC itself lead to an increase in excitability, similar to when PISK activity is |
increased in the CC. Since the dilpé producing neurons are positioned adjacent
to the CC and have been suggested to release din2 directly onto the CC
(Rulifson et al., 2002), this suggests that Akh production is dependent upon PI3K

activity, and that AKH levels have a positive effect on neuronal excitability.

5.3 Discussion

Further work is required to further elucidate the mechanisms behind the
nutritional relation to neuronal excitability. One question that remains is through
which tissue AKH is acting to modulate neuronal excitability. While it is tempting
to suggest that AKH and the dilps act directly on the motor neuron itself, it is
unclear as to how these hormones could reach the motor neuron, since there is
no direct contact between the motor neurons and the haemolymph. An attractive
candidate is the peripheral glia, which forms the blood brain barrier, its well
characterized communication with the motor neuron (reviewed i.n Lemke, 200ﬁ1 )
and its suspected role in modulating neuronal excitability. In order to examine
which tissue is modulating neuronal excitability, however, first | must document
the relationship between nutrition and neuronal excitability. To accomplish this |

plan to measure the electrophysiological properties of larvae raised on food of
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varying nutritional content. Once this is established, | plan to éxpress AKH in the
péripheral glia of starvé.d larvae. If my hypothesis is correct, this should rescue
the decrease in éXcitabiIity obsel;ved in calorically restricted larvae. Secondly,
expression of an AKH™4' transgene in the peripheral glia of wildtype larvae
should phenocopy calorically restricted larvae. If these experiments yield the
expected results, further explorations will include epistasis tests to determine

through which signaling pathway AKH is signaling with the peripheral glia.
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Chapter 7: Appendices

During the course of my work on my thesis project itself, numeroﬁs othér side
projects and alternate routes of experimentation were undertaken. These
alternate paths led to the collection of several data, which while not directly
important to the thesis itself, should nonetheless be documented. In many
cases these data represent exploratory and consequently non-hypothesis driven
data collection. Often these data are from a relatively low sample size, and in
some cases are even from a single sample, and thus it is difficult to subject the
data to stringent critical analyses. Regardless, for the _sake of posterity, | have
decided to include these data here in hop‘es’that they can be utilized by

researchers in the future.
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Figure 7.1. Preliminary data of transgenes expressed in motor neurons.
Quantification of the rate of onset of long term facilitation for each genotype.
The bath [Ca?"] was 0.15 mM. A 100 uM concentration of quinidine was
present in the recording solution. The geometric mean of number of
stimulations required for the onset of long-term facilitation at the indicated
stimulus frequencies is shown for each genotype. Error bars represent SEMs.
From top to bottom, n=2, 2, 5, 2, 18, and 3 respectively, for each genotype.

B, Quantification of the rate of onset of long term facilitation for each genotype.
The bath [Ca®] was 0.15 mM. A 100 uM concentration of quinidine was
present in the recording solution. The geometric mean of number of
stimulations required for the onset of long-term facilitation at the indicated
stimulus frequencies is shown for each genotype. Error bars represent SEMs.
From top to bottom, n=1, 1, 18, and 1 respectively, for each genotype.
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Figure 7.2. Preliminary data of transgenes expressed in peripheral glia. A,
Quantification of the rate of onset of long term facilitation for each genotype.
The bath [Ca?'] was 0.15 mM. A 100 uM concentration of quinidine was
present in the recording solution. The geometric mean of number of
stimulations required for the onset of long-term facilitation at the indicated
stimulus frequencies is shown for each genotype. Error bars represent SEMs.
From top to bottom, n=8, 6, 3, 4, 4, 5, and 14 respectively, for each genotype.
B, Quantification of the rate of onset of long term facilitation for each genotype.
The bath [Ca?] was 0.15 mM. A 100 pM concentration of quinidine was
present in the recording solution. The geometric mean of number of
stimulations required for the onset of long-term facilitation at the indicated
stimulus frequencies is shown for each genotype. Error bars represent SEMs.
From top to bottom, n=5, 7, 8, 6, 5, 4, and 7 respectively, for each genotype.
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