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Abstract
Homeostatic control of neural function can be mediated by the regulation of ion channel expression,
neurotransmitter receptor abundance, or modulation of presynaptic release. These processes can be
implemented through cell autonomous or intercellular signaling. It remains unknown whether
different forms of homeostatic regulation can be coordinated to achieve constant neural function.
One way to approach this question is to confront a simple neural system with conflicting perturbations
and determine whether the outcome reflects a coordinated, homeostatic response. Here we
demonstrate that two A-type potassium channel genes, shal and shaker, are reciprocally,
transcriptionally coupled to maintain A-type channel expression. We then demonstrate that this
homeostatic control of A-type channel expression prevents target-dependent, homeostatic
modulation of synaptic transmission. Thus, we uncover a novel homeostatic mechanism that
reciprocally regulates A-type potassium channels and we define a hierarchical relationship between
cell-intrinsic control of ion channel expression and target-derived homeostatic control of synaptic
transmission.

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
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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; 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
CaV2.1 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 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; 4-10μM) 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, orc1, KCNC2, eag, slo, and KCNQ (Atkinson et al., 1991, Ganetzky, 1983; Kaplan and
Trout, 1969; Koh et al., 2008). 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, shaker14, 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 (Supplemental Fig. 1). Second, we find that baseline
synaptic transmission in the absence of PhTx is not severely perturbed in these three mutants
(see below for additional quantitative information), 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 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
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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 NMJ
We identified two transposon insertions in the shal gene as well as a deficiency chromosome
that uncovers the shal locus (Fig. 1A). 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. 1B). 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 120μm of axon (measured from the origin of the motor nerve at a site adjacent
to the neuropil within the central nervous system). Ultimately, after ∼120μm Shal expression
decreases to background levels (Fig. 1B and D). No detectable staining is observed at the
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
(Supplemental Fig. 2) (Gasque et al., 2005). Finally, the specificity of the antibody staining
data is confirmed by staining the shal495 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. 1C-D). These results also indicate that the shal495 mutation
is a protein null. Consistent with this conclusion, we assayed shal expression by quantitative
real time polymerase chain reaction (qPCR) comparing wild type and shal495 (see methods).
We find that shal expression is decreased by 97.7% (± 0.86, compared to wild type) in the
shal495 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. 1E). At a 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 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.
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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. 2 and Supplemental Table 1). There is no
significant change in mEPSP amplitude comparing wild type (w1118) with shal495/+ or
shal495 homozygous mutants or shal495/Df (Fig. 2A and C). There is a small, statistically
significant, deficit in EPSP amplitude observed in the shal495 mutant and shal495/Df when
compared to wild type. We observe corresponding changes in quantal content (Fig. 2 D, E)
(see methods). This mild effect on synaptic electrophysiology is also observed across a range
of external calcium concentrations (Fig. 2B). 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 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 shal 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. 3A and Supplemental Table 1). Calculation of quantal content
demonstrates that the normal, homeostatic enhancement of presynaptic release is completely
blocked in the shal495 mutant. Statistically identical defects in synaptic homeostasis were
observed in four different shal mutant combinations (Fig. 3B-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 shal495 mutation in the GluRIIASP16 (GluRIIA) 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 GluRIIA mutant is blocked in the shal mutant (Fig.
4 and Supplemental Table 1). This result was confirmed by demonstrating a block of synaptic
homeostasis when the shal495/Df allelic combination is placed in the GluRIIA 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 IA 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 KV4.2 (Shal) initiates a compensatory increase
in the KV1 (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 IA currents in
Drosophila motoneurons.
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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. 5). As a control, we document a statistically 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. 5). 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 IA 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. 5). 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 shaker14 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 shaker14 mutant (Fig. 5). This result confirms
a reciprocal regulation of IA channel expression in Drosophila motoneurons.

Finally, as a control, we asked whether the increase in Shaker transcription occurs in the
GluRIIA; 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
GluRIIA; shal double mutant that is not statistically different from that observed in shal alone.
In the double mutant animals, EPSP amplitudes are significantly 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. 6A and Supplemental
Table 1). At the extracellular calcium concentration used (0.3mM Ca2+), 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. 6). The shaker mutant animals also show a decrease in
mEPSP amplitude and a robust homeostatic increase in presynaptic release. Only shal mutant
animals fail to show homeostatic compensation (Fig. 6).
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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. 6). 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. 6). 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 6A and Supplemental Table 1).

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. 7). 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; Supplemental Table 1). Since presynaptic shaker knockdown
restores synaptic homeostasis in shal without a change in 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. 8). 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 (Supplemental
Table 1). 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
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 (25μM) that produces only a modest change in EPSP amplitude in wild type
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(27%). When 25μM 4-AP is applied following application of PhTx to the shal mutant NMJ, a
robust homeostatic increase in presynaptic release is observed (Fig. 9). 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 (Supplemental Table 1). 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
9 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. 9). This implies that the homeostatic 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 (CG343664377) 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 (KV3.2) potassium channel (Fig. 10A). 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 KV3 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 KV3 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 al.,
2005;Rudy and McBain, 2001). The KV3.1/KV3.2 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 KV3.2 mutant (Fig. 10C-D). The
KV3.2 mutants show modest changes in baseline synaptic transmission (Fig. 10C;
Supplemental Table 1). 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. 10C-D and
Supplemental Table 1). There is also no change in muscle resting membrane potential (-69
±0.4mV in wild type versus - 70.1±1.3mV in the KV3.2 mutant) and only a slight change in
muscle input resistance (10.5±0.7MΩ in wild type versus 8.5±0.7MΩ in the KV3.2 mutant,
p=0.05) that is within normal genotypic variation (see Supplemental Table 1). We next
confirmed that there is a block of synaptic homeostasis following application of PhTx to the
KV3.2 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
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transmitter release, confirming a block of synaptic homeostasis identical to that observed in
shal mutants (Fig. 10C-D and Supplemental Table 1).

Next, we performed a series of experiments to determine if loss of KV3.2 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. 10B).
We also performed a genetic test of altered Shaker abundance in KV3.2 mutants. We knocked
down shaker expression presynaptically in the KV3.2 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 KV3.2 animals (Fig.
10E and Supplemental Table 1). 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 KV3.2 directly prevents synaptic
homeostasis, or whether there is a unique compensatory response in KV3.2 mutant animals that
also blocks expression of synaptic homeostasis. An answer to this question will be the subject
of future studies.

Discussion
An electrophysiology-based forward genetic screen identified three potassium channel
mutations, including mutations in shal and Drosophila KV3.2, 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. 1). 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 intercellular 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.

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. 5).
If we prevent this increase in Shaker expression in any of three different ways, 1) genetically
by introducing shaker mutations (Fig. 6), 2) transgenically through neuron-specific dsRNA
knockdown of shaker (Fig. 7), or 3) pharmacologically (Fig. 9), then we restore synaptic
homeostasis in the shal 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. 9). Finally, we demonstrate that
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exogenous overexpression of a Shaker transgene (EKO) is sufficient to block synaptic
homeostasis in an otherwise wild type background (Fig. 8). 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
KV3.2 mutant, but there is no change in shaker expression nor does presynaptic knockdown of
shaker in the KV3.2 mutant rescue synaptic homeostasis (Fig. 10). 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. 6). 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 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 KV4.2
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 KV1-type currents (Chen et al., 2006). It seems
plausible that the observed compensatory increase in somatic KV1-type currents could
counteract increased dendritic excitability and, thereby, homeostatically restrain neural output.
This possibility is supported by data from additional studies examining KV4.2 knockouts in
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other neuronal cell types (Nerbonne et al., 2008). In these studies, neuronal firing properties
measured at the soma are largely normal in the KV4.2 knockout despite the absence of the
dendritic A-type current.

Homeostatic coupling of specific ion channel pairs
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 shaker14 mutant, which is a point mutation resulting
in a non-functional channel (Lichtinghagen et al., 1990). In the shaker14 experiment, the mutant
shaker transcript continues to be expressed at 80% wild type levels (Fig. 5). 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 NaV1.6 causes increased expression of NaV1.1 in purkinje cells (Burgess et
al., 1995) and increased expression of NaV1.2 in retinal ganglion cells (Van Wart and
Matthews, 2006). Similarly, loss of A-type potassium currents in KV4.2 (the vertebrate shal
homolog) knockout animals causes a compensatory increase in both IK and ISS 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 Ih
expression (MacLean et al., 2003). In this system, overexpression of shal leads to increased
Ih current (channel expression was not tested). However, overexpression of a pore-blocked
shal also leads to increased Ih current. Thus, altered neural function does not appear to be the
trigger for a compensatory change in Ih current. Rather, the cell could monitor the level shal
message or protein and regulate Ih 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 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
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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;
GluRIIA double mutant animals compared to either shal or GluRIIA alone (Fig. 4). 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 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
GluRIIA 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 GluRIIA; 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?

Experimental Procedures
Electrophysiology

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. Therefore, the majority of our data are presented as non-
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corrected values with the exception of data presented in Figure 2, 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 10μm2 box.
This box was then moved along the length of the axon in 10μm 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.

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 removed potential DNA
contamination (RQ1 RNase-free DNase Promega) (see supplemental methods for additional
detail).

Fly stocks and Genetics
In all experiments, the w1118 strain was used as the wild-type control and animals were raised
at 22°C unless otherwise noted. shaker RNAi (shakerRNAi) was obtained from Vienna Stock
Center (VDRC stock 23671 and 23673). shakerRNAi; shal495 were crossed to c155-
gal4;;shal495 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).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 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 shal495 (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 staining is absent in shal495 mutants. (D)
Quantification of Shal staining intensity in the axon initial segment as a function of distance
from the ventral nerve cord in wt (black), shal495 (red), and shal495/Df (grey). Shal is reduced
to background in the first ∼120μm of axon. (E) Average IA recorded at the motoneuron soma
as a function of voltage step for wt (blue) and shal495 (red). Inset shows representative
subtracted IA traces from wt and shal495. Mutations in shal result in a reduced IA compared to
wt. See also Supplemental Figure 2 for analysis of the effects of PaTx on EPSP amplitude
recorded at the NMJ. Data are presented as the mean ± SEM in this and all subsequent figures.
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Figure 2. shal mutants exhibit mild deficits in baseline transmission
(A) Representative EPSP and mEPSP traces for wt, shal495, and shal495/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, shal495/+, shal495, and shal495/Df. EPSP amplitudes in
shal495 and shal495/Df are significantly reduced compared to wt (p < 0.05 for shal495/Df
compared to wild type and p< 0.01 for shal495 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 Supplemental Table 1.
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Figure 3. shal mutants block the acute induction of synaptic homeostasis
(A) Representative EPSP and mEPSP traces for wt and shal495 in saline and following a 10
min PhTx incubation. Wild type EPSPs return to baseline following PhTx incubation,
shal495 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 Supplemental Table 1.
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Figure 4. 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 GluRIIA 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 GluRIIA. All statistical
comparisons are made within a given genetic background, with or without the presence of the
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GluRIIA mutation. *** indicates p < 0.001 (Student's t-test). Absolute values are listed in
Supplemental Table 1.
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Figure 5. shaker and shal expression are transcriptionally linked
shal RNA expression (black bars) and shaker RNA expression (red bars) were measured in the
following genotypes: shal495, neuronal expression of shakerRNAi (c155-gal4/+; shakerRNAi/
+), as well as shaker14 (sh14) 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 sh14 mutants.
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Figure 6. 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 Supplemental Table 1.
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Figure 7. 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/+; shal495). Note that shakerRNAi is shortened to shRNAi for display. Values
are normalized to each genotypic baseline. When shakerRNAi was driven with the neuronal
driver c155-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
Supplemental Table 1.
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Figure 8. 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
Supplemental Table 1.
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Figure 9. Acute pharmacological inhibition of Shaker restores synaptic homeostasis
(A-C) Average mEPSP amplitude (A), EPSP amplitude (B), and quantal content (C) for
shal495 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 shal495 (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 ANOVA with Bonferroni post
test). Absolute values are listed in Supplemental Table 1.
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Figure 10. Impaired synaptic homeostasis in a Drosophila KV3.2-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 KV3.2. 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 shal495 and animals with
neuronal Shaker knockdown (c155-gal4/+; shakerRNAi/+) and in the CG343664377 mutant
as indicated (note CG343664377 is indicated as KV3.2 for purposes of display). Shaker
expression is unchanged in the CG343664377 mutant. (C) Representative EPSP traces for wt
and CG343664377. The CG343664377 EPSP amplitude is slightly reduced compared to wild
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type (p < 0.01 Student's t-test – see Supplemental Table 1 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 CG343664377. The CG343664377 mutation shows no homeostatic
increase in quantal content. All values are also listed in Supplemental Table 1. (E) Average
mEPSP amplitude, EPSP amplitude, and quantal content in the presence (black) and without
(white) PhTx incubation for the indicated genotypes including CG343664377 mutant with
presynaptic Shaker knockdown (c155-gal4/+; CG343664377; UAS-shakerRNAi/+) and control
(CG343664377; 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 Supplemental Table 1.
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