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ABSTRACT

Homeostasis is the property of a system to precisely maintain constant function at a set
point level of activity. Within the nervous system homeostatic mechanisms are thought
to constrain neural plasticity to maintain stable activity over an animal’s lifetime.
Homeostatic modulation of both synaptic efficacy and intrinsic neuronal excitability has
been demonstrated in vertebrates and invertebrates (Davis & Goodman 1998a, Turrigiano
& Nelson 2000, Marder & Prinz 2002, Perez-Otano & Ehlers 2005). Work in the
laboratory of Graeme Davis has shown at the Drosophila neuromuscular junction (NMJ)
that decreases in muscle sensitivity to neurotransmitter, through either genetic mutation
of the Glutamate Receptor subunit ITA or pharmacological block of this same subunit,
result in enhanced presynaptic neurotransmitter release. This increase in neurotransmitter
release, or quantal content, precisely compensates for the block in postsynaptic sensitivity,
restoring muscle excitation back to baseline. This process has been termed synaptic
homeostasis. Work in many labs has demonstrated that the loss or mutation of a single
ion channel results in the compensatory changes in abundance or function of other ion
channels that often restore neuronal activity. These compensatory changes in ion
channels are thought to be cell-intrinsic homeostasis.

There are many open questions regarding homeostatic compensation within the
nervous system and the underlying molecular mechanisms. My thesis work focuses on
the mechanisms underlying the involvement of voltage-gated potassium channels, Shal
and Shaker (Sh), in both synaptic and cell-intrinsic homeostasis and concludes with a
broader description of the modulation of ion channel expression in response to the loss of

several independent ion channels in Drosophila motoneurons.
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In Chapter 2, I demonstrate that a mutation in shal results in the loss of Shal expression
and function and further, loss of Shal blocks synaptic homeostasis. In identifying the
cause for blocked synaptic homeostasis I uncover a form of cell-intrinsic homeostasis
within motoneurons; the reciprocal coupling of potassium channels Shal and Sh, where
loss of either channel results in increased expression of the other. The increase in Sh at
motoneuron terminals is ultimately responsible for occlusion of synaptic homeostasis, as
blocking increased Sh either genetically or pharmacologically is sufficient to restore
synaptic homeostasis. Importantly, acute inhibition of increased Sh function reveals
synaptic homeostasis, demonstrating that Sh is not directly involved, but rather increased
current is able to occlude the expression of homeostasis. Further, in demonstrating that
the cell-intrinsic control of ion channel expression prevents the expression of synaptic
homeostatic signaling, our data argue against coordinated control of independent

homeostatic responses.

In Chapter 3, I demonstrate that kr and sh expression are developmentally linked in
sensory neurons as well as motoneurons, k7 is sufficient to increase sh expression in
sensory and motoneurons and Kr expression is aberrantly increased in sensory neurons
and throughout the CNS and ventral nerve cord of third instar shal mutants. Further,
over-expression of Kr phenocopies shal mutant physiology. Finally I demonstrate that
increased Kr can be induced in fewer than 24 hours following pharmacological block of

Shal. Surprisingly however, increased Kr colocalized with sensory neuron markers, but
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not motoneuron markers. Therefore, despite being sufficient for increasing Sh expression,

Kr is not ultimately responsible for increased Sh in shal mutant motoneurons.

In Chapter 4, I present expression profiling DNA-microarray data performed on isolated
motoneurons from six ion channel mutants. This project is on going and seeks to gain a
complete picture of the changes in ion channel expression following loss of one ion
channel. From this data I will be able to identify whether there is specific coupling
between pairs or groups of ion channels and therefore rules governing ion channel
compensation or whether each ion channel mutant drives a unique compensatory
response. This data will also provide insight into the transcriptional regulation

underlying changes in ion channel expression.
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Chapter One:

General Introduction



The brain is a complex system made up of billions of neurons and thousands of synaptic
connections. Plasticity of synaptic connections and neuronal excitability underlie the
brain’s ability to respond to and store novel information. Hebbian correlation based
forms of plasticity, such as long-term potentiation and depression, are now well-
established models of how information is stored. However, it has also been recognized
that this plasticity, when left unchecked, threatens the stability of the nervous system,
leading to saturation of potentiation or quiescence. The brain must therefore maintain the
ability to learn and adapt without compromising the essential structure and integrity of
the circuits that allow for sensation and action. At the single cell level this stability
problem becomes more daunting when we consider that neurons live (in the case of
humans) for decades while the ion channels and receptors that determine their active
properties turn over in minutes to hours (Marder and Prinz, 2002; Desai, 2003;
Turrigiano, 2008). Homeostasis is a form of feedback regulation that maintains the
function of a system at a set point level of activity. There have now been numerous
studies demonstrating that within the nervous system homeostatic mechanisms act to
constrain plasticity to promote stability. Homeostatic signaling systems also act through
modulation of synaptic efficacy and membrane excitability and therefore must interface
with mechanisms of plasticity to achieve stable, yet flexible neural circuitry (Marder and
Prinz, 2002; Turrigiano and Nelson, 2004; Perez-Otano and Ehlers, 2005; Davis, 2006;

Frank et al., 2009).

Synaptic Homeostasis and the NM]J



Homeostatic control of synaptic efficacy has been documented at the neuromuscular
junction (NMJ) in both vertebrates and invertebrates (Davis and Bezprozvanny, 2001;
Petersen et al., 1997; Plomp et al., 1994). In all cases impairment of postsynaptic
neurotransmitter receptor sensitivity results in an increase in presynaptic release. This
retrograde control of presynaptic release has been most well characterized in Drosophila
(Petersen et al., 1997; Frank et al., 2006, 2009; Dickman and Davis, 2009; Bergquist et al.
2010; Mueller et al., 2011). Here genetic deletion of the postsynaptic glutamate receptor
subunit, ITA (GluRIIA) leads to a decrease in quantal size of approximately 50%.
Although muscle sensitivity to transmitter is impaired, muscle depolarization following
nerve stimulation is normal. This is accomplished through an increase in presynaptic
neurotransmitter release (Petersen et al. 1997). Increased release precisely offsets the
decrease in receptor sensitivity to restore muscle excitation to baseline and is therefore
referred to as synaptic homeostasis. Similarly, incubation of the NMJ with the glutamate
receptor antagonist philanthotoxin-433 (PhTx) also leads to a decrease in quantal size of
about 50%. Within 10 minutes this reduction in receptor sensitivity induces a rapid
compensatory increase in presynaptic release, which again precisely restores muscle
excitation.

The rapid induction enabled us to perform a large electrophysiology-based
forward genetic screen to identify genes that, when mutated, block this compensatory
process. As a result the molecular mechanisms underlying synaptic homeostasis are
beginning to emerge. Mutations in cacophony (cac), the gene that encodes the
presynaptic Cav2.1 calcium channel subunit, cause a decrease in calcium influx through

the channel and block synaptic homeostasis. In addition, GIuRIIA mutants are



significantly more sensitive to calcium channel antagonists nickel and cadmium. Both
support the conclusion that synaptic homeostasis requires increased calcium influx that is
achieved through increased presynaptic calcium channel number or activity. In further
support of this conclusion it was also recently demonstrated that the presynaptic signaling
system including the Eph receptor, Ephexin, and Cdc42, which converge on Cac, are all
also required for synaptic homeostasis. These data further suggest the Eph receptor may
function to receive the homeostatic, retrograde signal derived from muscle (Frank et al.
2006 and 2009). In a parallel pathway, there is growing evidence to suggest modulation
of vesicle trafficking and/or localization within the presynaptic terminal is also required

for synaptic homeostasis (Dickman and Davis, 2009; Mueller et al., 2010).

Homeostasis of Neuronal Activity: Synaptic Scaling

Homeostatic control of neuronal activity was first demonstrated in cultured neocortical
neurons. Blocking network activity for prolonged periods of time results in hyperactivity
when antagonists are removed. The reciprocal is also true; elevation of network activity
by reducing inhibition initially raises firing rates, but over many hours firing rates return
to baseline (Turrigiano et al., 1998). Further work demonstrated that this homeostatic
mechanism globally changes synaptic strengths equally (or is multiplicative), measured
as the scaling of the total distribution of quantal amplitudes, across the neuron. This
multiplicative scaling preserves the relative weights of each synaptic contact to the
neuron while simultaneously maintains the overall activity of the neuron at a set point
level (Turrigiano et al., 1998; Desai 2003; Turrigiano and Nelson, 2004). A similar

scaling has been shown in vivo in rat visual cortex. Here monocular deprivation prevents



the normal developmental decrease in mEPSC amplitude. This suggests there is global
hypersensitivity in response to decreased input activity (Desai et al., 2002). In these
examples, synaptic scaling is accomplished through the regulation of postsynaptic
receptor density.

In order to accomplish synaptic scaling, neurons must somehow sense their
activity level. Scaling could require widespread changes in network activity where many
neurons and glia are affected simultaneously. In support of this model, glial derived
TNF-a signaling is required for scaling following TTX inhibited neuronal cultures
(Stellwagen and Malenka, 2006). Alternatively, neurons could sense their own firing
rates to scale their own synapses cell intrinsically. Buffering somatic calcium has been
shown to induce synaptic scaling, suggesting that drops in neuronal firing, which lead to
a drop in calcium, could result in synaptic scaling in each neuron individually. These
data also provide evidence that global changes in calcium levels are monitored by the
homeostat as the readout of neuronal activity (Ibata et al., 2008; Turrigiano 2008). These
models are not mutually exclusive, but it remains to be determined whether they function

in the same pathway or are independent mechanisms of homeostasis.

Homeostasis of Neuronal Activity: Ion Channel Homeostasis

In addition to regulating postsynaptic receptor density, there is also evidence for
homeostatic control of neuronal activity through modulation of ion channel abundance.
Long-term perturbation of activity in cultured neurons also results in compensatory
changes in ion channel abundance. Incubation with TTX for several days to silence

cultured neurons leads to increased sodium current densities and decreased potassium



current densities acting to counteract inhibition by increasing excitability (Desai et. al.,
1999). Further evidence for homeostatic control of neuronal activity through ion channel
modulation comes from primary cultures of dissociated lobster stomatogastric ganglion
(STG) neurons. In vivo these neurons show bursting activity due to descending
neuromodulatory input. Initially in culture, removed from their synaptic input, these
neurons are silent, but following a few days they will resume burst firing. This return to
baseline is the result of increasing inward currents and decreasing outward currents
(Turrigiano et. al. 1995; Marder and Prinz, 2002).

In addition to these experiments, evidence for modulation of ion channel
abundance to homeostatically control neuronal activity comes from knockout mutants.
Often ion channel knockouts show physiological phenotypes that are much less severe
than pharmacological blockade of the same channel would predict. Many recent studies
have shown that this is a result of compensatory changes in the function or abundance of
other ion channels. Deletion of the voltage gated potassium channel K 4.2 causes
compensatory increases in the similar potassium channel, K, 1.4 currents in hippocampal
neurons (Chen et al., 2006). Similarly, in pyramidal neurons there is an increase in
potassium currents I, and I in K 4.2 knockouts (Nerbonne et al., 2008). Deletion of the
voltage gated sodium channel, Na, 1.6 leads to compensatory increases in Na,1.1 and 1.2
in retinal ganglion cells (Van Wart and Matthews, 2006). In Purkinje cells, Na,1.6
knockout results in increased T- and P-type calcium channels along with Na,1.1
(Swensen and Bean, 2005; Van Wart and Matthews, 2006). In all cases, neuronal activity
recorded at the soma was similar to wild-type recordings indicating that these changes in

ion channel function and/or abundance are homeostatic.



The molecular mechanisms leading from changes in activity to homeostatic
alterations in ion channel abundance are completely unknown. As with the other forms
of homeostasis, how and where changes in activity are sensed are also uncertain. This is
especially relevant to ion channel compensation as localization of channels is highly
regulated within neurons. In the K 4.2 knockouts compensatory increases in the other
potassium currents restores somatic firing properties, however, there was no
compensation for potassium channel currents in the dendrites where K 4.2 is localized.
As a result dendrites in these mutants were hyperexcitable. These data argue that
neuronal excitability or output might be of greater importance for neurons to monitor and
maintain, or more simply that homeostatic sensors are localized to the soma.

Modeling work suggests that the same neuronal activity patterns can be generated
from numerous, plausible combinations of ion channels (Prinz et al., 2004). Further,
huge variation in absolute channel abundance has been demonstrated in identified
neurons from different animals despite these neurons sharing identical firing properties
(Schulz et al., 2006). These data support a model where neurons set their level of activity
and ion channels are free variables at the neuron’s disposal to maintain activity. This
would allow knockout animals to simply readjust the balance of all ion channels
expressed to retarget proper activity of the neuron. However, it appears from studies of
ion channel mutants so far, that rather than readjustment of all ion channels in response to
the loss of any one, there are specific changes in a relatively small number of other ion
channels. This suggests that there may pairs or groups of coupled ion channels and
therefore identifiable rules governing which ion channels will be altered in response to

the loss of any one.



The physiology of Drosophila motoneurons and the NMJ have been well
characterized. This in combination with the ability to combine genetic, electrophysiology
and molecular techniques make Drosophila an ideal experimental system for studying the
homeostatic regulation of ion channels, membrane excitability, and synaptic efficacy.
Chapter 2 provides a detailed account of how mutations in shal, which encodes an A-type
voltage-gated potassium channel, block synaptic homeostasis and how this mechanism
uncovers the homeostatic coupling of A-type potassium currents in motoneurons.
Chapter 3 identifies the transcription factor, kruppel as a possible mediator of A-type
potassium channel coupling. Chapter 4 shows the changes in expression in five ion

channel mutants.



Chapter 2:
A Hierarchy of Cell Intrinsic and Target-Derived Homeostatic

Signaling



Introduction

Homeostatic signaling systems are believed to interface with the mechanisms of neural
plasticity to achieve stable, yet flexible, neural circuitry (Davis, 2006; Marder and
Goaillard, 2006; Turrigiano, 2008). In each example, a perturbation such as activity
blockade or neurotransmitter receptor inhibition causes a transient change in neural
function. Then, over some period of time, baseline neural function is restored in the
continued presence of the perturbation. The means by which homeostatic signaling
systems respond to a perturbation and restore neural function are diverse. They include
the modulation of ion channel expression, postsynaptic neurotransmitter receptor
abundance, and synaptic vesicle release (Davis, 2006; Marder and Goaillard, 2006;
Turrigiano, 2008).

Compensatory changes in the abundance of depolarizing or hyperpolarizing ion
channels are generally believed to reflect the action of cell-intrinsic, homeostatic
mechanisms that control neuronal firing (Marder et al., 1996; Marder and Prinz, 2002).
For example, lobster stomatogastric ganglion neurons, when placed in isolated cell
culture, will recalibrate the abundance of inward and outward channel densities to
reestablish normal neural activity in the absence of synaptic drive (Turrigiano et al.,
1995). Since this compensatory reaction restores neural activity, it is considered
homeostatic. In addition, this form of compensation occurs in an isolated cell and
therefore must reflect cell-intrinsic signaling. More recently, there have been numerous
studies demonstrating that the loss or mutation of a single ion channel gene causes a
compensatory change in the abundance of other similar ion channels, often restoring

neuronal firing properties (Chen et al., 2006; MacLean et al., 2003; Marder et al., 1996;
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Marder and Goaillard, 2006; Muraro et al., 2008; Nerbonne et al., 2008; Swensen, 2005;
Van Wart and Matthews, 2006). Although the initial loss of an ion channel will alter
circuit-level neuronal function, the compensatory changes made are generally thought to
be the result of cell-autonomous, homeostatic signaling, much like that observed in
isolated lobster central neurons (but see; Desai et al., 1999).

There are also several examples where inter-cellular signaling is an essential
component underlying the homeostatic control of neuronal function. For example, the
homeostatic control of glutamate receptor abundance in response to activity blockade is
influenced by intercellular BDNF signaling (Rutherford et al., 1998) and requires glia-
derived secretion of TNF-alpha (Kaneko et al., 2008; Stellwagen and Malenka, 2006). At
the Drosophila neuromuscular junction (NMJ), inhibition of postsynaptic glutamate
receptors induces a compensatory, homeostatic increase in presynaptic neurotransmitter
release. This trans-synaptic signaling system includes the Eph receptor, Ephexin and
Cdc42 and ultimately converges upon the Ca,2.1 calcium channel (Frank et al., 2009). In
addition, this form of homeostatic modulation is gated by the presence of low, persistent
levels of BMPs in a non-cell autonomous manner (Goold and Davis, 2007).

To date, homeostatic processes that control neural function have been studied,
primarily, in isolation. The ability of homeostatic signaling systems to function at the
level of an individual cell and at the level of two or more cells within a neural circuit
raises a number of interesting questions. For example, what happens when two
independent perturbations occur, one inducing cell-intrinsic forms of compensation and
another acting to induce inter-cellular or circuit level forms of compensation? Do the

compensatory mechanisms function independently or are they coordinated through some
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master-sensor of neural function? One way to probe this question is to provide sequential,
conflicting perturbations to a neural system. If the system achieves an adaptive response
that is different from either perturbation alone, restoring normal neural function, this
would be consistent with integrated mechanisms of homeostatic compensation. An
alternative possibility is that one form of compensation would predominate or occlude the
other. This result could define whether homeostatic compensation is favored at the level
of the individual cell compared to the surrounding neural circuit, or vice versa.

Beginning with gene identification through a large-scale genetic screen (Dickman
and Davis, 2009), we now reveal how two independent and opposing homeostatic
signaling systems interact in the Drosophila neuromuscular system. We report the
isolation of a subset of potassium channel mutations that block synaptic homeostasis at
the NMJ. In defining how these potassium channel mutations block synaptic homeostasis
we uncover a second homeostatic signaling system, one that homeostatically and
reciprocally couples the expression of A-type potassium channels in Drosophila
motoneurons. We then demonstrate that the cell-intrinsic control of ion channel
expression prevents the expression of trans-synaptic homeostatic signaling at the NMJ.
Taken together, our data argue against coordinated control of independent homeostatic
responses. If generalized, these data could influence our view of neurological disease if
an initial stress initiates a primary homeostatic response that is restorative, but with
consequences for the future capacity of that cell to adapt or respond to additional
perturbations (Bernard et al., 2004; Bernard and Johnston, 2003; Bernard et al., 2001;
Cossart et al., 2001; El-Hassar et al., 2007; Frohlich et al., 2008; Glykys and Mody, 2006;

Mody, 2005).
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Results

We recently performed a large-scale, electrophysiology-based forward genetic
screen to identify genes that, when mutated, disrupt the homeostatic modulation of
presynaptic neurotransmitter release (Dickman and Davis, 2009). This screen was based
on the observation that incubation of the Drosophila NMJ with the glutamate receptor
antagonist philanthotoxin-433 (PhTx; 4-10xM) for 10min is sufficient to decrease
postsynaptic glutamate receptor sensitivity and induce a rapid, compensatory increase in
presynaptic neurotransmitter release (Frank et al., 2006; Frank et al., 2009). The increase
in presynaptic neurotransmitter release precisely offsets the decrease in postsynaptic
receptor function and restores muscle excitation to baseline ‘set-point’ levels, a process
referred to as synaptic homeostasis (Frank et al., 2006; Frank et al., 2009; Dickman and
Davis, 2009). In this screen, PhTx was applied to the NMJ of individual mutant
Drosophila larvae. For each mutant line, we recorded from 3-10 NMJ and calculated the
average mEPSP amplitude, EPSP amplitude and quantal content (Dickman and Davis,
2009). This allowed us to quantify the effect of PhTx on postsynaptic receptor sensitivity
and to quantify the homeostatic modulation of presynaptic neurotransmitter release for
each mutant line.

This screen identified fourteen mutations that appear to block synaptic
homeostasis. Remarkably, only three of these mutations fit into a common category,
which turned out to be Drosophila potassium channels. In total, mutations that
potentially disrupt twenty-three known or predicted potassium channel genes were
screened including mutations in shaker, shal, shab, shaw, orcl, KCNC2, eag, slo, and

KCNQ (Atkinson et al., 1991, Ganetzky, 1983; Kaplan and Trout, 1969; Koh et al., 2008).
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The nature of each potassium channel mutation that we screened and data for the average
mEPSP and EPSP amplitudes for each of these mutations are presented in Table 1. One
potassium channel mutation, shaker'?, was found to have an unusually large EPSP
amplitude, even in the presence of PhTx, as might be expected for a mutation that
broadens the presynaptic action potential (Dickman and Davis, 2009). However, three
potassium channel mutants (shal, shab, CG34366) had unusually small EPSP amplitudes
in the presence of PhTx (being more than two standard deviations smaller than the
distribution mean for all mutations screened; Dickman and Davis, 2009), identifying
them as mutations that potentially block synaptic homeostasis.

To investigate why three independent potassium channel mutations emerged from
our genetic screen, we first determined whether the observed defects in synaptic
homeostasis could be a secondary consequence of altered baseline transmission or
impaired synapse morphology. First, we find that NMJ morphology is normal in all three
mutants and, therefore, cannot account for impaired synaptic homeostasis (Fig. 1).
Second, we find that baseline synaptic transmission in the absence of PhTx is not
severely perturbed in these three mutants, indicating that a large disruption of baseline
transmission cannot account for impaired synaptic homeostasis. It appears, therefore,
that three independent potassium channel mutants disrupt either the induction or
expression of synaptic homeostasis at the Drosophila NMJ.

The demonstration that potassium channel mutations block synaptic homeostasis
was a surprise since an increase in neuromuscular excitability is the predicted phenotype
of these channel mutations. To define why these potassium channel mutants might

disrupt synaptic homeostasis we first focused our attention on a single gene, shal. We
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chose to focus on shal because it is known to be expressed in Drosophila neurons but not
muscle, and it is known to mediate a rapidly activating and inactivating A-current in
Drosophila motoneurons (Baker and Salkoff, 1990; Baro et al., 1996; Birnbaum et al.,
2004; Jan et al., 1977; Solc and Aldrich, 1988; Tsunoda and Salkoff, 1995). In addition,
shal is highly conserved throughout evolution and mutations in shal have been linked to
altered neural plasticity and neurological disease including chronic pain, epilepsy and
heart arrhythmia (Birnbaum et al., 2004; Castro et al., 2001). Thus, defining how shal

mutations disrupt synaptic homeostasis may have widespread implications.

Shal localizes to the motoneuron axon initial segment and is absent from the NM]J
We identified two transposon insertions in the shal gene as well as a deficiency
chromosome that uncovers the shal locus (Fig. 2A). To identify whether these mutations
are protein null and to explore where the Shal channel resides within Drosophila
motoneurons, we took advantage of a previously developed Shal antibody (Baro et al.,
2000). In wild-type animals Shal protein is highly expressed in central neuropil (possibly
dendritic arborizations) and within the initial portion of the motor nerve as it exits the
ventral nerve cord (VNC) (Fig. 2B). The presence of immuno-staining in the initial
portion of the motor nerve strongly suggests that Shal protein is present in Drosophila
motoneurons, consistent with prior physiological analyses (Tsunoda and Salkoff, 1995).
Protein localization within the motoneurons tapers dramatically over the first 120 m of
axon (measured from the origin of the motor nerve at a site adjacent to the neuropil
within the central nervous system). Ultimately, after ~120um Shal expression decreases

to background levels (Fig. 2B and D). No detectable staining is observed at the
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neuromuscular junction (data not shown) indicating that Shal is restricted to the dendrites
and axon initial segment of motoneurons. Consistent with this conclusion, we find no
effect of the Shal-specific toxin, phrixotoxin, on neuromuscular synaptic transmission in
wild-type animals (Fig. 3) (Gasque et al., 2005). Finally, the specificity of the antibody
staining data is confirmed by staining the shal/*” mutant animal with anti-Shal. Anti-Shal
staining is absent in this homozygous mutant and when this mutation is placed in trans to
a deficiency that uncovers the shal locus (Fig. 2C-D). These results also indicate that the
shal® mutation is a protein null. Consistent with this conclusion, we assayed shal
expression by quantitative real time polymerase chain reaction (QPCR) comparing wild

14 95

type and shal™” (see methods). We find that shal expression is decreased by 97.7% (+

0.86, compared to wild type) in the shal*”

homozygous mutant background (see also
below for additional quantification). The localization of shal to the axon initial segment,

at or near the site of action potential initiation in motoneurons, is consistent with shal

being important for the control of motoneuron excitability.

Absence of an A-current in the motoneuron soma of shal mutants

We next examined the presence of the A-type current in Drosophila motoneuron soma
comparing wild type and shal mutant animals to determine if loss of Shal protein
eliminates the somatic A-type current in our shal/ mutant animals. Compared to wild type,
there is a dramatic reduction in the A-current in shal mutant animals (Fig. 2E). Ata
holding potential of -10mV we observe a 100pA A-type current in wild type and the
complete absence of an A-type current in the shal/ mutant. However, at higher holding

potentials, we observe the emergence of a rapidly inactivating current in the shal mutant
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animals that reaches approximately 50% wild type levels at the highest holding potentials
tested. One possibility is that this represents residual Shal protein not detected by the
antibody. We consider this unlikely because shal expression is effectively eliminated in
the shal mutant (assayed by qPCR, see above). An alternative explanation is that the
residual A-current in shal mutants is due to the activity of a different channel that is not
localized to the soma but which could be activated at an electrotonically distant site
(dendrite or axon) when high voltage steps are applied to the soma. Finally, this current
could reflect the activity of KCNC2-type channels that are characterized by high voltage
activation (Rudy and McBain, 2001) and are encoded in the Drosophila genome (see
below). Regardless, our data indicate that there has not been a dramatic, compensatory

replacement of an A-current at or near the motoneuron soma.

shal mutants have a mild deficit in baseline transmission

Having identified a protein null mutation in shal we performed a detailed characterization
of baseline synaptic transmission in this mutant (Fig. 4 and Table 2). There is no
significant change in mEPSP amplitude comparing wild type (w'''®) with shal*’/+ or
shal® homozygous mutants or shal””/Df (Fig. 4A and C). There is a small, statistically
significant, deficit in EPSP amplitude observed in the shal*” mutant and shal*”/Df when
compared to wild type. We observe corresponding changes in quantal content (Fig. 4 D,
E) (see methods). This mild effect on synaptic electrophysiology is also observed across a
range of external calcium concentrations (Fig. 4B). The mild decrease in baseline
synaptic transmission is unexpected for several reasons. First, loss of an A-type

potassium channel would be expected to broaden the action potential and potentiate
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release. Second, we cut the nerve and stimulate below the level where Shal protein is no
longer present in the axon. Thus, it is unclear why loss of Shal would have any effect on
synaptic transmission at the NMJ. Below we identify compensatory changes at the nerve

terminal that could reasonably explain this result.

The rapid induction and sustained expression of synaptic homeostasis are blocked in
shal mutants

We next analyzed synaptic homeostasis in greater detail in the sha/ mutants. First, we
repeated the application of PhTx to wild type and shal mutant animals. In shal mutant
animals, mEPSP amplitudes are similarly suppressed by application of PhTx, but EPSP
amplitudes fail to recover to wild-type levels (Fig. 5A and Table 2). Calculation of
quantal content demonstrates that the normal, homeostatic enhancement of presynaptic
release is completely blocked in the shal*” mutant. Statistically identical defects in
synaptic homeostasis were observed in four different shal mutant combinations (Fig. 5B-
C). Together, these data demonstrate that the rapid induction of synaptic homeostasis is
blocked by mutations that eliminate Shal.

In order to determine whether shal mutations also block the persistent expression
of synaptic homeostasis we placed the shal*” mutation in the GIuRIIA*"® (GIuRIIA)
mutant background. It has been previously demonstrated that mEPSP amplitudes are
decreased in the GluRIIA mutant throughout larval development and that there is a robust
homeostatic increase in presynaptic release (Frank et al., 2006; Petersen et al., 1997).
Here we demonstrate that the expression of synaptic homeostasis in the G/uRITA mutant

is blocked in the shal mutant (Fig. 6 and Table 2). This result was confirmed by
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demonstrating a block of synaptic homeostasis when the shal*”/Df allelic combination is
placed in the GIuRIIA mutant background. Thus, shal is required for both the rapid
induction and persistent expression of synaptic homeostasis. The rapid induction of
synaptic homeostasis is a local phenomenon that can occur at the isolated NMJ (Frank et
al., 2006) raising the question why loss of Shal, which is not present at the NMJ, blocks

this process.

Homeostatic Coupling of I, Channel Expression in Drosophila
In systems as diverse as the lobster stomatogastric ganglion and the mouse hippocampus,
loss or over-expression of an individual ion channel has been observed to drive
compensatory changes in the expression of other ion channels (Chen et al., 2006;
MacLean et al., 2003; Nerbonne et al., 2008; Swensen, 2005). This has been referred to
as a form of cell-intrinsic homeostatic compensation that stabilizes neural activity
(Marder et al., 1996; Marder and Prinz, 2002). Drosophila motoneurons express two
channels encoding A-type currents, Shal and Shaker (Wei et al., 1990). In vertebrates,
loss of K 4.2 (Shal) initiates a compensatory increase in the K, 1 (Shaker) current, though
ion channel expression was not determined in this study (Chen et al., 2006). Here we test
whether there is homeostatic coupling between I, currents in Drosophila motoneurons.
First, we tested shaker RNA expression comparing wild type and shal mutant
animals. Currently, antibodies are not available to Shaker in Drosophila. Therefore, we
tested mRNA expression using qPCR. We find an increase in shaker expression in the
shal mutant (252% + 30.7 compared to wild type) assaying mRNA derived from

dissected central nervous systems (Fig. 7). As a control, we document a statistically
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significant decrease in shaker expression when we drive expression of a UAS-shaker-
RNAI (shakerRNAi) in the nervous system confirming that shaker is expressed
presynaptically and that we can accurately measure both an increase and decrease in
shaker expression via qPCR (Fig. 7). Thus, in the shal mutants, there is an up-regulation
of neuronal shaker expression that could alter channel abundance in the motor axon and
presynaptic nerve terminal where Shaker normally resides (Gho and Ganetzky, 1992;
Martinez-Padron and Ferrus, 1997; Sheng et al., 1993).

Next we tested whether I, channel expression is reciprocally coupled, something
that is unknown in any system. We show that neuronal expression of shakerRNAi knocks
down shaker expression and that this causes an increase in shal mRNA (223% + 22 .4
increase compared to wild type) (Fig. 7). We recognize that the knockdown of shaker
expression is incomplete and sought to repeat this experiment in a shaker mutation.
Unfortunately, molecular null mutations in shaker are no longer commonly available.
Therefore, we repeated our experiment and assayed shal expression in a shaker'
mutation, which is a functional null (Lichtinghagen et al., 1990). Consistent with the
results of shaker knockdown, we find that shal expression is dramatically increased in the
shaker'* mutant (Fig. 7). This result confirms a reciprocal regulation of I, channel
expression in Drosophila motoneurons.

Finally, as a control, we asked whether the increase in Shaker transcription occurs
in the GIuRIIA; shal double mutant, just as it does in the shal mutant. We find a robust,
statistically significant increase in shaker (189 + 12.5% increase compared to wild type;
p<0.05) in the GIuRIIA; shal double mutant that is not statistically different from that

observed in shal alone. In the double mutant animals, EPSP amplitudes are significantly
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smaller than that observed in the shal mutant alone. Thus, the magnitude of the
postsynaptic EPSP amplitude does not strongly influence the compensatory change in
shaker transcription, consistent with the hypothesis that the compensatory regulation ion

channel expression is cell intrinsic.

A compensatory increase in presynaptic Shaker blocks synaptic homeostasis in the
shal mutant background.

Shaker is expressed at the presynaptic nerve terminal of Drosophila motoneurons
(Ganetzky and Wu, 1982; Jan et al., 1977; Wu et al., 1983). One possibility, therefore, is
that loss of Shal initiates an increase in presynaptic Shaker and this is the cause of
impaired synaptic homeostasis. Such an effect could also explain reduced baseline
transmission in the shal mutant. If this is the case, then a shaker mutation might restore
synaptic homeostasis when placed in the background of the shal mutant. To test this
hypothesis, we generated double mutant animals harboring mutations in both shal and
shaker.

As shown previously, shaker mutant NMJs have normal mEPSP amplitudes
(p>0.3 compared to wild type) and a dramatic increase in the average EPSP amplitude
(Fig. 8A and Table 2). At the extracellular calcium concentration used (0.3mM Ca®), the
increase in EPSP amplitude can be primarily accounted for by an increase in presynaptic
release due, most likely, to broadening of the presynaptic action potential. When PhTx is
applied for 10min under these conditions, wild-type animals show a decrease in mEPSP
amplitude and a robust homeostatic increase in presynaptic release (Fig. 8). The shaker

mutant animals also show a decrease in mEPSP amplitude and a robust homeostatic
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increase in presynaptic release. Only shal mutant animals fail to show homeostatic
compensation (Fig. 8).

We next assayed baseline transmission and homeostatic compensation in two
mutant combinations, the shaker-shal double mutant and shal animals that harbor a
heterozygous mutation in shaker (sh/+). We observe robust homeostatic compensation in
the shaker-shal double mutant in contrast to shal mutants alone (Fig. 8). A quantitatively
identical result is observed when only a single copy of shaker is removed, indicating that
the restoration of synaptic homeostasis is sensitive to the dosage of shaker (Fig. 8).
These data support the hypothesis that the compensatory increase in shaker transcription
observed in shal mutants could be responsible for blocking synaptic homeostasis. It
should be noted, however, that there is an increase in baseline transmission caused by the
shaker mutation, both in the heterozygous and homozygous condition (Fig 8A and Table
2).

To further investigate whether increased presynaptic Shaker is responsible for the
block of synaptic homeostasis in shal mutants, we used RNAi to knock down shaker
specifically in presynaptic neurons. We expressed shakerRNAi in presynaptic neurons in
shal mutant animals, achieving significant shaker knockdown by qPCR (69.19 + 6.11%;
see methods) and hypothesized that synaptic homeostasis would again be restored. This
is precisely what we observed (Fig. 9). This experiment is important for two additional
reasons. First, this demonstrates that neuronal Shaker knockdown rescues synaptic
homeostasis in shal. Second, there is no statistically significant change in baseline
synaptic transmission caused by neuronal Shaker knockdown (p > 0.1; Table 2). Since

presynaptic shaker knockdown restores synaptic homeostasis in shal without a change in
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baseline transmission, we can conclude that the restoration of synaptic homeostasis is
caused by preventing an increase in shaker expression, and is not secondary to a large
increase in baseline transmission. These data strongly support the hypothesis that
increased levels of presynaptic Shaker are responsible for the block of synaptic

homeostasis observed in shal mutant animals.

Transgenic overexpression of shaker blocks synaptic homeostasis

To this point we have provided molecular and genetic evidence that increased levels of
presynaptic Shaker in the shal mutant cause a block of synaptic homeostasis. To further
test this model we asked whether transgenic overexpression of shaker is sufficient to
block synaptic homeostasis in an otherwise wild type background. We used the
motoneuron-specific driver Ok6-gal4 to express a previously published, modified Shaker
potassium channel termed Electrical KnockOut-222 (EKO) (White et al., 2001).
Presynaptic expression of EKO does not alter the PhTx-dependent decrease in mEPSP
amplitude, but completely blocks the homeostatic increase in presynaptic release
normally observed in wild type (Fig. 10). Thus, increased Shaker is sufficient to block
the acute expression of synaptic homeostasis. It should be noted that expression of EKO
decreases evoked release by ~55% compared to wild type (Table 2). However, we have
previously identified other mutations in synaptic genes that disrupt synaptic transmission
to an equal or greater extent compared to EKO expression but do not block synaptic
homeostasis (Goold and Davis, 2007). Furthermore, a 10-fold decrease in extracellular
calcium concentration, reducing transmission below that observed in EKO, also does not

block synaptic homeostasis (Frank et al., 2006). Thus, a decrease in baseline
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transmission is not correlated with impaired synaptic homeostasis. Together, our data
further support the model that a compensatory increase in synaptic Shaker is responsible

for the defect in synaptic homeostasis observed in the shal mutant background.

Increased Shaker blocks the expression versus the induction of synaptic homeostasis
Shaker function is accessible to pharmacological inhibition, allowing us to test
whether elevated Shaker blocks the induction versus the expression of synaptic
homeostasis. To do so, we asked whether acute pharmacological inhibition of Shaker can
restore synaptic homeostasis in the shal mutant. We tested a range of 4-AP
concentrations in wild type and selected a concentration (25x¢M) that produces only a
modest change in EPSP amplitude in wild type (27%). When 25uM 4-AP is applied
following application of PhTx to the shal mutant NMJ, a robust homeostatic increase in
presynaptic release is observed (Fig. 11). This homeostatic increase in presynaptic
release is significantly greater than the increase in baseline transmission observed when
4-AP is applied to shal mutants alone (Table 2). In addition, we show that application of
PhTx to wild type causes a homeostatic increase in quantal content and there is no further
increase in quantal content when 4-AP is co-applied with PhTx (Figure 11 D-F). When
taken together with the genetic experiments described above, we conclude that elevated
levels of synaptic Shaker impair synaptic homeostasis in the shal mutant background.
Furthermore, since acute application of 4-AP restores homeostatic compensation when
applied after PhTx it demonstrates that increased Shaker can mask the expression of

previously induced synaptic homeostasis (Fig. 11). This implies that the homeostatic
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control ion channel abundance in individual cells can supercede or prevent expression of

additional forms of homeostatic compensation.

Impaired synaptic homeostasis in an additional, novel potassium channel mutant.
Finally, we sought to address two additional questions. First, is altered Shaker expression
a common form of compensation that would adjust for loss of any neuronal potassium
current? Second, we sought to control for the possibility that shaker knockdown might
non-specifically restore homeostatic compensation to any given mutant background. We
are able to address both of these issues by analysis of an addition potassium channel
mutation isolated in our genetic screen. In our genetic screen, we identified a transposon
insertion within the coding region of CG34366 (CG34366"”) that decreases gene
expression, assayed by qPCR, by 38.01% (+ 6.85) compared to wild type. The CG34366
gene encodes the Drosophila homolog of the human KCNC2 (K,3.2) potassium channel
(Fig. 12A). This channel is expressed in the embryonic Drosophila central nervous
system but no genetic or functional analyses have yet been performed (Hodge et al.,
2005). The K3 potassium channels are widely expressed in the mammalian nervous
system (Rudy and McBain, 2001) and can be localized to both the cell soma and synaptic
terminals (Goldberg et al., 2005; Itri et al., 2005; Rudy and McBain, 2001). These
channels have positively shifted voltage dependencies and very fast deactivation kinetics.
The K, 3 channels facilitate action potential repolarization, sometimes being referred to as
the fast delayed rectifier, and are necessary for the fast repetitive firing observed in
numerous neuronal types including purkinje cells and neurons with the globus pallidus

and superchiasmatic nucleus (Goldberg et al., 2005; Hernandez-Pineda et al., 1999; Itri et
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al., 2005; Rudy and McBain, 2001). The K,3.1/K,3.2 double knockout mice show
broadened action potentials, increased synaptic transmission and associated decrease in
paired-pulse ratios (Goldberg et al., 2005). This is consistent with the required function
of these channels in action potential repolarization and subsequent synaptic transmission.

We first analyzed baseline synaptic transmission in the K,3.2 mutant (Fig. 12C-D).
The K,3.2 mutants show modest changes in baseline synaptic transmission (Fig. 12C;
Table 2). The average amplitude of spontaneous miniature release events is slightly
decreased compared to wild type (p<0.05) and there is an associated, statistically
significant decrease in EPSP amplitude (p < 0.01). However, there is no deficit in
quantal content compared to wild type, underscoring the mild nature of these effects (Fig.
12C-D and Table 2). There is also no change in muscle resting membrane potential (-
69+0.4mV in wild type versus -70.1+1.3mV in the K,3.2 mutant) and only a slight
change in muscle input resistance (10.5+0.7M€2 in wild type versus 8.5+0.7MQ in the
K, 3.2 mutant, p=0.05) that is within normal genotypic variation (see Table 2). We next
confirmed that there is a block of synaptic homeostasis following application of PhTx to
the K,3.2 mutant animals. Application of PhTx causes a significant decrease in mEPSP
amplitude, similar to that observed in wild type. However, there is no compensatory
increase in presynaptic transmitter release, confirming a block of synaptic homeostasis
identical to that observed in shal mutants (Fig. 12C-D and Table 2).

Next, we performed a series of experiments to determine if loss of K,3.2 causes
an increase in synaptic shaker, as observed in the shal mutant. First, we tested for a
change in shaker expression via qPCR. However, there is no significant change in shaker

transcript (Fig. 12B). We also performed a genetic test of altered Shaker abundance in
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K,3.2 mutants. We knocked down shaker expression presynaptically in the K, 3.2 mutant
and asked whether this would restore synaptic homeostasis, as it did in the shal mutant
background. However, shaker knockdown (via RNAi expression) did not restore
synaptic homeostasis in K,3.2 animals (Fig. 12E and Table 2). From these data we are
able to draw two conclusions. First, these data demonstrate that the rescue of synaptic
homeostasis in shal mutants by neuronal expression of shaker RNAI is specific and not a
consequence of increased transmission. Second, altered shaker expression is not a
generalized compensatory response. This result emphasizes that shaker and shal
expression seem to be specifically coupled in a homeostatic manner. It remains to be
determined whether loss of K,3.2 directly prevents synaptic homeostasis, or whether
there is a unique compensatory response in K,3.2 mutant animals that also blocks
expression of synaptic homeostasis. An answer to this question will be the subject of

future studies.
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DISCUSSION

An electrophysiology-based forward genetic screen identified three potassium channel
mutations, including mutations in shal and Drosophila K,3.2, that block the expression of
synaptic homeostasis following inhibition of postsynaptic glutamate receptor function.
We have focused on how mutations in a single potassium channel, shal, lead to a
blockade of synaptic homeostasis. We demonstrate that loss of shal induces a
compensatory increase in shaker expression, and vice versa, suggesting homeostatic
maintenance of A-type channel abundance in Drosophila motoneurons. The
compensatory increase in shaker expression is remarkable, however, because it does not
replace the A-type current recorded at the motoneuron soma (Fig. 2). Rather, increased
Shaker functions to restrict neurotransmitter release from the motoneuron terminal,
decreasing baseline release and blocking any further homeostatic enhancement of
presynaptic release. There are several implications. First, our data demonstrate that the
unique subcellular localization of each ion channel will determine how any compensatory
change in ion channel abundance affects neural activity and synaptic transmission.
Second, it appears that cell-autonomous control of intrinsic excitability can occlude the
expression of subsequent inter-cellular homeostatic signaling. This suggests a
hierarchical control of cell-intrinsic excitability compared to circuit level homeostatic
regulation. This also calls into question the concept of a master, homeostatic sensor of
neuronal activity. Finally, we define a form of compensation that may largely preserve
neuronal output properties without restoring cellular excitation at the level of the cell

soma.

28



Blocking the expression of synaptic homeostasis by increased Shaker.

Here we demonstrate that a compensatory increase in Shaker expression is necessary and
sufficient to block the subsequent expression of synaptic homeostasis following
postsynaptic GluR inhibition. In a shal mutant we observe a ~250% increase in shaker
expression (Fig. 7). If we prevent this increase in Shaker expression in any of three
different ways, 1) genetically by introducing shaker mutations (Fig. 8), 2) transgenically
through neuron-specific dSRNA knockdown of shaker (Fig. 9), or 3) pharmacologically
(Fig. 11), then we restore synaptic homeostasis in the sha/ mutant. Furthermore, acute
block of Shaker by 4-AP following PhTx provides evidence that increased Shaker levels
block the expression of synaptic homeostasis, not the induction of this form of
homeostatic plasticity (Fig. 11). Finally, we demonstrate that exogenous overexpression
of a Shaker transgene (EKO) is sufficient to block synaptic homeostasis in an otherwise
wild type background (Fig. 10). Thus, the compensatory increase in Shaker expression in
the shal mutant blocks subsequent expression of synaptic homeostasis.

We also provide numerous experiments that argue against the possibility that loss
of Shaker rescues synaptic homeostasis through a non-specific potentiation of synaptic
transmission. First, neuronal expression of shaker RNAI in the shal mutant background
reduces shaker transcript (~70% reduction) and restores synaptic homeostasis without
potentiating baseline transmission. Second, pharmacological inhibition of Shaker was
performed using 4-AP concentrations that have a minimal effect on baseline synaptic
transmission (~27% change), yet synaptic homeostasis is restored. Finally, synaptic
homeostasis is also blocked in the K, 3.2 mutant, but there is no change in shaker

expression nor does presynaptic knockdown of shaker in the K, 3.2 mutant rescue
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synaptic homeostasis (Fig. 12). We conclude that the increased shaker expression is
specific to the shal mutant and that reducing shaker expression or function in the shal
mutant is sufficient to reveal the expression of synaptic homeostasis in the shal mutant.

Why does increased expression of Shaker, at or near the synaptic terminal block
the expression of synaptic homeostasis? We presume that increased expression of Shaker
in the shal mutant causes a decrease in action potential width. Unfortunately, it is not
possible to record the presynaptic action potential from the synaptic terminal because the
terminal is embedded within the muscle and is otherwise surrounded by the muscle basal
lamina. There are several possible ways that a narrower action potential could block
expression of synaptic homeostasis. One possibility is that synaptic homeostasis requires
an increase in action potential duration and this is prevented by increased Shaker
expression. If so, it is unlikely that Shaker is the direct target of this homeostatic
signaling system because homeostatic compensation is observed in the shaker mutant
background (Fig. 8). Alternatively, a narrower action potential could prevent recruitment
of newly inserted presynaptic calcium channels. Genetic data indicate that synaptic
homeostasis involves a change in calcium influx at a fixed number of active zones and
this could be achieved by an increase in the number of presynaptic calcium channels

(Frank et al., 2006; Frank et al., 2009).

Homeostatic control of ion channel expression: Restoring neural activity versus
constraining neuronal output.
The transcriptional coupling of shaker and shal would seem to be a homeostatic

mechanism since both channels encode A-type potassium currents. However, these
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channels localize to different subcellular compartments. Thus, increased Shaker
expression should not homeostatically restore wild-type motoneuron excitability since the
somatic A-current remains absent. Rather, increased Shaker seems to inhibit presynaptic
neurotransmitter release and may thereby guard against inappropriately enhanced
glutamatergic transmission. This effect differs from current homeostatic hypotheses
because baseline neural activity is not re-established, but neural output is constrained
within reasonable limits.

The importance of channel localization during homeostatic compensation is also
highlighted by recent studies in vertebrate central neurons. It was recently demonstrated
that K,4.2 knockout animals lack dendritically recorded A-type currents in hippocampal
neurons (Chen et al., 2006). The absence of a dendritic A-type current potentiates back
propagating action potentials and enhances LTP (Chen et al., 2006). Thus, at the level of
the neuronal dendrite, this is an example of failed homeostatic compensation. However,
this study also documents a compensatory increase in somatically recorded K, 1-type
currents (Chen et al., 2006). It seems plausible that the observed compensatory increase
in somatic Ky 1-type currents could counteract increased dendritic excitability and,
thereby, homeostatically restrain neural output. This possibility is supported by data
from additional studies examining K,4.2 knockouts in other neuronal cell types
(Nerbonne et al., 2008). In these studies, neuronal firing properties measured at the soma
are largely normal in the K,4.2 knockout despite the absence of the dendritic A-type

current.

Homeostatic coupling of specific ion channel pairs.

31



Here we demonstrate that shal and shaker, which encode A-type potassium channels, are
reciprocally, homeostatically coupled. What drives the compensatory change in ion
channel expression following loss of a given ion channel? One possibility, suggested by
prior research in other systems (see below) is that the neuron senses a persistent change
in cellular activity and initiates a homeostatic response that modulates the expression of
other ion channels. Our data are consistent with an activity-dependent model.
Knockdown of shaker expression (65% of the wild type level) leads to a 223% increase
in shal expression. Remarkably, we observe a 1300% increase in shal expression in the
shaker'* mutant, which is a point mutation resulting in a non-functional channel
(Lichtinghagen et al., 1990). In the shaker'* experiment, the mutant shaker transcript
continues to be expressed at 80% wild type levels (Fig. 7). Thus, the degree to which shal
expression is increased correlates with the severity of altered channel function rather than
the loss of shaker message. This suggests that altered channel function or altered neural
activity could be the trigger for the compensatory response. These data also raise an
interesting question. If the expression of one ion channel, such as shal, is specifically
coupled to the expression of another channel, such as shaker, how could this be achieved
by a general monitor of neural activity?

Several studies have now documented that prolonged inhibition of an ion channel,
or genetic ablation of an ion channel, can lead to increased expression of a different ion
channel with overlapping function, again suggesting coupling between specific pairs of
ion channels. For example, loss of Na, 1.6 causes increased expression of Nay 1.1 in
purkinje cells (Burgess et al., 1995) and increased expression of Na, 1.2 in retinal

ganglion cells (Van Wart and Matthews, 2006). Similarly, loss of A-type potassium
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currents in K,4.2 (the vertebrate shal homolog) knockout animals causes a compensatory
increase in both Iy and Iy that preserves action potential shape and neuronal firing
properties (Nerbonne et al., 2008). In these examples, the compensatory changes in
sodium or potassium channel expression seem to homeostatically maintain appropriate
neuronal firing properties. These studies support the hypothesis that ion channels are free
variables that can be adjusted by a homeostatic monitor of neural activity and that
specific pairs of ion channels may be homeostatically coupled (Marder and Bucher, 2007;
Marder and Goaillard, 2006; Schulz et al., 2006).

An alternate form of regulation has been suggested by work in lobster
stomatogastric neurons where there is evidence for an activity-independent mechanism
that couples shal and I, expression (MacLean et al., 2003). In this system,
overexpression of shal leads to increased I, current (channel expression was not tested).
However, overexpression of a pore-blocked shal also leads to increased I, current. Thus,
altered neural function does not appear to be the trigger for a compensatory change in I,
current. Rather, the cell could monitor the level shal message or protein and regulate I,
current accordingly. This mechanism would allow for specific coupling of ion channel
pairs, but appears to be different from the phenomenon identified in Drosophila
motoneurons.

One interesting possibility is that the developmental programs that initially
specify the active properties of a given neuron could, later, control ion channel
expression in a homeostatic manner. Modeling studies suggest that there are large
numbers of physiologically plausible combinations of ion channels that could give rise to

a cell with a specific firing property (Prinz et al., 2004). However, if the expression of
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pairs or combinations of ion channels are somehow coupled, then the parameter space for
defining the firing properties of a given cell type would be dramatically simplified
(Schulz et al., 2007). It is interesting, therefore, to speculate that the apparent
homeostatic compensation for loss of a given ion channel could represent the re-use of an
earlier developmental program that initially served to balance the expression of specific
pairs or combinations of ion channels during cell fate specification (Borodinsky et al.,
2004; Marder and Bucher, 2007; Marder and Goaillard, 2006; Muraro et al., 2008; Schulz
et al., 2006; Schulz et al., 2007). It will be important to determine whether there are any
general rules by which one might predict how a cell will respond to the altered expression
of a specific ion channel or whether all such relationships will be defined in a cell-type

specific manner.

Control of intrinsic excitability at the expense of network modulation
The regulation of A-type currents in Drosophila motoneurons occludes trans-synaptic,
homeostatic modulation of neurotransmitter release. The consequence is that the
postsynaptic muscle target is unable to restore normal synaptic drive from the
motoneuron terminal and remains hypo-excitable. Specifically, EPSP amplitudes are
significantly smaller in the shal; GIuRIIA double mutant animals compared to either shal
or GluRIIA alone (Fig. 6). Thus, at the neuromuscular junction, the regulation of
motoneuron intrinsic excitability supercedes the homeostatic control of motor unit
function.

The homeostatic modulation of synaptic transmission can be induced in seconds

to minutes. By contrast, the compensatory control of ion channel expression clearly
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involves gene transcription and is likely to be induced more slowly. One question is
whether, given enough time, the mechanisms of synaptic homeostasis can adjust to the
change in ion channel expression observed in the shal/ mutant background. This does not
appear to be the case. The GIuRIIA mutation causes a persistent change in postsynaptic
receptor function leading to a persistent homeostatic increase in presynaptic release that
is present throughout the four days of larval development. Synaptic homeostasis is still
blocked in the GIuRIIA; shal double mutant and we observe a statistically similar
increase shaker transcription.

It is worth emphasizing that the homeostatic modulation of presynaptic release
appears to have been executed, unaltered in the shal mutant background because acute
application of 4-AP reveals normal homeostatic compensation in the shal mutant. These
data argue against the possibility that independent homeostatic signaling systems are
somehow coordinated at the level of the motor unit, or perhaps neural circuit. Thus, even
though an initial homeostatic action is restorative, any change in the balance of ion
conductances that control the action potential could dramatically alter how a cell
responds to a future perturbation. It has been speculated in systems ranging from
crustacean central neurons to the vertebrate cortex, that normal cell-to-cell differences in
ionic conductances recorded from an identified cell type might reflect the activity of
homeostatic signaling systems (Marder and Prinz, 2002, Davis, 2006). The question

remains, will these different cells respond similarly to future homeostatic pressures?
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Table 1. Potassium Channel Mutations Tested in a PhTx-Dependent Electrophysiology Screen

Insartion
Gene (Predicted Function) Mutart Allele Mutation Type Location ~ mEPSP+ PhTx® EPSP +PhTx®  References®
wild type NA NA NA 0.51(0.03 320(28)n=10 N/A
shaw UAS-trunc-shaw  antimorph NA 0.40(0.15) 304(568)n=4 Hodge et al. (2005
ether-a-go-go eagl LOF NA 0.56 (0.14) 298(43)n=5 Ganetzky and Wu (1983)
slowpoke dot functional null  N/A 0.49 (0.10) 263(43)n=7 Atkinson et al. (1991)
hyperkinetic hk1 LOF NA 0.51(0.11) 202(45)n=6 Kaplan and Trout (1969)
easily shocked AEP1319) transposon NC-exon 0.50 (0.26) 353(66)n=3 Flybase
CG10864 (K channel) P(EY12625) transposon upstream  0.46 (0.34) 358(57)n=4  Flybase
CG1090 (potassium P(EP3028) transposon intron 0.59(0.21) 414(68)n=4 Flybase
antiporter)
CG3536 (CNG channel) Pbac(f00046) transposon axon 0.38(0.12 354(45)n=4 Flybase
CG8713 [potassium channel)  Pbac(@00867) transposon NCdntron  0.42(0.27) 329(32)n=3 Flybase
In Pbac(e01599) transposon intron 0.43(0.13 345(47)n=5 Flybase
KCNQ-channel AEY08364) transposon axon 0.43(0.09) 354(28)n=4  Flybase
Mrityu (potassium channel) RAEY01340) transposon NC-exon 0.48(0.17) 279(48)n=5 Flybase
SK (potassium channel) P(SK-BG01378  transposon intron 0.50(0.10) 324(38)n=4 Flybase
CG30078 (potassium PAEY01618) transposon intron 0.46(0.11) 402(34)n=5 Flybase
channel)
CG12904 (slo-type channel)  Pbac(f03574) transposon intron 0.45(0.07) 303(58)n=4 Flybase
quiver or sleepless AEY04063) LOF axon 041(0.09 372(61)n=5 Koh et al. (2008)
CG11984 {potassium P(d08881) transposon NCdintron  047(0.14) 31.9(41)n=4 Rybase
regulator)
eag-like (K+ channel) Pbac(f00820) transposon NC-ntron 045 (0.08) 279(29)n=6 Rybase
Ork1 P(d09258) transposon NCdntron  0.38(0.20) 281(67)n=3  Fybase
shaker sh™ functional null  N/A 0.45(0.18) 484(79)n=5 Janetal.(1977)
CG34366 Pbac(f04377) LOF infron 0.37 (0.02) 140(1.8n=14 Flybase
shal Pbac(f00495) LOF intron 0.6 (0.02 122(1.00n=20 Flybase
shab Pbac(f05893) transposon NC-infron 0.49 (0.04) 17.7(23 n=8 Flybase

The shaker mutation has EPSP amplitudes, recorded in the presence of PhTx, that are more than two standard deviations larger than the distribution
mean. Mutations in bold have amplitudes that are two standard deviations smaller than the distribution mean. Sample size for mEPSP and EPSP ampli-
tudes are the same for a given genotype. LOF, loss of function; NC, non-coding; CNG, cyclic nudectide; slo, slowpoke; trunc, truncated.
“References are given for previously published genetic lesions. Transposon insertion sites are based upon Flybase annotation as indicated.

®Data are in mV (+SEM). Wild type mEPSP and EPSP ampiitudes without PhTx are 1.05 (0.03) and 32.4 (2.35) mV n = 16.
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Figure 1. shal® and CG34366"”” mutants have normal NMJ morphology. Synapse
morphology is normal in shal*” and CG34366"”” compared to wt animals. Synapses
were co-stained with anti-nc82 to visualize presynaptic active zones and anti-dlg to
visualize postsynaptic synaptic membrane. The number of boutons per segment A3
muscle 6/7 NMJ were counted and averages are graphed (N= 6-8 animals, 12-14 NMJ).

There is no significant difference between wt and mutant NMJ.
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Figure 2. Analysis of Shal localization and current in wild type and shal mutants
(A) Diagram of the Drosophila shal gene locus (black bars are coding sequence, grey
boxes mRNA), indicating the sites of transposon insertion and a deficiency chromosome
(red line). (B-C) Representative images of Shal protein (green) within the ventral nerve
cord and peripheral axons in wt (B) and shal*” (C). HRP (red) labels the neuronal
membrane (scale bar = 40 microns). Side panels show the axon initial segment at higher
magnification for each color channel (scale bar = 64 microns). Shal is highly expressed
in the neuropil and in peripheral axons as they exit the ventral nerve cord. Anti-Shal

I’ mutants. (D) Quantification of Shal staining intensity in the

staining is absent in sha
axon initial segment as a function of distance from the ventral nerve cord in wt (black),
shal®” (red), and shal””/Df (grey). Shal is reduced to background in the first ~120pm of
axon. (E) Average I, recorded at the motoneuron soma as a function of voltage step for
wt (blue) and shal® (red). Inset shows representative subtracted I, traces from wt and

l4 95

shal™ . Mutations in shal result in a reduced I, compared to wt.
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Figure 3. Wild-type NMJs are insensitive to the Shal specific toxin, Phrixotoxin.
EPSP amplitude before (black) and after (red) incubation with 1M Phrixotoxin (PaTXx).
Amplitudes are not significantly different following toxin application suggesting Shal

protein does not localize to the NMJ.
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Figure 4. shal mutants exhibit mild deficits in baseline transmission. (A)
Representative EPSP and mEPSP traces for wt, shal*”, and shal’”/Df. (B) Extracellular
calcium concentration is plotted against quantal content on a logarithmic scale. Quantal
content values were corrected for nonlinear summation as done previously (Frank et al.,
2006, 2009). (C-E) Average mEPSP (C), EPSP (D), and quantal content (corrected for
non-linear summation) (E) are shown for wt, shal*”’/+, shal’”, and shal’’/Df. EPSP

I'” and shal’”/Df are significantly reduced compared to wt (p < 0.05 for

amplitudes in sha
shal’”/Df compared to wild type and p< 0.01 for shal®” compared to wild type, Student’s

t-test). Corresponding reductions in quantal content were observed. * p<0.05; ** p<0.01.

All values are listed in Table 2.
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Figure 5. shal mutants block the acute induction of synaptic homeostasis.

(A) Representative EPSP and mEPSP traces for wt and shal*” in saline and following a
10 min PhTx incubation. Wild type EPSPs return to baseline following PhTx incubation,
shal®” EPSPs do not. (B) Average mEPSP values, normalized to their own baseline for
the indicated genotypes, in the absence of PhTx (white bars) and following PhTx
incubation (black bars). (C) Average quantal content normalized to baseline as in (B). All
statistical comparisons are made within single genotypes. Mutations in shal prevent a
homeostatic increase in quantal content following PhTx incubation. *** indicates p <

0.001 (Student’s t-test). Absolute values are listed in Table 2.
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Figure 6. shal mutants block sustained expression of synaptic homeostasis.

(A) Representative traces for the indicated genotypes. The GluRIIA mutants have
reduced mEPSP amplitudes while EPSP amplitudes remain equivalent to wild type due to
a presynaptic increase in quantal content. Mutations in shal block the homeostatic
increase in quantal content when placed in the G/uRIIA mutant background, resulting in a
smaller EPSP. (B-C) Quantification of average mEPSP amplitude (B) and quantal
content (C) for wild type and shal mutations alone (white bars) and when placed in the
GluRIIA mutant background (grey bars). Values are normalized to the genotypic baseline
in the absence of GIuRIIA. All statistical comparisons are made within a given genetic
background, with or without the presence of the G/uRIIA mutation. *** indicates p <

0.001 (Student’s t-test). Absolute values are listed in Table 2.
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Figure 7. shaker and shal expression are transcriptionally linked. shal RNA
expression (black bars) and shaker RNA expression (red bars) were measured in the
following genotypes: shal’”, neuronal expression of shakerRNAi (c155-gald/+;
shakerRNAi/+), as well as shaker' (sh'*) mutants. shakerRNAi is shortened to shRNAi
for display. All bars are represented as percent of wild type animals. Mutations in shal
lead to an increase in shaker RNA expression. Neuronal RNAi knockdown of shaker
results in an increase in shal RNA expression. shal expression is dramatically increased

in sh" mutants.
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Figure 8. Synaptic homeostasis is restored by loss of Shaker. (A) Representative
mEPSP and EPSP traces, with and without PhTx, recorded in 0.3mM calcium for the
indicated genotypes. (B-C) Average mEPSP amplitudes (B) and quantal content (C) with
(black) and without (white) PhTx incubation for each genotype. Values are normalized
to each genotypic baseline. Comparisons are made within a single genotype. ** indicates
p <0.01; *** indicates p<0.001 (Student’s t-test). The compensatory increase in quantal
content is restored with the removal of one or both copies of shaker. Absolute values are

listed in Table 2.
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Figure 9. Presynaptic knockdown of Shaker is sufficient to restore homeostatic
compensation. (A-C) Average mEPSP amplitude (A), EPSP amplitude (B), and quantal
content (C) in the presence (black) or without (white) PhTx incubation for each of the
indicated genotypes including neuronal expression of shakerRNAi in the shal mutant
background (c155-gal4/+; UAS-shakerRNAi/+; shal*”). Note that shakerRNA:i is
shortened to shRNAi for display. Values are normalized to each genotypic baseline. When
shakerRNAi was driven with the neuronal driver c/55-gal4 in the shal mutant
background, a homeostatic increase in quantal content was restored. Statistical
comparisons were made within single genotypes, comparing the presence or absence of

PhTx. *** indicate p < 0.001 (Student’s t-test). Absolute values are listed in Table 2.
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Figure 10. Overexpression of Shaker presynaptically blocks homeostatic
compensation. (A-C) Average mEPSP amplitude (A), EPSP amplitude (B), and quantal
content (C) in the presence (black) and without (white) PhTx incubation for wild type
(wt) and when the modified Shaker transgene (EKO) is overexpressed in motoneurons
(Ok6-gal4/+; EKO/+). Values are normalized to each genotypic baseline. No
homeostatic increase in quantal content is observed in animals overexpressing the
modified Shaker channel, EKO in motoneurons. All statistical comparisons are made
within single genotypes, in the presence or absence of PhTx. *** indicates p <0.001, *

indicates p < 0.05 (Student’s t-test). Absolute values are listed in Table 2.
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Figure 11. Acute pharmacological inhibition of Shaker restores synaptic
homeostasis. (A-C) Average mEPSP amplitude (A), EPSP amplitude (B), and quantal
content (C) for shal’” in the presence of PhTx (black), without PhTx incubation (white),
in the presence of 4-AP alone (gray) and in the presence of both 4-AP and PhTx (red).
Addition of 4-AP following PhTx incubation reveals a robust, homeostatic increase in

quantal content in shal*”’

(C). (D-F) Same as above, but for recordings made in wild-type
controls. Wild-type animals show robust homeostatic compensation following PhTx
incubation. There is no further increase in quantal content with co-application of PhTx
and 4-AP. Values are normalized to baseline (shal + PhTx is normalized to shal, while
shal + both 4-AP and PhTx is normalized to shal + 4-AP alone). *** indicate p < 0.001,

** indicates p < 0.01 (One-Way ANOV A with Bonferroni post test). Absolute values are

listed in Table 2.
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Figure 12. Impaired synaptic homeostasis in a Drosophila K,3.2-like potassium
channel mutation is not rescued by neuronal expression of shakerRNAi. (A)
Diagram of the Drosophila CG34366 gene locus indicating the site of transposon
insertion. Black boxes indicate coding sequence. CG34366 shows homology to human
K,3.2. Blue regions indicate known domains. Sequence identity (top) and similarity
(bottom) are given. (B) Shaker RNA expression as a percent of wild type is given for

shal®”

and animals with neuronal Shaker knockdown (c155-gal4/+ ;shakerRNAi/+) and
in the CG34366%” mutant as indicated (note CG34366""” is indicated as K,3.2 for
purposes of display). Shaker expression is unchanged in the CG34366"”” mutant. (C)
Representative EPSP traces for wt and CG34366"”7. The CG34366"”” EPSP amplitude
is slightly reduced compared to wild type (p < 0.01 Student’s t-test — see Table 2 for
average values). (D) Average mEPSP, EPSP, and quantal content without (white bars)
and with (black bars) 10 min PhTx incubation for wild type and CG34366"”". The
CG34366"” mutation shows no homeostatic increase in quantal content. All values are
also listed in Table 2. (E) Average mEPSP amplitude, EPSP amplitude, and quantal
content in the presence (black) and without (white) PhTx incubation for the indicated
genotypes including CG34366"”” mutant with presynaptic Shaker knockdown (c/55-
gald/+; CG34366%77; UAS-shakerRNAi/+) and control (CG34366""; UAS-
shakerRNAi/+). Values are normalized to the appropriate genotypic baseline. All
statistical comparisons are made within single genotypes. Presynaptic knockdown of

shaker does not rescue synaptic homeostasis in CG34366 mutants. *** indicate p <

0.001, * indicates p < 0.05 (Student’s t-test). Absolute values are listed in Table 2.
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Chapter 3:
Transcription Factor, kriippel is Activate by Loss or Inhibition

of Shal to Mediate Ion Channel Abundance
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Introduction

The activity of a neuron is determined by the number and combination of ion channels it
expresses. In order to maintain stable neuronal activity over time, homeostatic signaling
systems, operating at the level of individual cells, have been proposed to constrain
mechanisms of plasticity (Davis and Bezprozvanny, 2001; Frank et al., 2006; Marder and
Goaillard, 2006; Marder and Prinz, 2002; Perez-Otano and Ehlers, 2005; Turrigiano and
Nelson, 2004). One mechanism by which homeostatic regulatory systems are thought to
control neuronal excitability is through the regulation of depolarizing and hyperpolarizing
ion channel abundance (Desai, 2003; Davis, 2006; Marder and Prinz, 2002; Turrigiano
and Nelson, 2004). This has been demonstrated in cultured neurons, where chronic
perturbation of activity leads to compensatory changes in ion channel expression (Desai
et al., 1999). This has also been observed in lobster stomatogastric ganglion neurons
which, when removed from their synaptic inputs and isolated in cell culture, are initially
silent, but return to their baseline in vivo activity levels by altering their ion channel
composition (Turrigiano et al., 1995).

Further evidence that the homeostatic regulation of ion channels can restore set
point activity levels comes from knockout mutations. Loss of an ion channel does not
result in the altered activity predicted from pharmacological block of the same channel.
Once again, this is often due to compensatory changes in other ion channels, which work
to restore neuronal firing properties (Chen et al., 2006; MacLean et al., 2003; Marder et
al., 1996; Marder and Goaillard, 2006; Nerbonne et al., 2008; Swensen and Bean, 2005;

Van Wart and Matthews, 2006).
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Currently very little is known about the transcriptional regulation of ion channel
abundance. While much work has been done to elucidate the transcription factors
required for differentiation and the establishment of neuronal identity (Thomas, 2002;
Spitzer et al., 2002; Thaler et al., 2002; Isshiki et al., 2001), the transcription factors and
molecular mechanisms required to maintain identity (and the complement of ion channels
that determine a neuron’s identity) are entirely unknown. Also unknown is how
mechanisms of ion channel maintenance are altered when the neuron is presented with a
homeostatic challenge, such as loss of an ion channel or chronic perturbations in activity
and what additional transcription factors might be required to compensate for these
severe insults.

We previously demonstrated A-type potassium channels, Shal and Shaker (Sh),
are homeostatically, reciprocally coupled in Drosophila motoneurons where loss of either
channel leads to increased expression of the other. This provided us with an opportunity
to identify transcription factors underlying homeostatic changes in ion channel abundance.
Here we identify the motoneuron cell fate transcription factor, kruppel (kr), as a regulator
of Sh expression in early larval development with the ability to increase Sh expression in
sensory and motoneurons. We further show that Kr is aberrantly upregulated in shal
mutants and, remarkably, can be turned on in response to pharmacological block of A-
type potassium channels. Finally we provide evidence that Kr is required for the
upregulation of Sh in shal mutants in sensory neurons, but not motoneurons, indicating

that individual classes of neurons may have unique mechanisms of compensation.
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Results

We recently demonstrated that loss of the voltage gated A-type potassium channel, shal,
induces a compensatory increase in the expression of a second A-type potassium channel,
shaker (sh) and vice versa, suggesting homeostatic maintenance of A-type channel
abundance in Drosophila motoneurons. To define how neurons achieve this cell intrinsic
coupling of A-type potassium channels, we focus on the up-regulation of sh in shal
mutants. We chose this focus because, as we describe below, we identify the
transcription factor, kriippel (kr), to be linked to sh expression during early larval
development. We hypothesized that kr might also be responsible for increasing shaker

expression in shal mutants.

kriippel is Linked to shaker Expression in Neuronal Development

Recently a large study to gain insight into the molecular underpinnings of developmental
progression of post-mitotic neurons was performed by following gene expression patterns
of dissociated, FACS-sorted GFP-labeled cells in developing Drosophila embryos and
larvae using microarray-based expression profiling. Multi-dendritic sensory neuron
specific driver, UAS-2/-7, motoneuron specific driver, UAS-Ok371 and the pan-neural
driver, UAS-elav were used to drive GFP in specific populations of neurons in order to
isolate them for expression profiling. Multiple independently isolated samples were then
profiled at 24 hr intervals starting from the end of embryogenesis and spanning larval
development, at 20-24, 48,72, 96 and 120 hrs after egg laying (AEL). To increase the

likelihood of capturing expression signatures of most genes, custom microarrays
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designed to include multiple probes for virtually all Drosophila genes, including more
than 16,000 alternatively spliced mRNAs.

From this dataset we were able to predict the transcription factor that regulates sh
expression through development, hypothesizing that the same transcription factor might
also be responsible for increasing sh expression in shal mutants. We used an information
theoretic approach to model the regulatory network of developing larval neurons and
identified kr as a putative central regulator. Moreover, kr was directly connected to sk,
suggesting a direct regulatory link. The web in figure 1 shows the only genes, of all
genes expressed in the genome, found to be directly linked to either kr or sk in

development using this statistical method.

Overexpression of kriippel is Sufficient to Increase shaker Expression

To investigate whether Kr is sufficient to drive expression of Sh, we asked whether
transgenic overexpression of kr leads to increased sh expression in both sensory and
motoneurons in 3" instar larvae. We independently used the sensory neuron-specific
driver 27-7-gal4 and the motoneuron-specific driver Ok371- gal4 to overexpress UAS-kr
in each neuronal class and find, in animals with kr overexpression (OE), sh is
significantly increased compared with wild-type controls in both populations assayed by
microarray (Figure 2). These data show that Kr is sufficient to drive expression of Sh in
neurons and make Kr a strong candidate for regulating the increase in Sh seen in shal

mutants.

Kriippel is Aberrantly Expressed Specifically in 3" Instar shal Mutants
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If Kr is responsible for increasing Sh in shal mutants, the model would imply that Kr
should also be increased in the shal mutant backgroud. We were able to take advantage of
a previously developed Kr antibody to assay Kr expression in shal mutants. Consistent
with the gene expression data acquired by microarray, Kr protein is absent from neurons
by 3" instar in wild-type animals (Figure 3A and C). In contrast, there is clear up-
regulation of Kr positive cells throughout the CNS and ventral nerve cord (VNC) (where
motoneurons are located) in shal/ mutant animals (Figure 3B and C). This result strongly
supports the hypothesis that increased Kr drives increased Sh in shal mutants.

As Shaker and Shal are reciprocally, transcriptionally coupled and shal is
increased in sh mutants, we wondered whether Kr might also be aberrantly expressed in
sh mutants. However, we see no increase in Kr staining in s2 mutants (Figure 4). We
further assayed Kr expression in an additional five voltage gated ion channel mutants.
We see no increase in Kr in eag, slo, hk nor cac mutants. There is a small but significant
increase in Kr positive cells in para mutants, but this increase is an order of magnitude
less than the increase seen in shal mutants, underscoring the specificity of increased Kr

within the shal mutant background (Figure 4).

Overexpression of kriippel Phenocopies shal Mutant NMJ Physiology

The above results demonstrate that Kr and Sh are linked developmentally, that increasing
kr expression is sufficient to increase sh and that Kr is aberrantly increased in shal
mutants. These data support a model in which Kr expression is increased due to loss of
Shal and this increased expression of Kr drives the compensatory increase in Shaker. We

next sought to determine whether the increase in sh expression seen at the transcript level
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by array translates into increased Sh protein. Although specific tools to visualize Sh
specifically in motoneurons are currently unavailable, the electrophysiological function
of Sh is well characterized, permitting functional determination of Sh activity.
Incubation of the Drosophila NMJ with philanthotoxin-433 (PhTx), a glutamate receptor
antagonist, for 10 min decreases postsynaptic receptor sensitivity and induces
compensatory increase in presynaptic neurotransmitter release. This increase in release
precisely compensates for the decrease in postsynaptic receptor sensitivity to restore
muscle excitation to baseline levels, a process termed synaptic homeostasis. We have
shown previously that increased Sh at the NMJ of shal mutants blocks the expression of
synaptic homeostasis at the NMJ. It follows that if increased Kr causes increased Sh
protein, then Kr overexpression should also block synaptic homeostasis. To test this
hypothesis we used the Ok371-gal4 driver to overexpress UAS-kr specifically in
motoneurons.

We assayed baseline transmission and homeostatic compensation in animals
overexpressing Kr. There is no significant change in mEPSP amplitude comparing
Ok371-gal4/+; Uas-kr/+ (Kr OE) with wild-type control Ok371-gal4/+. There is a
statistically significant deficit in EPSP amplitude in Kr OE (Figure 5A) and a
corresponding decrease in quantal content when compared to wild-type controls. We
also observe a small but significant decrease in EPSP amplitude in shal mutants. These
results phenocopy the increase in Sh observed following loss of shal (Bergquist et al.,
2010).

We next analyzed synaptic homeostasis in Kr OE animals. Following the

application of PhTx, mEPSP amplitudes are similarly suppressed in Kr OE and control
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animals. However, EPSP amplitudes fail to recover to baseline and calculation of quantal
content demonstrates that the normal, homeostatic enhancement of presynaptic release is
blocked. Therefore, Kr OE is sufficient to block the acute expression of synaptic
homeostasis (Figure 5B-C).

To further test whether increased presynaptic Sh is responsible for the block of
synaptic homeostasis in Kr OE animals, we used RNAi to knock down s specifically in
motoneurons. We have previously demonstrated that driving this construct
presynaptically effectively knocks down sh expression to 69.19 + 6.11%, and that this
knockdown in shal mutants rescues synaptic homeostasis. We therefore hypothesized
that homeostasis would similarly be restored by expression of this sh RNAi in the Kr OE
background. This is what we observe (Figure 5B-C). In addition, baseline transmission
is also significantly improved compared with Kr OE alone (Figure 5SA). These data show
that Kr OE causes increased Sh protein, which is sufficient to block synaptic homeostasis.
Therefore, overexpression of Kr phenocopies the increased Sh expression that is observed
in the shal mutant animals, consistent with the conclusion that increased Kr expression is

sufficient to increase the expression of Sh protein in motoneurons.

Kriippel is Upregulated in Response to Pharmacological Inhibition of A-type
Potassium Currents

We have provided genetic and electro-physiological evidence that increased Kr in
motoneurons is sufficient to increase Sh, and that Kr expression is increased in shal
mutants. Taken together these data support the hypothesis that increased Kr drives

upregulation of Sh in shal mutants. We next sought to answer two additional questions.
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First, is increased Kr seen in shal mutants a direct result of the loss of Shal mediated A-
type potassium currents? If so, how long must channels be inhibited before Kr expression
is increased? We envision two alternative models, based on the fact that Kr is a
developmentally regulated gene that is highly expressed in developing motoneurons, but
is then turned off and becomes nearly undetectable in motoneurons by the end of larval
development. In one model, the absence of shal causes Kr expression to be maintained
from the embryo through to late larval stages. This model suggests that the homeostatic
modulation of ion channel abundance is achieved because motoneurons fail to transition
from an early embryonic fate to a fully mature motoneuron fate. This model further
predicts that acute changes in shal following down-regulation of Kr would be ineffective
in initiating a homeostatic change in Sh expression. In a second model, loss of Shal
activity at any time during development is sufficient to induce the expression of Kr. In
this manner, Kr would function as a type of ‘immediate early gene’ that is directly
responsive to change in Shal function (and quite specific to changes in Shal function
since loss of other ion channel genes do not induce an increase in Kr expression).

We are able to address these questions by taking advantage of the A-type
potassium channel antagonist 4-aminopyridine (4-AP). We fed larvae 4-AP (see
methods) for 6, 12,18, and 24 hours to test whether we could observe an increase in Kr
immuno-staining following pharmacological inhibition of A-type potassium currents.
Larvae were aged so that they were wandering 3" instar at the time of dissection. As
previously shown, wild-type 3" instar animals have very few Kr expressing cells in the

VNC (Figure 6A). Kr expression remained unchanged following 6 and 12 hours of 4-AP
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feeding. In contrast, we observed a slight increase after 18 hours (Figure 6B) and a
robust increase by 24 hours (Figure 6C).

This result demonstrates that Kr can be reactivated acutely at a late developmental
time point when Kr expression is normally low or eliminated in most neurons. These
data also demonstrate that Kr can be activated by acute inhibition of I,. Although 4-AP
will inhibit both Shaker and Shal and may inhibit additional voltage gated potassium
channels, our earlier findings demonstrate that Kr is specifically up-regulated in shal
mutants. Therefore, our data suggest that acute block of the Shal current is sufficient to
drive increased Kr expression. These data are consistent with the second model in which
Kr expression is directly responsive to changes in Shal function. These data rule out the
model that homeostatic control of ion channel abundance is due to the maintenance of an
early embryonic neuronal fate.

Finally, we addressed which cells express Kr following inhibition of Shal either
genetically or pharmacologically. In order to quantify the number of motoneurons that
show increased Kr expression, we used Ok371-gal4, UAS-T2-GFP animals to label
motoneurons. We were surprised to find very little overlap between GFP labeled
motoneurons and Kr labeled cells (Figure 6C and Ci). This demonstrates that while Kr is
significantly increased in cells throughout the VNC, it is not upregulated in motoneurons
following acute block of Shal. Therefore, although increased Kr is sufficient to drive a
change in Shaker expression in motoneurons, it does not appear to be responsible for the
change in Shaker that is observed in motoneurons. Rather, Kr appears to drive a

homeostatic change in Sh expression in a subset of central neurons that does not include
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motoneurons, suggesting cell-type specific transcriptional programs that mediate

homeostatic regulation of ion channel abundance.

Kr Increase Localizes to Sensory but not Motoneurons

Finding very few motoneurons with increased Kr following 4-AP feeding led us to
directly test which cell types had increased Kr seen in shal mutants. Due to our inability
to visualize motoneurons in shal mutants (described above), we employed shal RNAi to
assess the effect of decreasing Shal activity. Using the motoneuron driver, Ok371 we
found that shal RNAi significantly reduces Shal in motoneurons as visualized by the loss
of Shal staining in the axon initial segment of motoneurons as they leave the ventral
nerve cord compared with wild-type controls (Figure 7). We also observed a significant
increase in Kr expression in the central nervous system, although the magnitude of the
increase was less than observed in shal mutants (136.82+14.53). To increase the
effectiveness of Shal knockdown, we drove shal RNAi in shal heterozygous mutants,
which survive to third instar. We additionally drove UAS-T2-GFP in order to visualize
motoneurons. As in shal mutants, we observed significant up-regulation of Kr (Figure
8B and C). However, colocalization between Kr and GFP was not observed, indicating
that increased Kr expression does not occur in motoneurons (Figure 8D). Therefore,
despite being sufficient to increase Sh in motoneurons, Kr does not mediate the
homeostatic ion channel coupling in motoneurons. We hypothesize that there may be
cell-type specific transcription factor signaling that controls the homeostatic regulation of

ion channel abundance.
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Because we also observed Sh upregulation in sensory neurons in the peripheral
nervous system (PNS) as a result of Kr overexpression, we hypothesized that Kr could be
upregulated in sensory neurons in shal mutants. As in motoneurons, Kr protein is absent
from sensory neurons in 3" instar wild-type animals (Figure 9). However, we observed
clear up-regulation of Kr in ska/ mutant sensory neurons (Figure 9). We showed
previously that Kr OE in sensory neurons is capable of increasing sh (Figure 2). Thus, it
appears there are cell-type specific transcriptional programs that achieve homeostatic
control of Sh expression. Kr may be the key regulator in sensory and other CNS neurons,
while the transcription factor responsible for homeostatic control of ion channel

abundance in motoneurons remains unknown.
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Discussion

Microarray analysis of gene expression in isolated neuronal cell populations identified
the developmental connection between kr and sh expression. Further, overexpression of
kr in both sensory and motoneurons leads to increased expression of sk. From this data
we hypothesized that Kr was responsible for the homeostatic increase in Sh seen in shal
mutants. In support of this hypothesis, we see a dramatic increase in Kr expression, in
shal mutants. Finally Kr OE phenocopies shal mutant physiology, driving increased Sh
expression to presynaptic terminals resulting in blocked synaptic homeostasis. These
data demonstrate that Kr is sufficient to drive the functional expression of Sh. While not
required in motoneurons, our data suggest Kr may be required in sensory neurons and
support the model that Kr is required in a cell-type specific manner to increase Sh

following loss or inhibition of Shal.

Cell Intrinsic versus Network Compensation
We demonstrate that Kr is increased in sensory neurons and other CNS neurons in shal
mutants. This suggests that Kr can control this A-type potassium channel homeostasis in
some neuronal populations. Most convincingly in support of this hypothesis is our data
in sensory neurons. Here we show Kr is upregulated strongly in sha/ mutants, and
overexpression of kr drives increased sh. However, we lack the physiology from sensory
neurons to confirm that increased s is functionally expressed to compensate for the loss
of Shal.

Another interesting hypothesis is that Kr is acting in the network to increase Sh to

turn down excitability, but not always cell intrinsically. Compensatory changes in ion
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channel abundance are thought to be cell intrinsic, responding to changes in activity
and/or specifically to loss of a particular ion channel within the cell that they are
expressed. This has been supported by models of maintaining stable circuit activity,
which suggest that cell autonomous sensors working to stabilize activity cell intrinsically
are sufficient to govern stability in entire networks (Marder and Prinz, 2002). In addition
it has been shown that neurons removed from their synaptic partners can, with time,
adjust their complement of ion channels to retarget their own activity pattern (Turrigiano
et al., 1995). However, if neurons expressing Shal imperfectly compensate, there will be
changes in activity in connecting neurons, which should then result in changes in ion
channel abundance in neighboring cells. And although retrograde control of neuronal
excitability has not been demonstrated, ours and other labs have demonstrated retrograde
control of synaptic efficacy, indicating the existence of intercellular homeostatic
signaling (Davis and Bezprozvanny, 2001; Petersen et al., 1997; Plomp et al., 1994;
Frank et al., 2006; Burrone et al., 2002). It may be beneficial for the circuit to act in a
coordinated way, in this case to turn down activity in cells both up and downstream of

Shal expressing cells.

Reutilization of Neuronal Differentiation Transcription Factors in Ion Channel
Homeostasis

The demonstration that Kr can be upregulated within 24 hours of A-type potassium
channel inhibition is remarkable for several reasons. Kr is a master developmental
regulatory transcription factor shown to be involved in early Drosophila patterning as

well as neuronal specification and differentiation in vertebrates and invertebrates (Abrell
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and Jéackle, 2001; Brody and Odenwald, 2000; Isshiki et al., 2001). In addition, Kr-like
factor 4 was identified by Yamanaka and colleagues to be one of the transcription factors
required for re-differentiation of stem cells (Takahashi and Yamanaka, 2006). It is
interesting to speculate that neurons may reuse transcription factors initially required to
establish the complement of ion channels expressed in response to long-term block of an
ion channel to re-establish proper ion channel balance to restore activity. It will be
important to determine if this is a mechanism used by motoneurons as well, and if so,
whether we can begin to predict the transcriptional regulators a given cell-type will
utilize, perhaps based on their developmental transcription factor profile. It is also
important to note that Kr and other early cell-fate regulatory transcription factors of
course have numerous gene targets. With this in mind it will also be important to further
identify the mechanism underlying which of the many gene targets are actually altered

and how this is regulated.
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Figure 1. kr and sh are developmentally linked.
(A) Web depicting all genes developmentally linked to Kr and Sh with genes located in
hugs. Based on mutual information theory direct connection of genes predicts

developmental regulation. Length of arms has no significanc.
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A wild-type  Kr OE

Motoneurons

Sensory Neurons

Figure 2.

Overexpression of kr drives increase s/ in sensory and motoneurons.

(A) Top: Heat maps depicting shaker expression in isolated motoneuron in wild-type
(left) versus Ok371-gal4; UAS-Kr (Kr OE). Bottom: Heat maps depicting shaker
expression in isolated sensory neurons in wild-type (left) versus 21-7-gal4; UAS-Kr (Kr
OE). Green indicates low expression and red indicates high expression. Overexpression
of kr in either sensory or motoneurons is sufficient to increase sh expression in the same

cell.
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Figure 3. Kr is Aberrantly Expressed in shal Mutants

(A) Representative images of Kr protein within the ventral nerve cord and CNS in wt (A)
and shal’” (B). (scale bar = 40 microns). Kr is only expressed in a few cells in wt 3"
instar larvae. Kr is highly expressed in shal mutants (C) Quantification of the number of
Kr filled cells specifically in the ventral nerve cord normalized to wt. *** indicates p <

0.001 (Student’s t-test).
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Figure 4. Kr increase is Specific to shal Mutants

(A) Quantification of the number of Kr filled cells in the ventral nerve cords of six ion
channel mutants normalized to wt. There is a small but significant increase in para
mutants * indicates p < 0.05 (Student’s t-test). shal mutants show the larges increase in

Kr. *** indicates p < 0.001 (Student’s t-test).

83



Kr+ Cells (% Baseline)

84



Figure 5. Kr Overexpression Phenocopies shal Mutant Physiology

(A) Average EPSP amplitudes are shown for contols, Ok371-gal4/+, Ok371-gal4/+;
UAS-Kr/+, and Ok371-gal4/Sh RNAi; UAS-Kr/+. EPSP amplitudes in Ok371-gal4/+;
UAS-Kr/+ is significantly reduced compared to wt. Corresponding reductions in quantal
content were observed. (B) Average mEPSP values, normalized to their own baseline
for the indicated genotypes, in the absence of PhTx (black bars) and following PhTx
incubation (white bars). (C) Average quantal content normalized to baseline as in (B). All
statistical comparisons are made within single genotypes. Overexpression of Kr prevents
a homeostatic increase in quantal content following PhTx incubation. This can be

rescued by co-expression of shaker RNAi. *** indicates p < 0.001 (Student’s t-test).
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Figure 6. Acute Activation of Kr Following Inhibition of I,

(A) Representative images of Kr protein (red) within the ventral nerve cord and CNS in
Ok371-gal4, T2 GFP (A) following 18 hours 4-AP feeding (B) and 24 hours 4-AP
feeding (C). Top panels show GFP and Kr overlay. Bottom panels show just Kr (Ci)
Higher magnification of the ventral nerve cord following 24 hours 4-AP feeding. Kr is
not expressed in GFP labeled motoneurons. (D) Quantification of the number of Kr filled
cells specifically in the ventral nerve cord normalized to wt. *** indicates p < 0.001
(Student’s t-test). Kr expression is significantly increased within 24 hours of 4-AP

feeding.
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Figure 7. shal RNAi Reduces Shal in Motoneurons

(A) Representative images of Shal (green) and Kr (red) protein within the ventral nerve
cord and CNS in wt (A), shal” (B), and Ok371-gal4/shal RNAi (C) (scale bar = 40
microns). Bottom panels show each color channel in isolation. Shal is highly expressed
in the neuropil and axons as they leave the ventral nerve cord. Anti-Shal staining is

absent in in shal*”

mutants. Anti-Shal staining is still present in the neuropil, but is
completely absent in the motoneuron axons in animals expressing shal RNAi specifically

in motoneurons.
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Figure 8. Kr Increase Does Not Localize to Motoneurons

(A) Representative images of Kr protein (red) and GFP within the ventral nerve cord and
CNS in Ok371-gal4, T2 GFP (A) and Ok371-gal4/shal RNAi; shal’’/+ (B). Left panels
show overlay, middle panels show GFP and right panels show Kr staining. (C)
Quantification of the number of Kr filled cells specifically in the ventral nerve cord
normalized to wt. *** indicates p < 0.001 (Student’s t-test). Kr expression is
significantly increased in Ok371-gal4/shal RNAi; shal’”/+. (D) Higher magnification of
the ventral nerve cord Ok371-gal4/shal RNAi; shal’”/+. Kr is not expressed in GFP

labeled motoneurons.
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Figure 9. Kr Increase Does Localize to Sensory Neurons

(A) Representative images of Kr protein (purple) and neuron specific Futch protein
(green) in PNS sensory neurons in wt (Top panels) and shal*” (Bottom panels). Left
panels show overlay, right panels show Kr staining. Kr is not expressed in wt sensory

neurons. Kr is expressed in sensory neurons in shal*”.
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Chapter 4:
Expression Profiling Isolated Motoneurons: Assessing

Compensation in Voltage Gated Ion Channel Mutants
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Introduction

The firing properties of a neuron are a result of the complement of ion channels it
expresses, and changes in the abundance, type and distribution of these channels lead to
altered patterns of activity. Further, while neurons persist a lifetime, ion channel turnover
occurs on a timescale of minutes to days. In order to maintain stable intrinsic properties,
a neuron must regulate the synthesis, insertion and degradation of the channels that
govern its excitability. Homeostatic signaling systems have been proposed to monitor
and maintain functional intrinsic membrane properties (Davis and Bezprozvanny, 2001;
Frank et al., 2006; Marder and Goaillard, 2006; Marder and Prinz, 2002 and 2003; Perez-
Otano and Ehlers, 2005; MacLean et al., 2003; Desai, 2003; Davis, 20006).

There are two mechanisms by which homeostatic regulatory systems have been
proposed to maintain intrinsic membrane properties. First, chronic changes in neuronal
activity have been demonstrated to cause compensatory changes in ion channel
abundance, supporting a model where neuronal activity is homeostatically regulated
(Davis, 2006; Marder and Prinz, 2002; Turrigiano and Nelson, 2004; Desai, 2003).
Second, in lobster stomatogastric ganglion neurons overexpression of shal, which is
responsible for the transient I, potassium current, lead to compensatory increases in the
opposing I; current. The same increase in I;; is seen even when an inactive Shal channel
is overexpressed, which results in altered neuronal activity. This supports a model where
expression of pairs or groups of ion channels is coupled independently of activity
(MacLean, 2003; Marder and Prinz, 2003).

Potentially in support of either model above, animals lacking a specific ion

channel often maintain normal neuronal activity as a result of compensatory changes in

96



other ion channels. In these knockout mutants activity is maintained, supporting the first
model. However, in many cases compensation comes from altered abundance of only
one or two channels suggesting again that their may be specific coupling of pairs of ion
channels which govern how a neuron will respond (Chen et al., 2006; MacLean et al.,
2003; Marder et al., 1996; Marder and Goaillard, 2006; Nerbonne et al., 2008; Swensen
and Bean, 2005; Van Wart and Matthews, 2006).

To determine if a discernable pattern in ion channel compensation exists that
would be able to predict the response of a neuron to the loss of any one channel, an
unbiased approach to assay all changes in channel expression in an identified neuron is
needed. Equally important is the ability to compare between several mutant backgrounds.
Well-characterized ion channel mutants exist in Drosophila along with the ability to
genetically label specific cell-types. Taking advantage of this system, here we perform
DNA microarray expression profiling on FACs sorted motoneurons from five different

ion channel mutants.
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Results
We selected five voltage gated ion channel mutants to begin our study; potassium
channels, shaker' (sh), ether a go-go' (eag), and hyper-kinetic' (hk), calcium channel,

cacophony"® (cac), and sodium channel, paralytic’”

(para). We chose these mutants for
two reasons. First, these mutants have all been extensively characterized in Drosophila
motoneurons and are all severe hypomorphic alleles or complete loss of function mutants
to provide a significant homeostatic challenge. Second, we selected mutants that will
result in both increased and decreased neuronal excitability to increase the likelihood of

being able to distinguish between activity dependent compensatory changes and

transcriptional coupling unrelated to activity.

FAC:s Isolation of Motoneurons

It has been demonstrated that loss of a given ion channel is compensated for in different
ways in different cell-types (Chen et al., 2006; Nerbonne et al., 2008; Swensen and Bean,
2005; Van Wart and Matthews, 2006). Therefore, while assaying all neurons will
provide insight into common mechanisms of compensation, cell-type specific details will
be lost. For this reason we assayed gene expression patterns specifically in dissociated,
FACS-sorted GFP-labeled motoneurons. To do this, we expressed the cytosolic UAS-72
GFP with the motoneuron specific driver, Ok371-gal4 in all of the channel mutants.

Demonstration of GFP labeled motoneurons can be seen in figure 1.

Changes in Voltage-Gated Ion Channels
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Significant changes in ion channel expression for each mutant assayed are shown in
figure 2. In all of our data, significance was determined by SAM analysis with a 1
percent false discovery rate. Several very interesting things emerge from this data set.
Interestingly, only three voltage-gated ion channels were found to be significantly altered.
It should be noted that many of the known voltage-gated ion channels were below
detection level in wild-type, most notably, shal, which we have shown by quantitative
PCR to be increased in sh mutants (see discussion). First, slowpoke (slo), the large
conductance calcium activated potassium channel is increased in s mutants, revealed by
two independent slo probes (Fig 2A). Both Slo and Sh are localized at the presynaptic
terminal in motoneurons and are both required for repolarization of the terminal. Further
it was shown that both sh and slo mutations alone cause relatively minor delays in
repolarization. However, addition of sk antagonist 4-aminopyridine (4AP) to slo mutants
caused significant delays in repolarization (Gho and Ganetzky, 1992). Taken together
with our data it suggests Sh and Slo are may be reciprocally coupled to maintain terminal
excitability. In addition a previously uncharacterized voltage-gated anion channel,
CG17139, is also altered in sh mutants (Fig 2A).

Second, sh is decreased in cac mutants (Fig 2B). cac encodes the Ca,2.1 channel
that is exclusively localized in the presynaptic terminal and is required for stimulus-
evoked transmitter release at the NMJ (Frank et al., 2006). The cac’ mutant is a
hypomorphic allele that causes a deficit in basal synaptic transmission. Decreased
presynaptic Sh would work to increase calcium influx by extending the terminal

repolarization time as mentioned above.
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Modulation of Ion Channel Homeostasis

Non-voltage-gated ion channels were the most represented in our data set. These probes
are represented across mutants and include: chloride channels, pHCI, CG31116 and
CG17139, cation channels, TrpA1l, CG34369 and pyx, potassium channels, CG42594,
Task6, and the inward rectifying potassium channel, Irk3. Although not expected, this
result is perhaps not surprising. Modulation of resting membrane potential will have
significant effects on the excitability of the neuron. Understanding how these ion

channels function in motoneurons will be of great interest moving forward.

The Nicotinic Acetylcholine Receptor is Surprisingly Decreased in both cac and para
Excitatory inputs onto Drosophila motoneurons are cholinergic. Mutations in both cac
and para will severely decrease excitability and output of motoneurons. It is therefore
counterintuitive that the acetylcholine receptor (AcR) subunits are decreased in both
these backgrounds. There are, however, multiple AcR subunits in Drosophila and it is
therefore conceivable this result depicts a reorganization in the receptor subunit
complement to perhaps promote a higher conductance complement. Although this has
not been well studied in Drosophila evidence for receptor subunit composition conferring
different conductances has been well demonstrated at the Drosophila NMJ and at

vertebrate CNS glutamatergic synapses.
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Discussion

Activity Dependent versus Transcription Dependent Compensatory Mechanisms
With relatively few channels demonstrated to be significantly different in our data, we
still cannot clearly distinguish between these two mechanisms. The numerous channels
that appear to regulate ion gradients within the neuron that immerged from our data are
suggestive of an additional homeostatic mechanism to control neuronal activity.
Research to this point has focused on active properties of neurons (Davis and
Bezprozvanny, 2001; Frank et al., 2006; Marder and Goaillard, 2006; Marder and Prinz,
2002 and 2003; Perez-Otano and Ehlers, 2005; MacLean et al., 2003; Desai, 2003; Davis,
2006). Regulation of the passive properties of a neuron can profoundly alter excitability
and leaves numerous compelling questions to pursue. How these channels work in wild-
type animals let alone whether we will be able to measure changes in resting potential in

any of our mutants as a result of these changes are all open questions.

Sh reveals the most changes

We have the most data from Sh mutants. In total we performed 12 independent
microarrays (as compared to 4 for all other mutants) comparing wild-type and sh
expression profiles. That we have identified the greatest number of differences in this
background is indicative of the fact that many of the voltage-gated ion channels, which
were the driving force behind this project, are expressed below detection level even in
wild-type animals. Concurrent work carried out by our collaborators Charlie Kim and Jay
Parrish in the labs of Joe DeRisi and Yuh Nung Jan revealed through expression profiling

neurons throughout larval development that most all transcripts encoding genes that are
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specific to neuronal function, including neurotransmitters, ion channels, and signaling
molecules required for neurotransmission are expressed at high levels early in larval
development but are down-regulated by the 1°-2" instar transition. It has not been
determined whether this drop in expression at the transcript level translates to decreasing
protein level, but this is unlikely considering the most extensive period of larval growth
occurs after the 1%-2" instar transition. It is therefore possible that by assaying 3" instar
larvae we have missed a lot of the changes in ion channel expression.

In addition to ion channels, our dataset includes the entire expression profile for
3" instar motoneurons from five different mutant backgrounds. Although this dataset is
new, and therefore not fully analyzed to present here, we have obtained a wealth of

information to begin to look through to shape future areas of research.
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Figure 1. Ok371, T2 GFP Labels Motoneurons
(A) Representative images of Ok371, T2 GFP (green) labeled motoneurons within the

ventral nerve cord and peripheral axons.
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Figure 2. Changes in ion channel expression in ion channel mutants

(A) Heat maps depicting gene expression in wt (left) and sh (right) for all ion
channels that were significantly altered in sh mutants. (B) Heat maps depicting gene
expression in wt (left) and indicated mutant (right) for all ion channels that were
significantly altered in each mutant. Genes are listed on the right. Repetition

indicates multiple probes. Blue is low and yellow is high expression.
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Chapter 5:

General Conclusions
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The nervous system has an incredible capacity for change. Modification of synaptic
strength, cellular excitability and morphology are continuous readouts of the nervous
system’s ability to respond to new experience. A concurrent and equally important task
for the nervous system is to maintain activity within a functional range while still
allowing for adaptation. That the nervous system manages to do this is evidence of
homeostatic maintenance of neuronal activity. Understanding these homeostatic
mechanisms is necessary to understand nervous system function and also will provide
insight into a great number of CNS disorders where control of activity is lost.

Work in the previous chapters demonstrates that homeostatic control of both cell
intrinsic excitability and synaptic strength function in Drosophila. We provide evidence
that loss of shal induces a compensatory increase in shaker expression, and vice versa,
suggesting homeostatic maintenance of A-type channel abundance in Drosophila
motoneurons. Further, compensatory increase in shaker occludes synaptic homeostasis.
It is unknown whether independent homeostatic signaling systems are somehow
coordinated within the nervous system. My work shows that intrinsic excitability is
favored over synaptic compensation in this system and argues against coordination.

We then show that loss and acute block of Shal activate the transcription factor &r,
which is sufficient to drive increased Sh expression. Although Kr is not increased in
motoneurons, it is in sensory neurons and is the first demonstration of transcription factor
activation leading to compensatory changes in ion channel expression following a
homeostatic pressure. We are currently in the process of screening transcription factors

in the continued hope of identifying the mechanism of this A-type potassium channel
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coupling within motoneurons. It is also an interesting finding that different classes of
neurons activate independent transcription factors in response to the same perturbation.

We have only begun to study the molecules involved in the compensatory
regulation of ion channels. However, with the relatively (in comparison to vertebrates)
few voltage gated ion channels that are expressed within motoneurons, the availability of
knockouts, the ability to assay physiology in motoneurons and downstream muscles and
finally, the addition of expression profiling, we are well poised to begin this process. In
my final chapter we demonstrated that motoneurons are accessible to FACS sorting and
microarray analysis. Concurrent work in DeRisi and Jan labs has further demonstrated
that most all of the voltage gated ion channels decrease expression through development
and by third instar are often undetectable. Therefore, conducting gene expression arrays
on 2" instar may prove far more informative for assessing changes in ion channel
abundance and whether, as we predict, there are identifiable rules governing

compensatory changes in ion channel abundance.
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EXPERIMENTAL PROCEDURES

Chapter 2

Electrophysiology Neuronal recordings:

All experiments were performed on wandering third-instar larvae. Preparations were
achieved by gluing both anterior and posterior extremities to sylgard (Silicone Elastomer
2-Part, World Precision Instruments, Inc) coated cover slips and then making a dorsal
incision. The fat and guts were removed, care was taken to leave the ventral nerve cord
(VNC) intact. The VNC was then glued to the body wall (Glue is Histoacryl, Braun
Aesculap). Dissections were made in external saline (in mM, 135 NaCl, 5 KCl, 4 MgCl,
- 6H,0, 2 CaCl, - 2 H,0, 5 HEPES, 36 sucrose, pH 7.1). Protease (Protease, Type XIC:
Bacterial from Streptomyces griseus, Sigma-Aldrich, St. Louis, MO) was focally
administered to the ventral nerve cord using a glass pipette pulled to ~10 um tip diameter.
Debris was constantly cleared using the pipette with positive and negative pressure. With
adequate exposure to the protease, the outer and inner membranes of the ganglion are
disrupted revealing the motor neurons. Motor neurons in the VNC are organized
stereotypically with repeating segmental arrays of somata. We focused on the bilaterally
symmetric dorsomedial clusters aligned parallel to the midline and containing motor
neurons (MN) 1, 6/7, 14, and 30-Ib and MNISN-Is. These neurons form a cross like
cluster and are easily isolated due to their dorsal location within the VNC (Choi et al.,
2004). To further verify motor neuron identity, several cells were filled during
recordings (alexa 488) and imaged post recording. Motor neuron axons project to the
body-wall muscle through nerves that exit the VNC in each segment and positively

identified the cells as motor neurons. Whole cell recordings were made in K* isolation
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saline (external saline with the addition of 1uM TTX). Thick-walled borosilicate glass
electrodes (GC100TF-10; Harvard Apparatus, Edenbridge, UK) were pulled and fire
polished to a resistance of 5-10 MQ. Internal solution contained (in mM: 140 KCH,SO;,
2 MgCl, - 6H,0, 2 EGTA, 5 KCl, 20 HEPES, pH 7.4). Recordings were obtained with an
axopatch 200B amplifier (Axon Insturments, Union City, CA, USA). Cells were held at -
60mV. To isolate the I,, two separate electrophysiological protocols were run. The first
used a hyperpolarized conditioning pulse (-90mV), which removed inactivation from I,
and was followed by depolarizing command pulses (-60 to +20mV), which activated both
I, and I;. The second protocol was then run starting with a more depolarized (-40mV)
conditioning pulse, which completely inactivated I, and was then followed by the same
command pulses, activating only Iy. Currents recorded under these two protocols were
then electronically subtracted offline using Clampfit 9.0 (Axon Instruments) to give the

isolated I,,.

Muscle recordings:

All neuronal recordings were performed on central neurons from wandering third-instar
larvae (see Supplemental Methods for additional detail). For muscle recordings, quantal
content was calculated for each individual recording by calculating the average
EPSP/average mEPSP (Albin and Davis, 2004; Davis et al., 1998; Paradis et al., 2001).
EPSPs, mEPSPs, and quantal contents calculated for each recording were then averaged
across animals for a given genotype. As a control, all calculated quantal content values
were corrected for non-linear summation (Davis and Dickman, 2009). In no case does

this correction alter the statistical significance of our comparisons or conclusions.
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Therefore, the majority of our data are presented as non-corrected values with the
exception of data presented in Figure 3, which compares quantal contents across a range

of extracellular calcium concentration.

Anatomical Analysis

Third-instar larval preparations were fixed in Bouins, washed and incubated overnight at
4°C in primary antibody: anti-shal (1:500; rabbit; a kind gift from Dr. Ronald Harris-
Warrick). Ventral Nerve Cord image stacks were captured using a Zeiss Axioskop 2
microscope and the Zeiss LSM 510 Meta Laser Scanning System. Staining quantification
was done using Image J software. Shal fluorescence intensity along the axons was
calculated within a 10xm* box. This box was then moved along the length of the axon in
10pm increments. The box was oriented in the HRP channel to properly visualize the
axons and then switched to the shal channel for intensity calculations. Four axons from
four animals were used for each genotype. Anatomical visualization of the NMJ to
quantify bouton numbers was achieved by staining the NMJ with anti-nc82 (gift from
Erich Buchner) and anti-Dlg (Pielage et al., 2008). Bouton numbers were quantified as

described previously (Albin and Davis, 2004).

Statistical Analyses

All comparisons were analyzed using both Student’s t-test and either a one-way or two-
way ANOVA including Bonferroni post-test. In all cases, the conclusions and statistical
significance remained the same for both types of analysis. Figure legends indicate which

test is depicted in graphical form.
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CNS Quantitative RT-PCR

Primer-probes specific for real-time PCR detection of Shal, Shaker, Ribosomal protein
L32 (RpL32) were designed and developed by Applied Biosystems. The CNS was
removed from 25 third-instar larvae per sample (3-6 samples/genotype). Total RNA was
isolated from each sample using the standard Trizol protocol. A DNase digestion was
then done to remove all potential DNA contamination (RQ1 RNase-free DNase
Promega). RT was performed (Tagman reverse transcription reagents, Applied
Bioscience) using random hexamers and 1ug total RNA. A no RT control was performed
for each sample. Purified cDNA was used as a template in 30ul PCR reaction (TagMan

Universal PCR Master Mix, no AmpErase UNG, Applied Biosystems). This 30ul

reaction was divided into three 10ul triplicates. In addition, one 10ul no RT reaction was
used for each sample. The ABI Prism 7900 was used for all PCRs. Cycle threshold (Cy)
was determined by automated threshold analysis using SDS2.3 software according to the
manufacturer’s instructions (Applied Biosystems, Foster City, CA). Comparative Shal
and Shaker levels (between wt and mutant animals) were determined using the AAC,
method (Applied Biosystems User Bulletin No. 2). To determine if the two amplification
reactions have the same PCR efficiency, AC; (C; of experimental gene - C; of reference
gene) values are determined across the serial dilutions and plotted against the log of the
cDNA dilution. A slope close to zero indicates equivalent amplification efficiency. This
was done and both Shal and Shaker have approximately equal amplification efficiencies
compared with the endogenous control, RpL32. Briefly, the AAC; method is as follows:

AC; values are determined as explained above. Next, experimental animal (mutants) AC;
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values were subtracted from control animal (wt) AC; values to give the AAC;. Finally
using the equation 2A(-AAC;) x 100 the percent expression of each gene in experimental
compared to control animals was calculated. Each control animal sample was compared
to each wild type sample (Applied Biosystems User Bulletin No. 2). In four shal*’
samples, Shal levels were below detection levels. To generate averages these samples

were counted as 0.

Fly stocks and Genetics

In all experiments, the w'/’® strain was used as the wild-type control and animals were
raised at 22°C unless otherwise noted. shaker RNAIi (shakerRNAi) was obtained from
Vienna Stock Center (VDRC stock 23671 and 23673). shakerRNAi; shal’” were crossed
to ¢155-gal4;;shal® and raised at 30°C in parallel with controls. EKO-222 (a kind gift
from Dr. Haig Keshishian) flies were crossed to Ok6-gal4 and raised at 25°C in parallel
with controls. All other mutant fly lines were obtained from the Bloomington Drosophila
stock center (Bloomington, IN) or the Exelixis Drosophila disruption lines (Harvard

University, MA).

Chapter 3 and 4

Cell dissociation and sorting
Ventral Nerve Cord (VNC) cell suspensions of dissected tissue were generated using
mechanical and enzymatic dissociation. VNCs were dissected out of 3" instar larvae in

PBS. Approximately 50 brains were used per sample. Collagenase A (Img/mL) was
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added to the VNCs to a final volume of 500 pL.. Dissociation was obtained by three
repetitions of the following: mixing 5 min at 1000 RPM in 37°C ependorf
thermomixer and triturating by pipetting 10x through a 1000mL pipet tip.
Following dissociation, samples were filtered through a 70mm filter and sorted on a
FACSAria II (Becton, Dickinson and Company). Neuronal populations exhibited unique
forward scatter (FSC) and side scatter (SSC) properties, which increased gating
specificity. GFP* non-autofluorescent events were sorted into Trizol and samples were

immediately frozen on dry ice.

RNA isolation, amplification, and hybridization

Sorted cells were sorted into Trizol, and processed for RNA as per the manufacturer
recommendation, including DNase treatment. RNA samples went through one round of
linear amplification using the Aminoallyl MessageAmp II kit (Ambion). Dye-coupled
aRNA was fragmented and hybridized to custom-designed microarrays (Designed by

Charlie Kim).

Microarray design

Charlie Kim designed two 60-mer oligonucleotide probes for each of the 20,726 coding
sequences in the annotated fly genome (release 5.2) using ArrayOligoSelector (Bozdech
et al., 2003), resulting in 35,272 successful probe designs, 16,717 additional probes
against alternatively spliced transcripts, and 546 probes targeting non-coding RNA (244
snoRNA, 108 tRNA, 24 snRNA, 74 rRNA, 3 miRNA, 93 other). The final probe set was

filtered to remove redundant probes, overlapping probes, and those with cross
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hybridization potential (based on a -21.6 kcal/mol threshold, which was chosen to fit the
number of probes allowed in the Agilent 4 x 44k design specification). This resulted in
33,792 probes to CDS, 8744 probes to alternatively spliced transcripts, and 546 RNA

probes. In total, 43,803 probes were included in the design.

Feature extraction, normalization, and filtering

Microarrays were scanned on an Axon 4000B scanner and feature information extracted
in GenePix 6 (Molecular Devices). GPR files were uploaded into Acuity (Molecular
Devices) and ratio normalized. Data was retrieved using quality filters for reference
channel intensity, background intensity, pixel saturation, pixel variance, feature
diameter, % pixel intensity over background, and feature circularity. “Ratio of Medians”
data was further filtered for 70% present data, CyS net median intensity > 350 across a
minimum of 3 arrays, Cy3 net median intensity > 150 across a minimum of 20 arrays.
Expression ratios were log2 transformed, median centered across arrays, and median

centered across genes before analysis.

DrolD microarray correlation meta-analysis

A table containing pairwise gene expression correlations measured from 844 microarray
datasets spanning 49 studies available in the NCBI Gene Expression Omnibus was
downloaded from the Drosophila Interactions Database (DrolD, version 5). All possible
pairwise gene expression correlations were calculated across populations and time points
in our dataset. A correlation of correlations was calculated between pairwise gene

correlations from DrolD and the pairwise gene correlations from this study. A
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background distribution was generated by randomly associating the pairwise gene
correlations in DrolD with the microarray pairwise gene correlations, calculating a
correlation of correlations, and iterating this process 50,000 times. Normality was
confirmed using the Kolmogorov-Smirnov goodness of fit test, and a z-score and
associated p-value were calculated for the observed correlation of correlations value with

regard to the random distribution.

DrolD interactions correlation meta-analysis

Tables of known gene interactions were downloaded from DrolD (Yu et al., 2008),
including the Finley, Curagen, and Hybrigenics yeast two hybrid datasets; worm, yeast,
and human interlog datasets; a manually curated dataset of known physical interactions;
and a manually curated dataset of known genetic interactions. For each of these
categories, an average pairwise gene correlation was calculated from the pairwise gene
correlations for the whole dataset and compared to a background distribution generated as
above. The same correlation calculates were conducted using pairwise gene correlations
calculated from population-specific data and compared to whole animal data generated in

this study.

Fly stocks and Genetics

In all experiments, the w''’® strain or Ok371-gal4, UAS-T2 GFP (for FACs sorting) were
used as the wild-type control and animals were raised at 22°C unless otherwise noted. For
sorting Ok371-gal4, UAS-T2 GFP was placed in background of all mutants. All mutant

fly lines were obtained from the Bloomington Drosophila stock center (Bloomington, IN).
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