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Abstract
Chronic changes in synaptic activity result in compensatory alterations in AMPA-type
glutamate receptors (AMPARs), but the mechanisms underlying this process have not
been fully elucidated. In this thesis, I investigate a feedback mechanism that
bidirectionally regulates transcription of the C. elegans AMPAR, GLR-1, in response to
chronic changes in synaptic activity.

It was previously shown that GLR-1 trafficking mutants with decreased synaptic GLR-1,
such as animals with mutations in the kinesin klp-4 or the deubiquitinating enzyme usp46, exhibit increased levels of glr-1 transcript. In Chapter 2, I show that this increase in
glr-1 mRNA is due in part to increased glr-1 promoter activity assayed with a glr-1
transcriptional reporter (Pglr-1::NLS-GFP::LACZ). glr-1 null mutants exhibit similar
increases in glr-1 transcription, suggesting that decreased synaptic GLR-1 is sufficient to
trigger the feedback mechanism. Increased glr-1 transcriptional activity could be due to
decreased synaptic GLR-1 protein levels or decreased glutamatergic transmission. To
assay whether synaptic activity regulates glr-1 transcription, I measured the glr-1
transcriptional reporter in animals with mutations in the presynaptic vesicular glutamate
transporter eat-4/VGLUT. In eat-4 mutants, which have reduced presynaptic glutamate
release, I found similar increases in the glr-1 transcriptional reporter. These data suggest
that chronic reduction of synaptic activity is sufficient to trigger the feedback pathway.
To test whether acute reductions in synaptic activity trigger the feedback pathway, I
utilized exogenous expression of a histamine-gated chloride channel to reduce activity
specifically and acutely in glr-1-expressing cells. I found increased glr-1 transcriptional
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reporter fluorescence after one and four hours of activity suppression, suggesting that
decreased GLR-1 activity can repress glr-1 transcription. The feedback mechanism is
bidirectional, as unc-11/AP180 clathrin adaptin endocytic mutants, which accumulate
synaptic GLR-1, exhibit decreased glr-1 transcription and animals with increased GLR-1
signaling, such as animals expressing a dominant-active version of the receptor (GLR1(A/T), also exhibit decreased glr-1 transcription. These findings suggest that the
feedback mechanism responds to both decreases and increases in activity.

In Chapter 3, investigation of signaling pathways mediating the synapse-to-nucleus
feedback pathway revealed that the CMK-1/CaM kinase pathway normally functions to
repress glr-1 transcription. Analysis of cmk-1 loss-of function;glr-1 and cmk-1 gain-offunction;glr-1 double mutants suggests that CMK-1/CaMK functions in the same
pathway as decreased synaptic activity to regulate glr-1 transcription. In support of this,
the subcellular distribution of GFP-tagged CMK-1/CaMK shifts from the nucleus to the
cytoplasm in glr-1 mutants and from the cytoplasm to the nucleus in unc-11 mutants.

In Chapter 4, the establishment of a yeast-one-hybrid (Y1H) system to screen for
transcription factors necessary for the feedback mechanism is presented. Initial screening
demonstrates the discovery of a candidate regulator of the glr-1 promoter. Together, these
results reveal a bidirectional homeostatic feedback mechanism where changes in synaptic
activity trigger CMK-1/CaMK translocation between the nucleus and cytoplasm to
regulate glr-1 transcription. The establishment of a Y1H to probe for transcription factors
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required for glr-1 expression, both basally and in the feedback mechanism, provides the
basis for identification of novel AMPAR regulatory factors.
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Synaptic plasticity
The human brain is a highly specialized organ that captures, stores, and processes vast
quantities of information. Information is largely encoded in the pattern and strength of
synaptic connections made between neurons. These synapses are plastic in that they can
grow, shrink, strengthen, and weaken in response to changes in the environment.
Synaptic plasticity, thus, allows our nervous system to respond to changes in the
environment by learning and remembering. The past several decades of research have
shed light on the mechanisms that underlie synaptic plasticity, allowing us to learn about
the biological and chemical substrates of learning itself.

The first evidence that alterations in synaptic strength underlie plasticity and learning
came in 1973 when Bliss and Lomo showed that brief, repetitive activation of
hippocampal excitatory synapses causes long-lasting enhancement of synaptic strength
(Bliss and Lomo 1973). This phenomenon of long-term potentiation (LTP) has now been
studied in depth and is well-accepted as a neural correlate of learning and memory. LTP
is a form of Hebbian plasticity, which refers to an associative learning paradigm where
connections between neurons that fire at the same time are strengthened. For example
high frequency stimulation of presynaptic neurons causes coincident activation of
postsynaptic neurons, which creates long-lasting connections between the pre- and
postsynaptic neurons. In contrast, low frequency stimuli leads to weakening of synaptic
connections, known as long-term depression (LTD). Together, LTP and LTD have
provided a cellular model allowing researchers to elucidate the basic mechanisms
underlying learning and memory. One of the fundamental discoveries has been the
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importance of AMPA receptors (AMPARs), a class of glutamate receptors (GluRs), in
mediating changes in synaptic strength.

Glutamate receptors: overview
Glutamate receptors mediate the majority of excitatory neurotransmission in the brain
and can be divided into two broad classes. Metabotropic GluRs are G-protein coupled
receptors that activate downstream signaling pathways and can indirectly activate ion
channels. Ionotropic glutamate receptors (iGluRs) are tetrameric, voltage-gated ion
channels that lead directly to depolarization of the postsynaptic membrane. iGluRs
themselves can be divided into three classes, originally named by their selective
responsiveness to different molecules. Kainate receptors, perhaps the least studied of the
three classes, are present throughout the central nervous system (CNS), though not at all
excitatory synapses, and are thought to function as modulators of synaptic transmission
and neuronal excitability (Traynelis et al. 2010). NMDA receptors (NMDARs) are
located synaptically and extrasynaptically and play critical roles in synaptic plasticity.
Their activation by glutamate triggers a postsynaptic current with a slow rise and long
decay time. At resting, NMDARs are blocked by a magnesium ion, which, upon
postsynaptic depolarization, is removed, allowing an inward flow of calcium and sodium
ions. Given these features, NMDARs act as coincidence detectors, sensing the cooccurrence of postsynaptic depolarization (by removal of the magnesium block) and
presynaptic glutamate release. The inward flow of calcium ions through NMDARs
triggers downstream signaling pathways critical for LTP and LTD (Rebola et al. 2010,
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Hunt and Castillo 2012). Many of these signaling pathways converge on regulation of the
third class of iGluRs, AMPARs.

AMPA receptors: trafficking and posttranslational modifications
AMPARs are tetrameric cation channels assembled from four subunits (GluA1-GluA4) to
form homo- or heteromeric channels. Structurally, all AMPARs share an extracellular Nterminal domain followed by an S1 and S2 domain, which form the glutamate binding
site. Three hydrophobic segments span the membrane (M1, M3, and M4) and one
hydrophobic segment (M2) forms a hairpin domain that dips into the membrane and
contributes to the channel pore. The C-terminal cytoplasmic tail (C-tail) contains binding
sites for many regulatory proteins and plays critical roles in receptor trafficking and
function (Bredt and Nicoll 2003, Lu and Roche 2012). Unlike NMDARs, which mediate
the slow component of postsynaptic depolarization, AMPAR currents have a fast rise and
short decay time and mediate the majority of charge transfer during synaptic
transmission. As such, AMPAR currents are the primary driving force of excitatory
neurotransmission. The specific kinetics of the receptor are determined by its subunit
composition. Most AMPARs in the mammalian forebrain are composed of GluA1/GluA2
subunits, with lesser expression of GluA2/GluA3 receptors. GluA4 is highly enriched in
cerebellar tissue, where it pairs with GluA2. Tetrameric AMPARs are permeable to
calcium unless they contain GluA2, which undergoes mRNA editing making it
impermeable to calcium. Thus, GluA2-lacking receptors are referred to as calciumpermeable AMPARs (CP-AMPARs). CP-AMPARs not only differ in their permeability
to calcium, but are also inwardly rectifying and sensitive to specific pharmacologic
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blockade (Anggono and Huganir 2012, Lee 2012). The ability of synapses to contain
either calcium-permeable or calcium-impermeable AMPARs contributes to synaptic
plasticity and plays critical roles in development and plasticity.

Editing of the GluA2 subunit is just one of many ways that neurons modify AMPARs.
The well-studied AMPAR trafficking pathway from the soma to the synapse, offers many
additional key points of AMPAR regulation. After transcription in the nucleus, AMPAR
mRNA can undergo translation and packaging into vesicles in the ER/Golgi or the
mRNA itself can be trafficked out to dendrites where its translation can be regulated
directly by changes in synaptic activity (Grooms et al. 2006). AMPAR proteins are
trafficked to synapses by kinesin or dynamin-dependent vesicle trafficking followed by
SNARE-mediated vesicle fusion into the postsynaptic membrane. The exact location of
vesicle fusion is still under investigation but is likely either directly at synaptic spines or
at dendrites where AMPARs can then enter the synapse by lateral diffusion (Anggono
and Huganir 2012). AMPARs interact with the actin network and numerous proteins at
the post-synaptic density (PSD), and many of these interactions are determined by C-tail
binding sites. Endocytosis of AMPARs occurs adjacent to the PSD at the endocytic zone
or in the somatodendritic compartment and is mediated by clathrin and dynamin. After
endocytosis, AMPARs can be recycled back to the synapse or undergo degradation via
the lysosome or proteasome (Anggono and Huganir 2012, Lu and Roche 2012). Neurons
take advantage of nearly all of these trafficking steps to regulate the abundance of
AMPARs at synapses.
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Posttranslational modifications afford yet another opportunity for regulation of AMPAR
localization and channel properties. AMPAR subunits are phosphorylated by several
different kinases and these phosphorylation sites control trafficking and conductance
properties. Many phosphorylation events are mediated by changes in activity, such as in
LTP and LTD. AMPARs can also be palmitoylated, which can alter protein trafficking,
localization and function. Finally AMPAR ubiquitination regulates endocytosis and leads
to receptor degradation. The abundance of regulatory points in the AMPAR trafficking
pathway and in posttranslational modifications make these receptors critical players in
synaptic plasticity (Lu and Roche 2012).

AMPARs in LTP and LTD
Although pre- versus postsynaptic mechanisms for LTP and LTD have been hotly
debated for many years (Lisman 2009), there is abundant evidence that postsynaptic
regulation of AMPARs is one of the primary driving forces of the changes in synaptic
strength that occur during synaptic plasticity. Most LTP protocols result in a selective
increase in the amplitude of AMPA excitatory postsynaptic currents (EPSCs), but not
NMDAR EPSCs (although there are less well-studied mechanisms that do alter NMDAR
EPSCs (Kauer et al. 1988, Muller et al. 1988, Nicoll 2003)), suggesting that LTP leads to
increases in the number of postsynaptic AMPARs. More definitive evidence came from a
study showing that uncaging glutamate directly onto synaptic spines leads to increases in
AMPAR EPSCs specifically at potentiated spines (Matsuzaki et al. 2004). Additionally,
LTP stimulation leads directly to an influx of AMPARs at synapses (Segal 2005, Molnar
2011), and this parallels synaptic strengthening (Huganir and Nicoll 2013). Various

6	
  
	
  

mechanisms underlie changes in AMPAR abundance at synapses, including decreased
AMPAR endocytosis in LTP and enhanced AMPAR endocytosis in LTD (Anggono and
Huganir 2012), regulation by synaptic scaffolding proteins that interact with AMPARs,
regulation of the phosphorylation state of AMPARs, increased or decreased ubiquitinmediated degradation, and changes in AMPAR transcription and translation (Bredt and
Nicoll 2003, Grooms et al. 2006, Yi and Ehlers 2007, Bassani et al. 2013).

Synaptic scaling: overview
Soon after LTP and LTD became accepted as neural correlates of learning and memory,
it was recognized that if there were not mechanisms to keep LTP and LTD in check,
synapses could undergo runaway potentiation or depression, leading to excessively high
or low firing rates. For example, if excitatory input to a postsynaptic neuron causes
potentiation resulting in a stronger connection, that synapse will be more likely to excite
the neuron, leading to further synaptic strengthening. This sort of runaway potentiation or
depression would place the firing rate of the neuron outside of its ideal functional range
(Bear 1995, Miller 1996).

Several mechanisms have been proposed to maintain neuronal activity within a
homeostatic range, including balancing conductance properties, regulating synapse
number, or manipulating the threshold for the induction of LTP or LTD (Turrigiano
2008). One theoretical solution used in computational models of neural networks is to
globally scale each synapse based on prior activity of the neuron (Abbott and Nelson
2000). Thus, if a given synapse experiences high levels of activity and is potentiated

7	
  
	
  

while a neighboring synapse receives no activity, global scaling will reduce the strength
of each synapse by a common factor determined by prior neuronal activity. This would
prevent excessive neuronal firing caused by the highly activated synapse. This theory was
first experimentally verified by several landmark studies published in 1998.

The first published evidence of a scaling mechanism that would prevent runaway LTP
and LTD, stabilize synaptic weights, and keep neuronal firing within a target range, came
from the Nelson lab. Turrigiano et. al. tested whether a synapse’s prior history of activity
could alter postsynaptic properties by subjecting neurons to chronic increases or
decreases in neuronal activity and recording AMPAR mini EPSCs (mEPSCs) (Turrigiano
et al. 1998). mEPSCs are postsynaptic currents that correspond to the release of a single
presynaptic vesicle. Typically, changes in mEPSC frequency correspond to changes in
either vesicle release or synapse number, while changes in mEPSC amplitude correspond
to changes in the number of postsynaptic receptors. Using whole-cell voltage-clamp
recordings in primary culture of rat visual cortical pyramidal neurons, they showed that
chronically decreasing overall activity with tetrodotoxin (TTX) (a sodium channel
blocker that prevents action potentials) or CNQX (an AMPAR antagonist) leads to
increased mEPSC amplitude, while increasing overall activity with bicuculline (BIC) (a
GABAA receptor antagonist) leads to decreased mEPSC amplitude. Thus, prior history of
chronic excitation scales down the postsynaptic response, while chronic inhibition scales
it up (Turrigiano et al. 1998).
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When amplitudes of mEPSCs from untreated cells were plotted against TTX- or BICtreated amplitudes, the treated cells scaled by the same multiplicative factor. This type of
scaling implies that a synapse’s initial weight is multiplied by, as opposed to adding or
subtracting, a common factor, thus allowing neurons to scale according to their prior
history of activity. Furthermore, chronic changes in activity lead to compensatory
changes specifically in neuronal firing rate, consistent with a scaling mechanism that
functions to restrain neuronal firing within a target set-point. This paper also provided the
first evidence that these compensatory changes involve alterations in the number of
postsynaptic receptors. Pulses of glutamate onto the postsynaptic membrane lead to
higher mEPSC amplitude in TTX-treated cells compared to control cells. There was no
effect on mEPSC frequency, indicating that chronic changes in activity do not effect
synapse number or presynaptic release mechanisms. Together these findings suggest that
the mechanism for increased mEPSC is postsynaptic. This paper laid the ground work for
research into what is now referred to as homeostatic synaptic scaling, and highlights
several key features of this phenomenon: scaling occurs bidirectionally in response to
chronic changes in activity; scaling is multiplicative; and scaling correlates with changes
in postsynaptic glutamate receptors (Turrigiano et al. 1998).

Two other papers published in the same year supported these findings. In a similar effort
to understand the way in which a neuron’s prior history of postsynaptic activity affects its
electrochemical properties, O’Brien et. al. investigated mEPSCs of cultured spinal
neurons after chronic increases in activity (by application of GABAAR and glycine
antagonists) or decreases in activity (by application of GluR antagonists) (O'Brien et al.
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1998). Like Turrigiano et al., they found that chronic inhibition leads to increased
mEPSC amplitude while chronic increases in activity lead to decreased mEPSC
amplitude with no changes in mEPSC frequency. O’Brien et. al. went on to more
specifically investigate whether or not changes in mEPSC amplitude were due to changes
in surface AMPARs by measuring labeled GluA1 and GluA2. They found that increased
activity leads to decreased surface AMPARs, and decreased activity leads to increased
surface AMPARs. This evidence was corroborated by Lissin, et al. who showed that
increased activity in hippocampal culture induced by application of picrotoxin (a
GABAAR antagonist) leads to decreased labeled GluA1 and AMPAR mEPSCs (Lissin et
al. 1998). Together these papers, in three different cellular models (cortical, spinal, and
hippocampal neuron cultures), established a mechanism whereby neurons can modulate
postsynaptic AMPARs in response to prior postsynaptic activity. Importantly, this
mechanism provides a way for neurons to avoid runaway LTP and LTD and maintain
firing within a target range.

Moreover, synaptic scaling is not just an in vitro phenomenon. Similar experimental
paradigms in mouse models also lead to synaptic scaling. Several days of intraocular
TTX, monocular deprivation, and binocular enucleation all scale up AMPAR mEPSCs in
layer V1 2/3 pyramidal neurons (Pozo and Goda 2010). This in vivo mechanism likely
also depends on regulation of synaptic AMPARs, since monocular deprivation or two
days of dark-rearing are associated with increased AMPAR abundance and mEPSC
amplitude in the visual cortex (Desai et al. 2002, Goel et al. 2006, Pozo and Goda 2010).
From these studies, it has been hypothesized that synaptic scaling could play a prominent
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role in the nervous system during development. Neurodevelopment is a time of rapid
change in synaptic strengths across the brain and synaptic scaling may help maintain
network homeostasis. Likewise, synaptic scaling may also have a role in regeneration
after injury (Lee 2012).

Synaptic scaling: a global or local phenomenon?
Initial work on synaptic scaling exposed the entire neuronal culture to the same
pharmacological agents, raising the questions of whether synaptic scaling can be induced
cell-autonomously and if local (e.g. dendritic or synaptic) activity blockade or
enhancement can induce local scaling. Several lines of evidence suggest that synaptic
scaling is cell-autonomous. Overexpression of an inwardly rectifying potassium channel
(Kir2.1) that inhibits neuronal activity in single cells results in upregulation of mEPSCs
in neurons expressing this channel (Burrone et al. 2002). Perfusion of TTX directly onto
the soma of a neuron in culture also induces increased mEPSCs and AMPAR expression
(Ibata et al. 2008), suggesting that blockade of activity within a neuron is sufficient to
trigger scaling in that neuron. Scaling down is also cell-autonomous: in a model of
increased activity, optogenetic stimulation of neurons for 24 hours leads to cellautonomous decreases in AMPAR-mediated mEPSCs (Goold and Nicoll 2010).

Whether or not synaptic scaling can be induced locally at individual dendrites, or even at
individual synapses is a matter of ongoing debate. While local application of TTX to a
small region of dendrites fails to alter synaptic AMPARs in that region (Ibata et al. 2008),
addition of the NMDAR antagonist, APV, to local dendritic perfusion of TTX does
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increase synaptic AMPAR expression (Sutton et al. 2006). This differential response may
be due to APV-induced blockade of NMDAR mEPSCs, which have been hypothesized to
stabilize synaptic function (Sutton et al. 2006). Furthermore, inhibition of a subset of
neurons in culture by transgenic expression of Kir2.1 channels leads to a homeostatic
increase specifically at the corresponding synapse (Hou et al. 2008, Hou et al. 2011). This
suggests that if a neuron senses long-term deprivation of activity at a specific synapse, it
will attempt to raise that synapse’s gain by increasing the amount of AMPARs. The
discrepancy between results highlights the variation in scaling protocols, and
demonstrates that subtle differences in protocols can have meaningful effects on neuronal
function. Importantly, different scaling protocols may trigger different, independent
scaling mechanisms. Theoretically, one scaling mechanism may function locally in
response to activity and AMPAR blockade, and another may respond to activity blockade
alone by globally scaling all synapses in the neuron (Turrigiano et al. 1998, Lee 2012).
Further research is needed to explore these different mechanisms.

While most of the evidence for synaptic scaling points to postsynaptic mechanisms, it is
important to note that certain models also indicate presynaptic mechanisms. These studies
have shown an effect not only on mEPSC amplitudes, but also on mEPSC frequencies,
highlighting increases in presynaptic vesicle pool size, increased turnover rate per
vesicle, and enlarged presynaptic active zones (Thiagarajan et al. 2005, Pozo and Goda
2010). It has been hypothesized that presynaptic mechanisms may be more prominent in
younger neuronal cultures or specific to certain synapses, though the reasons and
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mechanisms behind this difference have not yet been resolved (Turrigiano 2008, Lee
2012).

Synaptic scaling: AMPAR subunit regulation
Complex regulation of AMPARs underlies acute forms of plasticity like LTP and LTD
and, accordingly, similar mechanisms have been observed in synaptic scaling. There is
conflicting evidence about which AMPAR subunits are regulated in response to chronic
changes in activity. While some studies suggest that both GluA1 and GluA2 can be
regulated (O'Brien et al. 1998, Wierenga et al. 2005), other studies point to specific
regulation of GluA1 (Ju et al. 2004, Thiagarajan et al. 2005, Soares et al. 2013) or GluA2
(Ibata et al. 2008, Gainey et al. 2009). It is likely that the discrepancy is due to
differences in the models used in each study, and may underlie the differences between
local and global scaling discussed above. For example, simultaneous blockade of network
activity with TTX and of NMDARs with APV leads to selective upregulation of GluA1,
while blocking with TTX alone leads to upregulation of GluA1 and GluA2 (Lee 2012).
Thus, activity blockade with TTX triggers a global response that upregulates AMPARs
containing GluA1 and GluA2, while simultaneous activity blockade and NMDAR
antagonism triggers a local response that upregulates GluA1. In light of the calciumimpermeability that GluA2 confers to AMPARs, different stimuli are likely to cause
differential GluA2 expression. Specifically, blocking NMDARs may provide a signal to
the neuron to increase overall calcium permeability of the postsynaptic membrane,
increasing GluA1, but not GluA2 expression.
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In fact, there is now ample evidence that synaptic scaling leads to the upregulation and
insertion of calcium-permeable AMPARs (CP-AMPARs) into the postsynaptic
membrane. CP-AMPAR antagonism blocks the mEPSC amplitude increase induced by
NMDAR or AMPAR antagonism but not by TTX (Thiagarajan et al. 2005, Sutton et al.
2006). This is consistent with differential regulation of the GluA2 subunit in response to
different stimuli. However, there is also evidence that CP-AMPAR antagonism blocks
mEPSC amplitude increases in response to TTX alone (Soares et al. 2013, Kim and Ziff
2014), which is inconsistent with data suggesting that TTX leads to upregulation of
GluA1 and GluA2. It is likely that these differences are due to the difference in models,
as studies showing a lack of CP-AMPAR-dependent response to TTX were done in
hippocampal culture, while studies showing a CP-AMPAR-dependent response to TTX
were done in cortical neurons or organotypic hippocampal slices. Although further work
will be necessary to unravel the precise functional differences in these models, it is clear
that selective regulation of the GluA2 subunit is an important feature of synaptic scaling.

Synaptic scaling: signaling molecules
A host of molecules and mechanisms have been proposed to mediate the changes in
mEPSCs and AMPARs involved in synaptic scaling. These include the signaling
molecules TNFα, BDNF, and retinoic acid, and the cell-adhesion proteins N-cadherin and
beta-catenin. TNFα scavengers block increases in mEPSCs and AMPAR expression
induced by TTX, and glial expression of TNFα is necessary for scaling up (Stellwagen
and Malenka 2006). While short-term BDNF application (several hours) increases
surface GluA1, GluA2, and GluA3 (Caldeira et al. 2007), 48 hours of treatment blocks
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increased mEPSC amplitudes induced by TTX treatment (Rutherford et al. 1998).
Blocking BDNF prevents the decrease in surface GluA1 induced by BIC (Reimers et al.
2014). Additionally, knock-down of downstream effectors of BDNF, like MSK1,
prevents TTX-induced increases in mEPSCs and surface GluA1 (Correa et al. 2012),
suggesting that BDNF functions in both scaling up and down. Retinoic acid (RA) is
another signaling molecule implicated in synaptic scaling. Twenty-four hour treatment of
neurons in culture or slices with TTX and APV enhances RA synthesis and application of
exogenous RA increases neurotransmission primarily through increased AMPAR surface
expression and mEPSCs (Aoto et al. 2008). RA’s mechanism of action appears to be
through translation, as transcriptional inhibitors do not block its homeostatic effects
(Maghsoodi et al. 2008). Cell-adhesion molecules have also been implicated, as a
dominant-negative version of N-cadherin compromises TTX-induced scaling up of
AMPARs, whereas deletion of β-catenin eliminates global homeostatic regulation (Okuda
et al. 2007, Vitureira et al. 2012).

It has also been demonstrated that specific intracellular signaling pathways are important
for synaptic scaling. The PI3K-Akt pathway, which induces protein synthesis and
promotes AMPAR insertion into the membrane (Schratt et al. 2004) plays an essential
role in scaling. Presenilin-1 (PS1), an activator of the PI3K-Akt pathway is necessary for
scaling up AMPAR insertion in response to activity blockade (Pratt et al. 2011).
Furthermore, several lines of evidence suggest that polo-like kinase 2 (Plk-2) is critical
for scaling down synaptic strength. Plk-2 disrupts the interaction of GluA2 and Nethylmaleimide-sensitive factor (NSF, a necessary component of the SNARE machinery
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whose interaction with GluA2 is required for GluA2 plasma membrane insertion), which
leads to loss of surface GluA2 and decreased AMPAR current (Evers et al. 2010).
Additionally, miR-134 is upregulated by chronic high network activity, leading indirectly
to increased Plk-2 and decreased surface GluA2 (Fiore et al. 2014).

Proteins controlling AMPAR trafficking and recruitment to the synapse offer additional
targets for regulation in synaptic scaling. The AMPAR binding proteins PICK1 and
GRIP1 have both been implicated in scaling. While knockout of PICK1, which typically
drives removal of synaptic GluA2-containing AMPARs occludes TTX-induced scaling
up (Anggono et al. 2011), GRIP1, which competes with PICK1 for binding the GluA2 Ctail and positively regulates postsynaptic GluA2 abundance, is necessary and is recruited
to synapses for scaling up (Gainey et al. 2015). One critical trafficking step, mediated by
the immediate early gene Arc/Arg3.1, is regulation of exo- and endocytosis of receptors
from the synapse. Arc/Arg3.1 interacts with components of the endocytic machinery,
including endophilin and dynamin, to increase the rate of AMPAR endocytosis.
Treatment with chronic TTX leads to decreased Arc/Arg3.1 expression while treatment
with BIC leads to increased Arc/Arg3.1 expression (Shepherd et al. 2006). Moreover,
overexpression of Arc blocks scaling up of synaptic AMPARs induced by activity
blockade, consistent with Arc/Arg3.1’s role promoting AMPAR endocytosis (Shepherd
et al. 2006). AMPAR degradation is also altered in synaptic scaling. Scaling down leads
to AMPAR internalization and ubiquitination through the E3 ligase Nedd4 which leads to
local degradation of AMPARs (Scudder et al. 2014). Interestingly, Nedd4 also
accumulates at synapses after synaptic activation (Hou et al. 2011).

16	
  
	
  

As the list of molecules involved in synaptic scaling continues to grow, it will be
important to understand the relationships between the various signaling pathways and to
determine discrete mechanisms for scaling up versus scaling down. There is not complete
concordance between the molecules implicated in scaling up and scaling down,
suggesting that there might be two separate signaling pathways regulating these
phenomenon. However, one broad category of intracellular signaling molecules that may
underlie many of the diverse scaling mechanisms described above is intracellular calcium
signaling.

Calcium signaling and synaptic plasticity
Calcium has been well-established as a critical signaling molecule in various forms of
synaptic plasticity, such as LTP and LTD. The flow of calcium ions into the postsynaptic
membrane triggers downstream kinases that perform a diverse set of functions for the
neuron.

One of the major regulatory proteins involved in calcium signaling is calmodulin (CaM).
Binding of calcium to CaM induces a conformational change exposing a hydrophobic
residue which promotes interactions of the Ca2+/CaM complex to numerous effectors
such as the Ca2+/CaM-dependent kinases (CaMKs). CaMKs are a ubiquitous and highly
conserved group of serine/threonine kinases that phosphorylate a wide range of
downstream targets (Wayman et al. 2008). They are present in most mammalian tissues
and highly abundant in the brain. Currently, there are five well-studied CaMKs (CaMK
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kinase (CaMKK), and CaMKI-IV). All of the CaMKs except for CaMKIII share
canonical motifs of the Ser/Thr kinase family, indicating that CaMKIII may be part of a
different family. CaMKIII phosphorylates a single target protein, eukaryotic elongation
factor-2, which suppresses translation elongation, and may have roles in regulating
mGluRs in LTD. CaMKK, CaMKI, CaMKII, and CaMKIV have similar structures
including a catalytic domain and an autoinhibitory domain. CaMKII also has a Cterminal association domain, which allows it to form complex oligomers critical for its
functionality (Wayman et al. 2008).

CaMKK, CaMKI, and CaMKIV are members of the CaMK cascade and their activity is
regulated in a similar manner. Binding of Ca2+/CaM relieves intramolecular
autoinhibition which leads to basal kinase activity and exposes an activation loop domain
(this domain is not present in CaMKII). Phosphorylation of the CaMKI and CaMKIV
activation loop (Thr200) by CaMKK leads to increased kinase activity and allows
CaMKI and CaMKIV to function even when calcium levels are low (Chow et al. 2005).
Once activated, these kinases go on to perform various roles for the cell, many relating to
regulatory roles in synaptic plasticity.

One of the key downstream targets of several CaMKs is the transcription factor cAMPresponse element (CRE) binding protein (CREB). CREB is a member of a family of
cAMP-responsive genes belonging to the basic-domain, leucine zipper class of proteins.
While canonically thought to activate transcription by binding CRE elements, alternative
splicing can generate repressive isoforms. For example, alternative splicing can create
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truncated CREB proteins which lack the DNA binding domain or nuclear localization
signal (De Cesare et al. 1999). CREB-mediated transcription is classically activated by
calcium influx through L-type calcium channels and NMDARs. Activation then leads to
either CaMK or MAPK signaling (Deisseroth et al. 2003). Together, the CaMK-CREB
pathway is a canonical mediator of synapse-to-nucleus signaling, allowing information
from synapses to regulate gene expression.

Members of the CaMK family have critical roles in LTP and LTD. CaMKII is essential
for LTP (Malenka and Bear 2004). CaMKII phosphorylates AMPARs to regulate their
synaptic abundance and biochemical properties. CaMKII’s role in phosphorylating CREB
during LTP gives it a key function in activity-induced gene transcription. CaMKI has also
been implicated indirectly in CREB-mediated transcription as well as in regulation of
dendritic branching and spine formation. One of its roles in LTP may be in regulating
trafficking of CP-AMPARs (Wayman et al. 2008).

CaMKIV is part of a synapse-to-nucleus signaling mechanism that regulates transcription
during synaptic plasticity (Wayman et al. 2008). CaMKIV is expressed predominantly in
the nucleus (Matthews et al. 1994, Bito et al. 1996, Kang et al. 2001) and can directly
phosphorylate CREB, leading to activation of a transcriptional response (Enslen et al.
1994, Matthews et al. 1994, Sun et al. 1994, Bito et al. 1996, Hardingham et al. 2001,
Chow et al. 2005). CaMKIV also phosphorylates CREB binding protein (CBP), whose
activation is critical for CREB-mediated gene expression (Impey et al. 2002, Chow et al.
2005). As would be expected for a gene that regulates CREB and LTP, CaMKIV
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knockout mice have impaired LTP, LTD, and long term memory (Kang et al. 2001).
Other downstream targets of CaMKIV, such as the histone deacetylase, HDAC-4
highlights its importance in regulating gene expression.

Calcium signaling and synaptic scaling
Given the importance of calcium signaling in short term forms of synaptic plasticity like
LTP and LTD, it is not surprising that some of the same molecular pathways are utilized
in synaptic scaling. Calcium signals may be the critical trigger that neurons respond to in
synaptic scaling, as L-type calcium channel blockade phenocopies TTX treatment, leads
to increased GluA1, and blocks AMPAR depression in the setting of increased activity
(Thiagarajan et al. 2005, Ibata et al. 2008, Goold and Nicoll 2010). Additionally, calcium
transients are decreased in models of scaling up and blocking these transients
phenocopies TTX-induced scaling up (Ibata et al. 2008).

The CaMK family is also important for synaptic scaling. CaMKII has several isoforms
with complementary functions in scaling. αCaMKII overexpression decreases AMPAR
mEPSC amplitudes, while βCaMKII overexpression increases mEPSCs (Groth et al.
2011). Additionally, transport of AMPARs to the postsynaptic membrane during activity
blockade depends on CaMKII phosphorylation of GluA1 (Bassani et al. 2013). However
CaMKII may not be required for activity-induced scaling down of AMPARs, as CaMKII
inhibitors do not block depression of mEPSCs (Goold and Nicoll 2010).
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The CaMKK signaling cascade also plays a role in synaptic scaling. Inhibitors of
CaMKK lead to increased AMPAR mEPSC amplitudes and block photostimulationinduced scaling down (Ibata et al. 2008, Goold and Nicoll 2010). Chronic TTX treatment
leads to reduced phospho-CaMKIV in the nucleus, suggesting that normally, activated
nuclear CaMKIV represses AMPARs. Consistent with this idea, a dominant-negative
CaMKIV mimics the effects of TTX on GluA1 and mEPSCs (Ibata et al. 2008). CaMKIV
is also involved in scaling down, because a dominant-negative CaMKIV blocks
homeostatic downregulation of AMPARs (Goold and Nicoll 2010).

Together, these results suggest that the CaMKK/CaMKIV signaling pathway negatively
regulates AMPARs and that in scaling up there is decreased activation of this pathway. If
the downstream target of this pathway is CREB, then CREB should also negatively
regulate AMPARs and be decreased in scaling up. However, according to one study,
scaling up induces calcium release from the ER which maintains CREB activity for up to
48 hours (Kim and Ziff 2014). This correlates CREB activity with AMPAR scaling up
and is inconsistent with less activated CaMKIV during scaling up, since decreased
activated CaMKIV should lead to less phosphorylated CREB. One important
consideration is the timing of measurements during scaling. While less-activated nuclear
CaMKIV was reported at four hours after TTX treatment, increased CREB activity was
reported after 48 hours. It would be interesting to measure activated CaMKIV at 48 hours
and activated CREB at four hours, to determine if the activity of these two proteins is
correlated. More research will be needed to address the role of CREB in synaptic scaling.
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Regulation of AMPAR expression in synaptic scaling
The CaMKK/CaMKIV/CREB signaling pathway is a well-studied regulator of
transcription. Several lines of evidence support the idea that both transcriptional and
translational regulation mediate synaptic scaling. Synaptic scaling up increases protein
synthesis in dendrites (Sutton et al. 2004) and increases the abundance of both preexisting and recently synthesized GluA1 (but not GluA2) (Ju et al. 2004). Furthermore,
increased GluA1 at synapses is dependent on local protein synthesis (Sutton et al. 2006).

Several studies have also shown direct effects of scaling on AMPAR mRNA levels. BICinduced scaling down leads to decreased GluA2 mRNA (Qiu et al. 2012), while chronic
activity blockade with TTX and APV upregulates GluA1 mRNA (Orlandi et al. 2011).
Posttranscriptional regulation has been invoked to explain some of these changes. TTX
and APV treatment leads to increased expression of a GFP reporter under control of the
GluA1 3’UTR, suggesting that 3’UTR-mediated regulation of mRNA stability is
important for scaling up. miR-92a levels decrease after TTX and APV treatment, which
relieves repression of a miR-92a target site in the GluA1 mRNA 3’UTR (Letellier et al.
2014), implicating miRNAs as a mechanism regulating AMPAR mRNA levels. RA also
regulates GluA1 mRNA in response to activity blockade by removing the RA receptor α
translational block from the GluA1 5’UTR. Thus, regulation of AMPAR mRNA and its
translation are important mechanisms for both synaptic scaling up and scaling down.

Multiple studies have emphasized the role of transcription in both synaptic scaling up and
scaling down. The transcriptional inhibitor actinomycin D blocks TTX-induced increases
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in GluA2 even in the earliest phase of synaptic scaling (within 4 hours) (Ibata et al. 2008,
Gainey et al. 2015) and blocks photostimulation-induced scaling down (Goold and Nicoll
2010). Recently, several studies have highlighted specific mechanisms that regulate
transcription in synaptic scaling. For example, BIC-induced decreases in GluA2 mRNA
are mediated by the transcriptional repressor MeCP2 (Qiu et al. 2012). Recent work also
suggests a role for DNA methylation, as knockdown of DNA methyltransferase
phenocopies chronic TTX-induced AMPAR mEPSC scaling up, and this effect is
transcription-dependent (Meadows et al. 2015). Additionally, expression of Tet3, a
protein involved in the methylation pathway, is regulated by bidirectional changes in
activity and Tet3 knockdown cells have increased surface GluA1 (Yu et al. 2015). Thus,
one mechanism regulating gene expression in synaptic scaling may be methylation,
though it is unclear precisely how this leads to increased AMPARs. RNA sequencing
data comparing cells treated with Tet3 knock-down in the setting of chronic TTX vs.
Tet3 knock-down alone implicates GluA3, Arc, and BDNF (Yu 2015). Thus DNA
methylation may be altered to either directly or indirectly regulate AMPAR subunit
expression through intermediates like Arc and BDNF.

For synaptic scaling to involve a transcriptional response, there must be a signaling
pathway that communicates synaptic information to the nucleus. In fact, there are several
well-known mechanisms that mediate responses to glutamatergic transmission and
transcription. In one pathway, synaptic activation of glutamate receptors leads to
depolarization and calcium entry through L-type voltage-gated calcium channels
(VGCC). There may also be secondary calcium signaling through release from the ER or
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Golgi by activation of ryanodine or IP3 receptors. Calcium influx into the cytoplasm then
triggers numerous signaling pathways, most prominently CaMKs, to relay a signal to the
nucleus (Bading 2013). It was previously not known how mammalian CaMKs signaled to
the nucleus, but a recent study has proposed a novel mechanism where, with the
assistance of several CaMKII isoforms, Ca2+/CaM translocates from the synapse to the
nucleus where it activates the nuclear CaMK cascade (CaMKK phosphorylates CaMKIV)
to regulate gene transcription (Ma et al. 2014, Cohen et al. 2015). This pathway was
shown to occur in cultured superior cervical ganglion neurons after depolarization with
either KCl or a train of spikes (Ma et al. 2014). Thus, it is not known whether the same
signaling pathway regulates CaMKIV transcription in synaptic scaling.

Clinical implications of AMPAR regulation and synaptic scaling
Global regulation of AMPARs has been implicated in several clinical diseases including
Fragile X syndrome, schizophrenia, Alzheimer’s disease (AD), amyotrophic lateral
sclerosis, stroke, Parkinson’s disease, depression, and epilepsy (Orlandi et al. 2011). A
post mortem analysis of patients with major depressive disorder found increased mRNA
for many GluR genes (Gray et al. 2015). It is likely that regulation of AMPARs in
synaptic scaling contributes to some of these pathologies. For example, defects in
synaptic scaling specifically have been postulated to contribute to AD and epilepsy. Mice
with a familial AD mutation in presenilin-1 have impaired AMPAR mEPSC scaling up
(Pratt et al. 2011). Trasande et al. examined network activity of hippocampal slices after
48 hours of activity-deprivation, and found that slices exhibited a spontaneous bursting
firing pattern reminiscent of epilepsy (Trasande and Ramirez 2007). This suggests that,
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while synaptic scaling may stabilize synapses and neuronal firing under normal
conditions, there is the possibility for it to become pathological and lead to aberrant
network activity. A recent theory has also proposed that synaptic scaling is a critical
mediator of sleep, suggesting that sleep disorders may be caused by aberrant homeostatic
plasticity (Tononi and Cirelli 2006). Currently, however, the role of synaptic scaling in
disease is incompletely understood and more research will likely provide novel
therapeutic targets in synaptic scaling pathways.

Since its discovery, the function and mechanisms of synaptic scaling have begun to come
into focus. It is hypothesized that synaptic scaling operates both in vitro and in vivo to
stabilize synaptic weights, prevent runaway potentiation and depression, and keep
neuronal firing within a target range. While the evidence is increasing that scaling
performs all of these functions, it has yet to be shown that it operates physiologically in
vivo to control neuronal firing rates, nor has it been directly demonstrated to prevent
runaway potentiation and depression. Future studies will have to devise models within
which to test these hypothesis. It is clear, however, that there is a mechanism both in vitro
and in vivo that responds to alterations in postsynaptic activity and glutamatergic
transmission by homeostatically and multiplicatively adjusting synaptic strengths. Many
signaling molecules and pathways have been implicated in both scaling up and scaling
down, but a model unifying these various pathways is still wanting. A simplified model
states that neurons utilize calcium signaling pathways, like the CaMKs, to respond
directly to changes in calcium transients, leading to changes both in the regulation of
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AMPAR trafficking and synthesis, as well as regulation of the multitude of proteins that
regulate AMPARs.

C. elegans as a model system
The mammalian brain contains around 100 billion neurons and over 100 trillion synapses.
A single hippocampal neuron can have 10,000 synapses. While advances in studying the
mammalian brain in slice and in vivo have made remarkable progress, the complexity of
the brain still remains a considerable obstacle for many areas of research. Since Sydney
Brenner began using C. elegans in the 1970s to study development and the nervous
system, this small nematode has greatly informed our understanding of mammalian
biology. Significant achievements in C. elegans include the first fully sequenced genome
of a metazoan, the discovery of RNA interference (RNAi), the unraveling of genetically
programmed cell death pathways, and the first use of GFP as a biological marker (Corsi
et al. 2015).

C. elegans is a microscopic nematode that dwells in several environments, most
commonly rotting fruit or vegetable matter. C. elegans hatches as .25 mm larvae and
grows to be up to 1mm long, passing through four larval stages (L1-L4) before reaching
adulthood, where animals can live for several weeks. Hermaphrodites have two X
chromosomes, while males, with one X chromosome, arise at a frequency of .2% due to
chromosomal nondisjunction. Animals grow from egg to egg-laying adult in about three
days, and one adult can have up to 300 genetically identical progeny (Corsi et al. 2015).
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This allows for C. elegans to be grown quickly in the laboratory and makes it easy to
generate hundreds of identical progeny for phenotypic and genotypic assessment.

C. elegans shares multiple tissues in common with mammals, such as a nervous system,
intestine, reproductive system, glands, and muscle. Each animal has the exact same
number of cells, and the lineage of each cell has been mapped. Additionally, although the
genome is relatively small (100 MB), C. elegans has over twenty-thousand protein
coding genes and 38% of these genes have predicted orthologs in the human genome,
while 60-80% of human genes have predicted orthologs in the C. elegans genome (Corsi
et al. 2015). The C. elegans genome shares similar features of gene expression with
mammals, such as alternative splicing, miRNAs, introns, and 5’ and 3’ untranslated
regions (UTRs). Thus, C. elegans offers many advantages as a model organism for
studying the nervous system including its fully sequenced genome, the invariant cell
number among progeny, short life cycle, ease of maintenance, simple behavioral assays,
and the wide availability of genetic mutants. Additionally, C. elegans are transparent,
allowing for in vivo use of fluorescent proteins.

C. elegans: nervous system and GluRs
The nervous system of C. elegans has proven especially useful as a field of study. Each
hermaphrodite animal has exactly 302 neurons and roughly 7,000 synaptic connections.
All of these connections, including gap junctions, have been mapped by serial electron
microscopy (EM) (White et al. 1986). Like mammals, the nervous system contains
sensory neurons, interneurons, and motor neurons. Neurons in C. elegans share many of
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the same neurotransmitter and receptor systems as mammals. In particular, the glutamate
signaling system has a high degree of homology. There are ten ionotropic GluRs in C.
elegans, 8 non-NMDA type (glr-1 to glr-8) and two NMDA type (nmr-1 and nmr-2)
receptors. The GluRs have many conserved regions with mammalian GluRs (Brockie and
Maricq 2006). Of the non-NMDA type receptors, GLR-1 is most homologous to AMPA
receptor subunits, sharing 56% homology (Hart et al. 1995, Maricq et al. 1995, Brockie et
al. 2001).

GLR-1 is expressed predominantly in a group of neurons in the head as well as a pair of
neurons in the tail. Processes from these neurons extend along the ventral side of the
animal where they make synapses with sensory neurons, other interneurons, and motor
neurons. glr-1 has been implicated in behaviors including spontaneous forward and
backward movement, response to touch, chemotaxis, and learning and memory. Its
expression in a group of neurons called the command interneurons controls forward and
backward movement. Electrophysiological studies have determined that GLR-1 gates a
fast, AMPA-like current. glr-2, but not glr-1, loss-of-function mutants can still form
functional glutamate-gated channels, suggesting that in the absence of GLR-2, GLR-1
forms homomeric channels (Mellem et al. 2002, Brockie and Maricq 2006).There is
evidence that GLR-1 forms heteromeric channels with GLR-2, but GLR-2 expression is
not restricted to GLR-1-expressing neurons, so it may also be able to form homomers in a
discrete population of neurons or heteromers with other GluR subunits (Mellem et al.
2002, Chang and Rongo 2005). Unlike in mammalian neurons, where GluA2 is
frequently edited to be calcium impermeable, glr-1 and glr-2 are not edited, and so
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AMPARs containing these subunits are all permeable to calcium (Strutz-Seebohm et al.
2003). Interestingly, C. elegans do not have voltage-gated sodium channels or action
potentials, but rather neurotransmission occurs passively. C. elegans neurons are
isopotential in nature and thus changes in membrane potential are not transmitted
linearly, but rather occur instantaneously throughout the cell. As of yet, there is no known
correlate of LTP, LTD, or synaptic scaling in C. elegans. This may be attributable to the
relative difficulty of performing electrophysiology in these small animals. However,
many studies have confirmed that C. elegans can perform associative learning, which
depends on both glr-1 and the transcription factor crh-1/CREB. Several studies have
shown that the size of GLR-1 synaptic puncta changes in accordance with learning
protocols, suggesting that, like in vertebrates, AMPARs may be a key locus for regulation
of learning and memory (Stetak et al. 2009, Hadziselimovic et al. 2014).

Together with the relative simplicity of the C. elegans nervous system, the presence of a
homologous glutamate neurotransmitter system makes this organism a powerful genetic
model for studying basic mechanisms of glutamate neurotransmission. Indeed, AMPAR
regulation and trafficking share many similarities with mammals and work in C. elegans
has contributed much to our knowledge of these processes. Many of these insights have
come from studies using GLR-1 tagged with GFP (GLR-1::GFP) to study GLR-1
localization and trafficking. This construct is functional, as it rescues behavioral
phenotypes of glr-1 null mutants (Rongo et al. 1998). GLR-1::GFP forms puncta in the
VNC that are closely opposed to presynaptic markers, suggesting that these puncta
represent synapses (Rongo et al. 1998, Burbea et al. 2002), and the number of puncta is
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similar to the number of glutamatergic inputs in the VNC enumerated by EM (White et
al. 1986). Because GLR-1::GFP can be visualized in vivo in C. elegans, it has been an
enormously useful research tool, particularly in mutagenic screens for genes that regulate
GLR-1 trafficking.

C. elegans: GLR-1 trafficking
Canonical GLR-1 trafficking begins after the receptor is synthesized in the soma,
whereupon it is trafficked to synapses by kinesin motor proteins, including KLP-4 and
UNC-116. KLP-4 is a plus-end directed motor and member of the kinesin-3 family of
motor proteins, homologous to drosophila KHC-73 and mammalian Kif13. klp-4 loss-offunction mutants have decreased abundance of GLR-1 in the VNC and reduced
anterograde movement of GLR-1 puncta, suggesting KLP-4 is necessary for normal
trafficking from the cell body to the synapse (Monteiro et al. 2012). UNC-116, the
homolog of mammalian Kif5, is also necessary for normal anterograde GLR-1
trafficking, and is involved in transporting GLR-1 to and from distal (posterior) synapses
(Hoerndli et al. 2013).

At the synapse, membrane proteins interact with and regulate GLR-1 function. For
example, SOL-1, a CUB domain-containing transmembrane protein, binds GLR-1 and
regulates its conductance properties. SOL-1 was found in a screen for mutants that
suppress the lurcher phenotype, which is caused by overexpression of a constitutively
active GLR-1 channel (GLR-1 (A/T)) (Zheng et al. 2004). Because GLR-1 positively
regulates reversal behavior, such that glr-1 null animals exhibit fewer spontaneous
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reversals than wild type animals, overexpression of constitutively active GLR-1 leads to a
hyper-reversal phenotype (Zheng et al. 1999). Mutations in sol-1 (suppressor-of-lurcher)
suppress this phenotype by disrupting normal GLR-1 channel conductance (Zheng et al.
2004, Walker et al. 2006, Zheng et al. 2006). Since the discovery of sol-1 in C. elegans,
several CUB domain proteins have been identified in mammals that regulate kainate and
NMDARs (Ng et al. 2009, Zhang et al. 2009).

Once at the synapse, GLR-1 undergoes a process of exo- and endocytosis to regulate its
abundance in the postsynaptic membrane. In C. elegans, UNC-43/CaMKII, is required
for both delivery of GLR-1 to synapses and membrane insertion (Rongo and Kaplan
1999, Hoerndli et al. 2015). Clathrin-mediated endocytosis removes GLR-1 from the
synaptic membrane and into vesicles. This process is mediated by UNC-11/AP180, a
clathrin-adaptin that, when mutated, prevents GLR-1 endocytosis and leads to receptor
accumulation in the VNC (Burbea et al. 2002). Ubiquitin also mediates endocytosis of
GLR-1. Ubiquitination occurs by the reversible conjugation of ubiquitin molecules onto
lysine residues by E3 ubiquitin ligases (Mabb and Ehlers 2010). When all four
cytoplasmic lysine resides of GLR-1 are mutated to arginines (GLR-1::4KR), GLR-1
ubiquitination is blocked and there is an increase in GLR-1 receptors at synapses in the
VNC, suggesting that ubiquitination is required for GLR-1 endocytosis. Ubiquitinated
GLR-1 accumulates in unc-11 mutants, suggesting a model where GLR-1 is first
ubiquitinated and then internalized from the synaptic membrane (Burbea et al. 2002).
Although it is not clear which E3 ligase ubiquitinates GLR-1 in C. elegans, USP-46 has
been shown to act as the deubiquitinating enzyme (DUB), and accordingly, usp-46 loss-
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of-function mutants have decreased synaptic GLR-1 in the VNC (Kowalski et al. 2011).
While these and other studies show that GLR-1 is ubiquitinated and then endocytosed via
clathrin-mediated endocytosis, there may also be clathrin-independent processes
(Glodowski et al. 2007). Many of the molecules and mechanisms regulating GLR-1 are
conserved in mammals, including ubiquitination of the receptor (Colledge et al. 2003,
Patrick et al. 2003), specific ubiquitin ligases (Schwarz et al. 2010, Fu et al. 2011, Lin et
al. 2011, Lussier et al. 2011), and the DUB, USP-46 (Scudder et al. 2014, Huo et al.
2015).

Electrophysiological experiments at neuron-neuron synapses in C. elegans are
challenging due to the small soma of C. elegans neurons. Because of this difficulty, little
is known about plasticity at these synapses, and even less about synaptic scaling. There
is, however, evidence of homeostatic mechanisms regulating GLR-1 in response to
activity. In particular, loss-of-function of eat-4, the vesicular glutamate transporter
necessary for packaging glutamate into presynaptic vesicles, leads to an increase in
glutamate-evoked currents and a corresponding increase in the abundance of synaptic
GLR-1 protein (Grunwald et al. 2004). Mutation of unc-11/AP180 in eat-4/VGLUT
mutants does not further increase the abundance of synaptic GLR-1, demonstrating that
recycling of GLR-1 is required (Grunwald et al. 2004). These results suggest that in
response to decreased glutamatergic signaling, neurons in C. elegans homeostatically
increase synaptic GLR-1, at least partially through changes in GLR-1 recycling. It is
unknown whether other features of synaptic scaling, such as CaMK signaling are
involved in a scaling mechanism in C. elegans.
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C. elegans: CaMK signaling
There is, however, strong evidence that a homologous CaMK signaling pathway exists
and functions in C. elegans, as the genome contains a homologous CaMKK (ckk-1) and
CREB (crh-1). While mammals express CaMKI and CaMKIV, C. elegans have only one
gene that shares similarities to both of these kinases, cmk-1. Despite sharing slightly more
sequence homology with CaMKI, CMK-1 is functionally more similar to CaMKIV: its
expression is more nuclear than cytoplasmic, it is expressed in a distinct subset of cells
(neurons) as opposed to ubiquitously, and it activates CREB (Eto et al. 1999, Kimura et
al. 2002). Unlike in mammals, where cytoplasmic CaMK signaling accesses the nucleus
by translocation of Ca2+/CaM, CMK-1/CaMK itself appears to be the translocating agent
in C. elegans (Eto et al. 1999, Cohen et al. 2015). There is no known role for unc43/CaMKII in signaling to nuclear CaMKs in C. elegans. As in mammals, one of the key
downstream targets of CaMK signaling is crh-1/CREB. crh-1/CREB shares 50% identify
with vertebrate CREBs with conservation of the leucine zipper domain and the DNA
binding domain. It is expressed ubiquitously throughout the animal (Mair et al. 2011).
There is a phosphorylation site homologous to the Ser133 site in mammals that is
necessary to activate CREB-mediated transcription (Kimura et al. 2002). Co-expression
of CMK-1/CaMK with a CREB transcriptional fluorescent reporter leads to increased
fluorescence which is dependent on the presence of endogenous CKK-1. This suggests
that the CaMK pathway functions in C. elegans to regulate CREB-mediated transcription
(Kimura et al. 2002).

33	
  
	
  

In this thesis, I present data supporting the hypothesis that chronic changes in synaptic
activity regulate transcription of glr-1, which is mediated by a CMK-1/CaMK signaling
pathway. In Chapter 2, I show that mutants with altered GLR-1 synaptic abundance
and/or altered GLR-1 activity have bidirectional changes in glr-1 transcription. In
Chapter 3, I show that the CMK-1/CaMK signaling pathway negatively regulates glr-1
transcription, and I provide evidence that nuclear translocation of CMK-1/CaMK
mediates glr-1 transcriptional changes in response to changes in activity. In Chapter 4, I
present ongoing work using a yeast-1-hybrid system to screen for transcription factors
that regulate glr-1 both basally and in the setting of homeostasis. This work demonstrates
a novel pathway in C. elegans that responds to changes in neuronal activity by regulating
glr-1 transcription through CMK-1/CaMK signaling. This thesis establishes, for the first
time, a direct connection between chronic changes in activity, CaMK signaling, and
transcriptional regulation of AMPARs, laying the foundation for the discovery of novel
transcriptional regulators involved in synaptic plasticity.

____________________________________
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Materials and Methods
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Strains
All strains were maintained at 20°C as previously described (Brenner 1974). The
following strains were used in this study:
N2
FJ1211 pzEx329 [Pglr-1::NLS-GFP::LACZ::glr-1 3’UTR]
FJ1217 pzEx329; glr-1 (n2461)
pzEx329; klp-4 (tm2114)
FJ1268 pzEx354 [Pnmr-1::NLS-GFP::LACZ::glr-1 3’UTR]
FJ1284 pzEx354; glr-1 (n2461)
FJ1271 pzEx354; klp-4 (tm2114)
FJ1047 pzIs29 [Pglr-1::NLS-GFP::LACZ::unc-54 3’UTR]
FJ1109 pzIs29; glr-1 (n2461)
FJ1073 pzIs29; klp-4 (tm2114)
pzIs29; usp-46 (ok2322)
FJ1148 pzIs29; unc-11 (e47)
FJ1266 pzEx352 [Pglr-1::NLS-mCherry::unc-54 3’UTR]
FJ1297 pzEx352; nuIs24
FJ1313 pzEx352; nuIs80
MT6318 eat-4 (n2474)
FJ1322 pzEx329; eat-4 (n2474)
FJ1237 pzIs29; eat-4 (n2474)
FJ1316 pzEx362 [Pglr-1::HisCl1]
pzIs29; pzEx362 [Pglr-1::HisCl1]
PY1589 cmk-1 (oy21)
FJ1291 pzEx329; ckk-1 (ok1033)
FJ1159 pzIs29; ckk-1 (ok1033)
FJ1141 pzIs29; cmk-1 (oy21)
pzIs29; cmk-1 (ok287)
FJ1167 pzIs29; crh-1 (tz2)
FJ1288 pzIs29; cbp-1 (ku258)
FJ1244 pzIs29; cmk-1 (oy21); pzEx333 [Pglr-1::CMK-1]
FJ1222 pzIs29; pzEx333 [Pglr-1::CMK-1]
FJ1235 pzIs29; cmk-1 (oy21); pzEx338 [Pglr-1::CMK-1 (K52A)]
FJ1142 pzIs29; glr-1 (n2461); cmk-1 (oy21)
FJ1214 pzIs29; glr-1 (n2461); crh-1 (tz2)
FJ1355 pzIs29; cmk-1 (pg58)
FJ1356 pzIs29; glr-1 (n2461); cmk-1 (pg58)
FJ1310 pzIs29; unc-11 (e47); ckk-1 (ok1033)
FJ1272 pzEx356 [Pglr-1::CMK-1::GFP]
FJ1274 pzEx356; ckk-1 (ok1033)
FJ1273 pzEx356; glr-1 (n2461)
FJ1364 pzEx356; unc-11 (e47)
FJ1354 pzIs29; glr-1 (n2461); pzEx370 [Pglr-1::CMK-1::EGL-13 NLS]
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FJ1246 pzEx342 [Pnmr-1::NLS-GFP::LACZ::unc-54 3’UTR]
pzEx342; klp-4 (tm2114)
FJ1247 pzEx342; glr-1 (n2461)
pzEx329; unc-11 (e47)
Constructs
Plasmids were generated using standard recombinant DNA techniques, and transgenic
strains were created by plasmid microinjection.

Pglr-1::NLS-GFP::LACZ::unc-54 3’UTR was made by cloning 5.3 kb upstream of the
glr-1 transcription start site into pPD96.04 (Addgene, Fire Lab C. elegans Vector Kit)
containing NLS-GFP::LACZ to generate plasmid FJ#119 and injected at 50 ng/ul to make
pzEx260, which was integrated to make pzIs29.

Pglr-1::NLS-GFP::LACZ:unc-54 3’UTR (low expresser) was made by injecting the
above plasmid at 1 ng/ul to make pzEx356.

Pglr-1::NLS-GFP::LACZ::glr-1 3’UTR was made by PCR of the glr-1 3’UTR from CR3
and cloning into pV6 with Sac1 and Spe1 to make pBM7 and then PCR of NLSGFP::LACZ from Pglr-1::NLS-GFP::LACZ::unc-54 3’UTR and cloning into pBM7 with
Nhe1. pBM12 was injected at 60 ng/ul to make pzEx329.

Pnmr-1::NLS-GFP::LACZ::glr-1 3’UTR was made by digesting Pnmr-1 from pKM05
and swapping into pBM12 for Pglr-1 with Sph1 and BamH1. pBM17 was injected at 50
ng/ul to make pzEx354.
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Pnmr-1::NLS-GFP::LACZ::unc-54 3’UTR was made by digesting Pnmr-1 from pKM05
and swapping into Pglr-1::NLS-GFP::LACZ::unc-54 3’UTR for Pglr-1 with Sph1 and
BamH1. pBM16 was injected at 50 ng/ul with Pmyo-2::mCherry at 10 ng/ul to make
pzEx342.

Pglr-1::NLS-mCherry::unc-54 3’UTR was made by PCR of mCherry from
Pmyo2::mCherry and, adding the SV40 NLS 5’ and cloning into pV6. pBM26 was
injected at 50 ng/ul.

Pglr-1::HisCl1 was made by digesting pNP403 (Ptag-168::HisCl1::SL2::GFP] with
Nhe1 and Kpn1 and cloning into pV6. pBM29 was injected at 5 ng/ul with
Pmyo2::mCherry at 10 ng/ul.

Pglr-1::CMK-1::GFP was made by PCR of CMK-1::GFP from Pttx-1::CMK-1::GFP
(Sengupta lab) and cloning into pV6 with Kpn1 and Sac1. pBM15 was injected at 2.5
ng/ul with Pmyo2::mCherry at 10 ng/ul.

Pglr-1::CMK-1 was made by PCR of CMK- from Pttx-1::CMK-1::GFP (Sengupta lab)
adding a 3’ stop codon and cloning into pV6 with Nhe1 and Kpn1. pBM13 was injected
at 25 ng/ul with Pmyo2::mCherry at 10 ng/ul.
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Pglr-1::CMK-1 (K52A) was made by PCR of CMK-1 (K52A) from Pttx-1::CMK-1
(K52A) (Sengupta lab) and cloning into pV6 with Nhe1 and Kpn1. pBM14 was injected
at 25 ng/ul with Pmyo2::mCherry at 10 ng/ul.

Pglr-1::CMK-1::EGL-13 NLS was made by PCR of CMK-1::EGL-13 NLS from Pttx1::CMK-1::EGL-13 NLS (Sengupta lab) and cloning into pV6 with Kpn1 and Sac1.
pBM34 was injected at 25 ng/ul with Pttx-3::GFP at 50 ng/ul.

Epifluorescence Microscopy
GFP Reporter Quantitation. All GFP or mCherry reporter imaging experiments were
performed with a Carl Zeiss Axiovert M1 microscope with a 100x Plan Aprochromat
objective (1.4 numerical aperture) with GFP and RFP filter cubes. Images were acquired
with an Orca-ER charge-coupled device camera (Hamamatsu), using MetaMorph,
version 7.1 software (Molecular Devices). All L4 animals were immobilized with 30
mg/ml 2,3-butanedione monoxamine (Sigma-Aldrich, St. Louis, MO) for 6-8 minutes
before imaging. To quantitate GFP or mCherry fluorescence, maximum intensity
projections from Z-series stacks of 1 µm depth were taken from the PVC nucleus using
MetaMorph software. Exposure settings were constant for each reporter. A region of
interest was drawn around the nucleus and maximum pixel intensity was used for
quantification. At least 20 animals were measured for each genotype and statistics were
performed by Student’s t-test (for two genotypes) or ANOVA with Tukey-Kramer posthoc correction (greater than two genotypes). Control genotypes were always assayed on
the same day to normalize for daily fluctuations in fluorescence.
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CMK-1::GFP and GLR-1::GFP Quantitation. CMK-1::GFP and GLR-1::GFP
quantitation in the VNC was performed with a Carl Zeiss Axiovert M1 microscope with a
100x Plan Aprochromat objective (1.4 numerical aperture) with GFP. Images were
acquired with an Orca-ER charge-couple Orca-ER charge- coupled device camera
(Hamamatsu), using MetaMorph, version 7.1 software (Molecular Devices). All L4
animals were immobilized with 30 mg/ml 2,3-butanedione monoxamine (Sigma-Aldrich,
St. Louis, MO) for 6-8 minutes before imaging. To quantitate GFP, maximum intensity
projections from Z-series stacks of 1 µm depth were taken from the anterior VNC using
MetaMorph software. Exposure settings were constant for each transgene. FluoSphere
yellow-green fluorescent beads (Invitrogen) were imaged daily to correct for day-to-day
variation in microscope bulb intensity. Line scans of anterior VNC puncta were generated
using MetaMorph version 6.0 and were then analyzed in Igor Pro (v5) using custom
written software as previously described (Burbea et al. 2002). At least 20 animals were
measured for each genotype and statistics were performed by ANOVA with TukeyKramer post-hoc correction. Control genotypes were always assayed on the same day to
normalize for daily fluctuations in fluorescence

Confocal Microscopy
CMK-1::GFP Localization. Fluorescence imaging of CMK-1::GFP was performed using
a Zeiss LSM510 confocal microscope with a 63X objective (NA1.4). Images were
acquired with a photomultiplier tube using Zeiss LSM 510 software. All L4 animals were
immobilized with 30 mg/ml 2,3-butanedione monoxamine as described above. Z-series
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stacks were taken of PVC for each animal. Imaging settings were adjusted for each cell to
optimize assessment of cytoplasmic vs. nuclear localization of CMK-1::GFP. Image
acquisitions were taken blinded to genotype. Maximum projections of each image were
used for scoring localization phenotypes. To confirm this scoring method, another
experimenter blind to genotypes assessed localization for a subset of the images and
similar results were obtained (data not shown). Statistics were performed using Chisquared test with post-hoc corrections to assess significance vs. wild type.

Histamine Chloride
L4 wild type and animals expressing Pglr-1::HisCl1 were transferred onto plates with
and without 10 mM histamine as previously described (Pokala et al. 2014). At zero, one,
and four hours, animals were picked off plates and the GFP reporter was imaged as
described above. Each time point was normalized to the zero hour and then to the
corresponding time point of animals no exposed to histamine. Statistics were performed
using Student’s t-test at each time point comparing animals on histamine to animals off
histamine.

Behavior
Locomotion assays were performed as previously described (Juo et al. 2007, Kowalski et
al. 2011). Briefly, wild type and animals expressing Pglr-1::HisCl1 were placed on a
plate with no food and allowed to acclimate for two minutes. Animals were then
transferred to either a plate with or without 10 mM histamine (no food on either plate).
Animals placed on histamine plates were exposed for 10 minutes. Animals were then
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observed for five minutes while reversals were counted manually. Behavioral assays were
performed by an experimenter blind to the genotypes being observed.

Real-time PCR
Total RNA was isolated from 10 10 cm plates per genotype of mixed-stage animals by
lysing in Trizol (Invitrogen) and extracting with an RNeasy Fibrous Tissue Mini kit
(Qiagen) with on-column DNAse treatment. For each genotype, at least three
independent RNA preparations were made alongside a corresponding wild type (N2)
preparation to control for variation introduced by each preparation. cDNA from these
RNA preps was synthesized using Superscript III Reverse Transcriptase (Invitrogen).
Real-time PCR was performed on the MX3000P real-time PCR machine (Tufts Center
for Neuroscience Research) using the Brilliant SYBR Green QPCR Master Mix. The
ΔΔCT method (Pfaffl 2001) was used to compute the relative amount of glr-1 mRNA
compared to two reference genes (act-1 and ama-1). Primers used for each gene: glr-1: FCCGTTTAAACTTGCATTTGACC, R- ACAGACTGCGTTCACCATGT, act-1
(DePina et al. 2011): F-CCAGGAATTGCTGATCGTATGCAGAA, RTGGAGAGGGAAGCGAGGATAGA
ama-1 (Yan et al. 2009): F- ACTCAGATGACACTCAACAC, RGAATACAGTCAACGACGGAG
SEM was calculated as previously described (Applied Biosystems). Statistical
significance was determined using the Student’s t-test on the geometric mean of the ΔCt
values for each reference gene.
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Yeast-One-Hybrid (Y1H)
Y1H was performed as described previously (Deplancke et al. 2004, Reece-Hoyes and
Walhout 2012) with several modifications described in detail below. All yeast were
grown at 30°C and maintained with yeast extract peptone dextrose media (YPD) or
synthetic complete (Sc) selective media when appropriate.

Generation of Pglr-1 bait yeast strains. attB4 and attB1 sites were added to 2.4 kb of
sequence upstream of the glr-1 TSS by PCR to create a Gateway compatible PCR
product. This PCR product was combined with pDONR P1-P4 in a Gateway BP reaction
to create the Pglr-1 (2.4 kb) entry clone. LR reaction of this entry clone with pDEST
clones pMW#2 (HIS3 reporter plasmid) and pMW#3 (LACZ reporter plasmid) created
the Pglr-1 (2.4 kb) HIS3 and LACZ reporter plasmids. To create the Pglr-1 (0.7 kb)
reporter plasmids, the Pglr-1 (0. 7kb) Gateway compatible clone was obtained from the
glr-1 promoterome (GE Dharmacon) and LP reaction with pMW#2 and pMW#3 created
the Pglr-1 (0.7 kb) HIS3 and LACZ reporter plasmids.

To create yeast strains from these plasmids, Pglr-1 reporter plasmids were linearized and
integrated (Pglr-1 (2.4 kb) plasmids in one integration, Pglr-1 (0.7 kb) plasmids in
another) into yeast strain YM2471 according to Reese-Hoyes and Walhout (Reece-Hoyes
and Walhout 2012). 12-14 colonies from each integration were streaked onto a new agar
plate and then replica-plated to 3-AT plates for the HIS3 assays and a YPD plate with a
nitrocellulose filter placed on top for the X-gal assay (see below for description of X-gal
assays). Integrants with the lowest auto-activation were selected for use in the Y1H, and
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15% glycerol in YPD stocks were frozen and stored at -80°C. PCR sequencing of the
integrants confirmed the presence of the HIS3 and LACZ reporter.

X-gal assay. Yeast were replicated onto nitrocellulose membranes placed on 150 mm
YPD agar plates and allowed to grow for 2-3 days. For each plate to be assayed two
Whatman filters were placed into an empty 150 mm Petri dish with 15 mL X-gal solution
(15 mL Z-buffer, 36.6 ul B-mercapto-ethanol, 233 ul 4% (w/v) X-gal). The nitrocellulose
membrane was frozen for 10 seconds in liquid nitrogen and then placed onto the X-galsoaked Whatman filters. These plates were then incubated at 37°C and results were
assessed at 24 hours.

Screening the transcription factory library. The C. elegans transcription factor yeast
library was obtained from GE Dharmacon. This library contains 755 putative TFs arrayed
across eight 96-well plates. To screen a plate against the Pglr-1 baits, yeast TFs were
grown for 1-2 days in selective media (Sc –Trp) in 96-well plates and the Pglr-1 baits
were grown in selective media (Sc – His, - Ura). 100 ul of bait was then mixed with 100
ul of TF in a 96-well plate (one plate for each bait). Yeast were allowed to mate
overnight. 5 ul of the mating solution was plated onto selective media (Sc- His, - Trp, Ura). These plates were allowed to grow for 2-3 days and then replicated plated onto
fresh selective plates and a YPD plate with a nitrocellulose membrane. Plates were grown
for 2-3 days before performing the X-gal assay as described above on the nitrocellulose
membrane.
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Chapter 2
A bidirectional feedback mechanism negatively couples synaptic levels and activity
of GLR-1 to glr-1 transcription

________________________________________________________________________
Attributes
All experiments in Chapter 2 were performed by Benjamin Moss, except for Figure 2-6A,
which was performed by Lidia Park.

46	
  
	
  

Previous data suggests that trafficking mutants with reduced GLR-1 abundance at
synapses in the ventral nerve cord (VNC) exhibit reciprocal increases in glr-1 mRNA
levels. Specifically, animals with mutations in the deubiquitinating enzyme USP-46,
which removes ubiquitin from GLR-1 and protects it from degradation, exhibit decreased
levels of GLR-1 in the VNC and a compensatory three-fold increase in glr-1 transcript
levels as measured by real-time quantitative PCR (RT-qPCR) (Kowalski et al. 2011).
Similarly, mutations in the kinesin motor KLP-4/KIF13, which positively regulates GLR1 trafficking to the VNC, result in decreased levels of GLR-1 in the VNC and a
compensatory two fold increase in glr-1 transcript levels (Monteiro et al. 2012). I
hypothesized that GLR-1 levels or function at synapses in the VNC are monitored and
coupled via a negative feedback mechanism to glr-1 transcript levels.

glr-1 transcription is negatively coupled to GLR-1 levels in the ventral nerve cord
Increased glr-1 transcript in klp-4 and usp-46 mutants could be due to increased
transcription, increased mRNA stability, or a combination of the two. To investigate the
molecular mechanisms involved in this feedback pathway, I generated transgenic animals
expressing different combinations of a nuclear-localized GFP reporter (NLS-tagged GFP
fused to LACZ) under control of the glr-1 promoter (Pglr-1) and/or the glr-1 3’
untranslated region (UTR). The glr-1 promoter includes 5.3 kilobases (kb) of sequence
upstream of the transcription start site (TSS) (Rongo et al. 1998), and including it in the
construct allows monitoring of transcriptional activity at the glr-1 promoter. The glr-1
3’UTR includes 100 base pairs (bp) as predicted by modENCODE (Mangone et al.
2010). Including the 3’UTR allows regulation and monitoring of transcript stability.
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I first validated this glr-1 reporter under control of both Pglr-1 and the glr-1 3’UTR by
testing if GFP fluorescence was altered in klp-4 trafficking mutants. Briefly, I measured
the maximum fluorescence intensity of GFP in the nucleus of the glr-1-expressing
interneuron PVC in wild type and klp-4 (tm2114) loss-of-function mutants (see Materials
and Methods). I found that GFP fluorescence increased in klp-4 mutants (Fig. 2-1A),
consistent with previous RT-qPCR results (Monteiro et al. 2012). Because klp-4 mutants
have reduced GLR-1 at synapses in the VNC, this data implies that decreased synaptic
GLR-1 may trigger a compensatory feedback mechanism resulting in increased glr-1
transcript. To directly test if loss of GLR-1 itself could trigger the feedback pathway, I
measured the GFP reporter under control of Pglr-1 and the glr-1 3’UTR in glr-1 (n2461)
null mutants. I found that GFP fluorescence increased in glr-1 mutants to a similar extent
as in klp-4 mutants (Fig. 2-1B). These data suggest that decreased GLR-1 protein or
function is sufficient to trigger a compensatory feedback mechanism negatively coupling
GLR-1 to its own transcript levels. These data also indicate that the glr-1 promoter and/or
3’UTR are sufficient to mediate the feedback mechanism.

To determine the respective contributions of Pglr-1 and the glr-1 3’UTR to the feedback
mechanism, I generated additional GFP reporter transgenes consisting of NLS-GFPLACZ under the control of either the glr-1 or nmr-1 promoters combined with either the
glr-1 or unc-54 3’UTRs. The nmr-1 promoter provides an alternative promoter to glr-1
that is also well expressed in PVC interneurons (Brockie et al. 2001). The unc-54 3’UTR
is a permissive 3’UTR that is commonly used for stable gene expression in C. elegans
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Figure 2-1. Mutants with decreased synaptic GLR-1 have increased expression of a
GFP reporter containing the glr-1 promoter and the glr-1 3’UTR
(A-B) Pglr-1::nlsGFP::LACZ::glr-1 3’UTR mean GFP fluorescence in wild type (n=42
(A), n=40 (B)), klp-4 (tm2114) (n=46) (A), and glr-1 (n2461) (n=42) (B) animals
normalized to wild type. Maximum GFP fluorescence was measured in the tail neuron
PVC. Error bars are SEM. Student’s t test was used to compare means. * p < .05, ** p <
.01.
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(Fire et al. 1990). I crossed these GFP reporter transgenes into several genetic
backgrounds and measured GFP fluorescence in the nucleus of PVC interneurons as
described above. When GFP fluorescence was measured from a GFP reporter under
control of the nmr-1 promoter and the glr-1 3’UTR, I observed no significant change in
fluorescence in either klp-4 (tm2114) or glr-1(n2461) mutants (Fig. 2-2A and 2-2B). This
suggests that the glr-1 3’UTR is not sufficient to mediate the feedback mechanism. On
the other hand, when GFP fluorescence was measured from the reporter transgene
containing Pglr-1 and the unc-54 3’UTR (hereafter referred to as the glr-1 transcriptional
reporter), I observed a small but significant increase in fluorescence in both klp-4 and glr1 mutants (Fig. 2-3A and 2-3B). Importantly, the unc-54 3’UTR is not differentially
regulated by the feedback mechanism because a GFP reporter containing the nmr-1
promoter and the unc-54 3’UTR was unaltered in klp-4 and glr-1 mutants (Fig. 2-4A and
2-4B). Together, these data indicate that Pglr-1 is sufficient to mediate the feedback
mechanism, and suggest that neurons respond to decreased GLR-1 levels or function in
the VNC by increasing glr-1 transcription.

To confirm that mutants with decreased synaptic GLR-1 protein have increased Pglr-1
activity, I tested the same glr-1 transcriptional reporter in additional mutants. The glr-1
transcriptional reporter was also increased in usp-46 (ok2232) loss-of-function mutants
(Fig. 2-5A), consistent with previous RT-qPCR results (Kowalski et al. 2011) (see
above). Cyclin-dependent-kinase-5 (CDK-5) is a serine/threonine kinase that regulates
synaptic GLR-1 levels and cdk-5 loss-of-function animals have decreased synaptic GLR1 (Juo et al. 2007). One downstream mediator of CDK-5 is KLP-4, which was identified
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Figure 2-2. The glr-1 3’UTR is not sufficient for increased GFP reporter expression
in mutants with decreased synaptic GLR-1
(A-B) Pnmr-1::nlsGFP::LACZ::glr-1 3’UTR mean GFP fluorescence in wild type (n=76
(A), n=35 (B)), klp-4 (tm2114) (n=58) (A), and glr-1 (n2461) (n=40) (B) animals
normalized to wild type. Maximum GFP fluorescence was measured in the tail neuron
PVC. Error bars are SEM. Student’s t test was used to compare means. n.s. denotes no
significant difference (p > .05).

53	
  
	
  

54	
  
	
  

Figure 2-3. Mutants with decreased synaptic GLR-1 have increased glr-1
transcription
(A-B) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type, klp-4
(tm2114) (A), and glr-1 (n2461) (B) animals normalized to wild type. Maximum GFP
fluorescence was measured in the tail neuron PVC for 20 animals for each genotype.
Error bars are SEM. Student’s t test was used to compare means. * p < .05.
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Figure 2-4. The nmr-1 promoter and the unc-54 3’UTR are not differentially
regulated in mutants with decreased synaptic GLR-1.
(A-B) Pnmr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type
(n=39 (A), n=42 (B)), klp-4 (tm2114) (n=41) (A), and glr-1 (n2461) (n=34) (B) animals
normalized to wild type. Maximum GFP fluorescence was measured in the tail neuron
PVC. Error bars are SEM. Student’s t test was used to compare means. n.s. denotes no
significant difference (p > .05).
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in a screen for mutants that suppress the CDK-5 overexpression phenotype of increased
synaptic GLR-1 (Monteiro et al. 2012). If KLP-4 functions as a target of CDK-5 to
regulate GLR-1, then, like klp-4 mutants, cdk-5 mutants should have increased Pglr-1
activity. Indeed, I found a similar fold change in GFP fluorescence in cdk-5 (gm336)
mutants (Fig. 2-5B). Together, these data indicate that Pglr-1 is sufficient to mediate the
feedback mechanism, and suggest that neurons respond to decreased GLR-1 levels or
function in the VNC by increasing glr-1 transcription.

I next investigated whether the feedback mechanism is bidirectional by testing if
increased GLR-1 in the VNC triggers a decrease in glr-1 transcription. UNC-11/AP180 is
a clathrin adaptin involved in endocytosis of GLR-1 and the receptor accumulates at the
plasma membrane in the VNC of unc-11 mutants (Burbea et al. 2002). I found that
fluorescence of the GFP reporter under control of Pglr-1 and the glr-1 3’UTR decreased
in unc-11(e47) null mutants (Fig. 2-6A). I observed a similar reduction of the glr-1
transcriptional reporter in unc-11 mutants (Fig. 2-6B), suggesting that Pglr-1 is sufficient
to mediate decreased glr-1 transcription in response to increased GLR-1. Together, these
results suggest that glr-1 transcription responds in a compensatory and reciprocal manner
to bidirectional changes in GLR-1 levels in the VNC.

Decreased glutamatergic activity increases glr-1 transcription
Since changes in GLR-1 levels in the VNC can alter glr-1 transcription, I performed
several experiments to test if changes in glutamate signaling are sufficient to trigger the
transcriptional feedback mechanism. First, I tested whether reductions in glutamatergic
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Figure 2-5. GLR-1 trafficking mutants with decreased synaptic GLR-1 have
increased glr-1 transcription
(A-B) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type, usp46(ok2322) (A), and cdk-5 (gm336) (B) animals normalized to wild type. Maximum GFP
fluorescence was measured in the tail neuron PVC for 31 animals for each genotype.
Error bars are SEM. Student’s t test was used to compare means. ** p < .01, *** p <
.001.
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Figure 2-6. unc-11/AP180 mutants with increased synaptic GLR-1 have decreased
glr-1 transcription
(A) Pglr-1::nlsGFP::LACZ::glr-1 3’UTR mean GFP fluorescence in wild type (n=39)
and unc-11 (e47) (n=24) animals normalized to wild type. (B) Pglr1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type (n=41) and unc11 (e47) (n=41) animals normalized to wild type. Maximum GFP fluorescence was
measured in the tail neuron PVC. Error bars are SEM. Student’s t test was used to
compare means. ** p < .01.
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transmission could trigger the feedback mechanism by analyzing glr-1 expression in eat4 synaptic transmission mutants. EAT-4 is a vesicular glutamate transporter (VGLUT)
responsible for loading glutamate into synaptic vesicles (Bellocchio et al. 1998, Lee et al.
1999). Loss of eat-4/VGLUT results in defects in glutamatergic transmission (Berger et
al. 1998, Lee et al. 1999) and a compensatory increase in synaptic GLR-1 in the VNC
(Grunwald et al. 2004). I found that eat-4 (n2474) loss-of-function mutants exhibit
increased endogenous glr-1 mRNA levels compared to wild type controls by RT-qPCR
(Fig. 2-7A). In support of this data, I found that eat-4 mutants also exhibit increased GFP
fluorescence from the reporter under control of Pglr-1 and the glr-1 3’UTR (Fig. 2-7B).
Furthermore, Pglr-1 was sufficient to mediate this effect because GFP fluorescence still
increased in eat-4 mutants expressing the glr-1 transcriptional reporter (Fig. 2-7C).
Together, these data suggest that chronic decreases in glutamate signaling (Fig. 2-7) or
postsynaptic glutamate receptors (Figs. 2-1 to 2-5) are sufficient to trigger the
transcriptional feedback pathway.

I tested two additional synaptic activity mutants to confirm that decreased synaptic
activity triggers increased Pglr-1 activity. UNC-2 is a voltage-dependent calcium channel
(VGCC) expressed presynaptically and unc-2/VGCC loss-of-function mutants have
reduced neurotransmitter release (Richmond et al. 2001). Reduced neurotransmitter
release in unc-2 mutants trigger a similar fold increase in the glr-1 transcriptional reporter
(Fig. 2-8A). The presynaptic protein UNC-13/MUNC13 binds the N-terminus of syntaxin
and functions during synaptic vesicle priming. Like unc-2 mutants, unc-13 mutants have
reduced neurotransmitter release (Richmond et al. 2001). I tested whether unc-13 mutants
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Figure 2-7. Decreased glutamatergic transmission increases glr-1 expression
(A) Real-time qPCR in wild type and eat-4 (n2474) animals comparing glr-1 expression
in four biological replicates normalized to two references genes (act-1 and ama-1). ΔCt
values were compared using Student’s t-test. (B) Pglr-1::nlsGFP::LACZ::glr-1 3’UTR
mean GFP fluorescence in wild type (n=45) and eat-4 (n2474) (n=40) animals
normalized to wild type (C). Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP
fluorescence in wild type (n=37) and eat-4 (n2474) (n=45) animals normalized to wild
type. Maximum GFP fluorescence was measured in the tail neuron PVC. Error bars are
SEM. Student’s t test was used to compare means. * p < .05, ** p < .01, *** p < .001.
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Figure 2-8. Decreased synaptic activity increases glr-1 transcription
(A-B) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type, unc2 (e53) (A), and unc-13 (s69) (B) animals normalized to wild type. Maximum GFP
fluorescence was measured in the tail neuron PVC for 45 animals for each genotype.
Error bars are SEM. Student’s t test was used to compare means. * p < .05, ** p < .01.
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have increased Pglr-1 activity and, again, found a similar fold increase in the glr-1
transcriptional reporter as in eat-4/VGLUT and unc-2/VGCC mutants (Fig. 2-8B).
Together, these results suggest that reductions in presynaptic release of neurotransmitter
(unc-2/VGCC and unc-13/MUNC13) and specifically in release of glutamate (eat4/VGLUT), are sufficient to trigger increased Pglr-1 activity.

I hypothesized that decreased presynaptic glutamate release leads to decreased activation
of GLR-1, decreased GLR-1-gated currents, and ultimately decreased postsynaptic
activity. Thus, I next aimed to test whether specifically decreasing GLR-1-gated currents
triggers increased Pglr-1 activity. SOL-1 encodes a GLR-1 auxiliary protein that is
required for GLR-1-dependent glutamate-gated currents and normal glr-1-dependent
locomotion (Zheng et al. 2004). While GLR-1 function is disrupted in sol-1 loss-offunction mutants, GLR-1 is normally expressed and localized at synapses in the VNC
(Zheng et al. 2004). sol-1 loss-of-function mutants thus make it possible to specifically
test whether decreases in postsynaptic glutamate-gated currents are sufficient to trigger
the feedback mechanism. If decreased postsynaptic activity is sufficient to trigger
increased glr-1 transcription, then sol-1 mutants should have similar increases as glr-1,
klp-4, and eat-4. Contrary to this hypothesis, I found that sol-1 (ak63) loss-of-function
mutants exhibit no change in fluorescence of the glr-1 transcriptional reporter (Fig. 29A).

Despite having decreased GLR-1-mediated currents, sol-1 mutants have intact NMDAmediated currents (Zheng et al. 2004). I hypothesized that the influx of ions through
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Figure 2-9. sol-1, nmr-1, or sol-1; nmr-1 loss-of-function does not affect glr-1
transcription
(A) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type
(n=100), nmr-1 (ak4) (n=64), sol-1 (ak63) (n=39), and nmr-1; sol-1 (n=48) animals
normalized to wild type. Maximum GFP fluorescence was measured in the tail neuron
PVC. Error bars are SEM. ANOVA with Tukey-Kramer post hoc test was used to
compare means. n.s. denotes no significant difference (p > .05).
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NMDA receptors could be suppressing an increase in Pglr-1 activity. To test this, I
assayed the glr-1 transcriptional reporter in nmr-1 (the sole C. elegans homolog of
NMDA receptor subunit NR1) single mutants and nmr-1; sol-1 double mutants. nmr-1
mutants completely abolish the slower component of the glutamate-gated current in the
AVA interneuron, and in the absence of GLR-1 and GLR-2, most of the residual
glutamate-gated current is dependent on NMR-1 (Mellem et al. 2002). Thus, sol-1; nmr-1
double mutants should abolish most current through ionotropic GluRs. However, like sol1 single mutants, nmr-1; sol-1 double mutants did not have an increase in Pglr-1 activity
(Fig. 2-9A). This result suggests that blocking glutamate receptor current postsynaptically
is not sufficient to increase glr-1 transcription. However, because glutamate-gated
currents have only been measured in AVA interneurons it is not known to what extent
SOL-1 functions in the particular neuron in which the GFP reporter measurements are
recorded (PVC). Further electrophysiological experiments would be required to confirm
that sol-1 loss of function disrupts GLR-1 currents in PVC.

To more directly test whether changes in activity specifically in GLR-1-expressing cells
(including PVC) lead to increased Pglr-1 activity, I used a recently developed genetic
tool that allows for repression of neuronal activity by activation of an exogenous
histamine chloride channel (HisCl1) from Drosophila (Pokala et al. 2014) (C. elegans do
not express histamine-gated channels). I generated transgenic animals expressing HisCl1
in glr-1-expressing neurons (Pglr-1::HisCl1) and verified the efficacy of this silencing
approach by measuring GLR-1-dependent locomotion reversal behavior. The frequency
of spontaneous reversals is regulated by glutamatergic signaling, and mutants with
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reduced glutamatergic signaling (e.g., glr-1 or eat-4 mutants) exhibit decreased reversal
frequencies (Zheng et al. 1999, Brockie et al. 2001, Burbea et al. 2002). I found that
exposure of animals expressing HisCl1 to exogenous histamine for 10 minutes led to a
dramatic decrease in spontaneous reversal frequency compared to wild type controls (Fig.
2-10A). This data suggests that activation of HisCl1 channels specifically in glr-1expressing neurons suppresses their activity and impacts GLR-1-dependent locomotion
behavior. In order to test whether direct inhibition of glr-1-expressing neurons could
increase glr-1 transcription, I exposed HisCl1-expressing animals to histamine for one
and four hours and then measured the glr-1 transcriptional reporter. Fluorescence at each
time point was normalized to HisCl1-expressing animals in the absence of histamine (see
Materials and Methods). I found a significant (p<0.01) increase in GFP reporter
fluorescence after one and four hours (Fig. 2-10B). In contrast, wild type animals not
expressing HisCl1 showed no increase in Pglr-1 activity when exposed to histamine (Fig.
2-10C). I did, however, observe a significant reduction in Pglr-1 activity in wild type
animals (i.e. not expressing HisCl1) after four hours of histamine exposure (Fig. 2-10C),
suggesting that the increased Pglr-1 activity observed in HisCl1-expressing animals may
be underestimated. Together, these results suggest that decreasing neuronal activity
specifically in glr-1-expressing neurons can trigger the feedback mechanism to increase
glr-1 transcription.

Increased glutamatergic activity decreases glr-1 transcription
Because increased GLR-1 in the VNC of unc-11/AP180 mutants is correlated with
decreased Pglr-1 activity (Fig. 2-6), I investigated whether directly increasing GLR-1
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Figure 2-10. Suppression of activity in glr-1-expressing neurons increases glr-1
transcription
(A) Reversals were counted for five minutes in wild type and HisCl1 (Pglr-1::HisCl1)
animals off and on plates containing 10 mM histamine. Student’s t-tests were used to
compare differences between conditions. n=8 for all conditions (B) HisCl1 animals were
placed on plates with 10 mM histamine for one and four hours and normalized to
unexposed animals. n = 30 animals per condition (C) Wild type animals were placed on
plates with 10 mM histamine for one and four hours and normalized to unexposed
animals. n=15 animals per condition. For reporter imaging maximum fluorescence was
measured in the tail neuron PVC. Mean fluorescences normalized to the zero time point
for each genotype were compared by Student’s t-test. Error bars are SEM. * p < .05, ***
p < .001. n.s. denotes no significant difference (p > .05)
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function could regulate the transcriptional feedback mechanism. I increased GLR-1
activity in glr-1-expressing interneurons by expressing a mutant version of GLR-1, GLR1(A/T)::YFP (nuIs80) that contains an alanine to threonine substitution in the pore
domain, which results in a constitutively active channel with increased conductance
(Zheng et al. 1999). Animals expressing GLR-1(A/T) exhibit a dramatic increase in
spontaneous reversals consistent with increased glutamatergic signaling (Zheng et al.
1999, Zheng et al. 2004, Kowalski et al. 2011). Because GLR-1(A/T)::YFP fluorescence
could not be distinguished from the NLS-GFP-LACZ fluorescence, I constructed a red
fluorescent version of the glr-1 transcriptional reporter (Pglr-1::NLS-mCherry::unc-54
3’UTR). First, I tested this reporter to confirm it responds to the feedback mechanism.
glr-1 (n2461) mutants had a similar fold change increase in red fluorescence using this
reporter (Fig. 2-11A) as green fluorescence using the NLS-GFP-LACZ reporter (Fig. 23B), indicating that it could be used to test glr-1 transcriptional responses to GLR1(A/T)::YFP. Using this red reporter, Pglr-1 activity decreased in GLR-1(A/T)expressing animals compared to wild type controls or animals overexpressing wild type
GLR-1::GFP (nuIs24) (Fig. 2-11B). These data are consistent with the idea that increased
GLR-1 function triggers the feedback pathway to reduce glr-1 transcription. Together,
these data show that increasing or decreasing glutamatergic signaling results in
reciprocal, compensatory changes in glr-1 transcription.
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Figure 2-11. Increased GLR-1 activity decreases glr-1 transcription
(A-B) Pglr-1::nls-mCherry::unc-54 3’UTR mean mCherry fluorescence in wild type
(n=43 (A), n=46 (B)), glr-1 (n2461) (n=40) (A), nuIs24 (GLR-1::GFP) (n=47) (B), and
nuIs80 (GLR-1(A/T)::YFP) (n=44) (B) animals normalized to wild type. Maximum
mCherry fluorescence was measured in the tail neuron PVC. Error bars are SEM.
Student’s t-test (A) or ANOVA with Tukey-Kramer post hoc test (B) were used to
compare means. * p < .05, *** p < .001. n.s. denotes no significant difference (p > .05)
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Chapter 3
A CMK-1/CaMK signaling pathway mediates the glr-1 transcriptional feedback
mechanism

________________________________________________________________________
Attributes
All experiments in Chapter 3 were performed by Benjamin Moss
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I next investigated the signaling mechanism involved in communicating information
about GLR-1 levels or activity at the synapse to the nucleus in order to regulate glr-1
transcription. There are several well-studied synapse-to-nucleus signaling mechanisms,
and I focused on the CMK-1/CaMK pathway (Fig. 3-1A). CaMKI and IV are important
mediators of calcium-dependent signaling mechanisms involved in neuronal development
and function (Wayman et al. 2008). In addition, CaMKIV has been shown to mediate
AMPAR-dependent homeostatic synaptic scaling which is blocked by pharmacological
inhibitors of transcription (Ibata et al. 2008, Goold and Nicoll 2010). In C. elegans,
CMK-1, the homolog of CaMKI and CaMKIV (Eto et al. 1999), is widely expressed in
the nervous system (Satterlee et al. 2004), and has been shown to function in specific
sensory neurons to mediate experience-dependent thermotaxis at physiological
temperatures and avoidance of noxious heat (Satterlee et al. 2004, Schild et al. 2014, Yu
et al. 2014). Despite these known roles for CMK-1/CaMK in mediating synaptic scaling
and experience-dependent plasticity, it is unclear which downstream targets are involved.
In this chapter, I explore the role of the CMK-1/CaMK signaling pathway (Fig. 3-1A) in
regulating glr-1 transcription.

The CMK-1/CaMK signaling pathway regulates glr-1 transcription
To test whether CMK-1/CaMK is involved in regulating glr-1 transcription, I first
measured endogenous glr-1 mRNA levels in cmk-1 (oy21) loss-of-function mutants using
RT-qPCR. I found increased glr-1 mRNA levels relative to two reference genes (act-1
and ama-1) in cmk-1 (oy21) mutants (Fig. 3-2A), suggesting that CMK-1/CaMK
negatively regulates glr-1 transcript levels. Consistent with this result, loss-of-function
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Figure 3-1. CMK-1/CaMK signaling pathway and CMK-1 alleles
(A) Schematic of a simplified CMK-1/CaMK signaling pathway in C. elegans. CKK1/CaMKK is the upstream kinase that phosphorylates CMK-1/CaMK. Phosphorylation of
CMK-1/CaMK induces its nuclear translocation. Once in the nucleus, CMK-1/CaMK can
phosphorylate downstream targets including CRH-1/CREB and CBP-1 to regulate gene
expression. Data presented in this study (see below) suggests that the CMK-1/CaMK
pathway inhibits a downstream activator of glr-1 transcription (or activates a downstream
repressor), leading to decreased glr-1 transcription. (B) Schematic of the cmk-1 alleles
used in this study (adapted from Schild, et al. 2014).
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mutations in ckk-1/CaMKK, the upstream activator of CMK-1/CaMK (Fig. 3-1A),
resulted in increased GFP fluorescence from a reporter under control of Pglr-1 and glr-1
3’UTR (Fig. 3-2B). I next tested whether Pglr-1 was sufficient to mediate the effects of
the CMK-1/CaMK pathway using the glr-1 transcriptional reporter. I found that Pglr-1
activity increased in ckk-1 (ok1033) loss-of-function mutants and two independent lossof-function alleles of cmk-1 (oy21 and ok287, see Fig. 3-1B for diagrams of cmk-1 alleles
used in this study) (Fig. 3-2C, 3-2D, and 3-2E). These results indicate that the CMK1/CaMK signaling pathway acts basally to repress glr-1 transcription. Expression of cmk1 cDNA specifically in GLR-1 neurons rescued the increase in the glr-1 transcriptional
reporter observed in cmk-1 (oy21) loss-of-function mutants (Fig. 3-2F), whereas
expression of a kinase-dead version of CMK-1(K52A) (Kimura et al. 2002) did not
rescue (Fig. 3-2G). These results suggest that CMK-1/CaMK functions in a kinasedependent manner specifically in glr-1-expressing neurons to repress glr-1 transcription.

CaMKI and CaMKIV in mammals, and CMK-I in C. elegans, have been shown to
phosphorylate the transcription factor cyclic AMP response element (CRE) binding
protein (CREB) to regulate gene expression (Sheng et al. 1991, Enslen et al. 1994,
Matthews et al. 1994, Sun et al. 1994, Eto et al. 1999, Kimura et al. 2002). Thus, I tested
whether mutations in crh-1, the C. elegans homolog of CREB, affected glr-1
transcription. I found that fluorescence of the glr-1 transcriptional reporter increased in
crh-1 (tz2) loss-of-function mutants (Fig. 3-3A), consistent with a role for CREB as a
downstream target of CMK-1/CaMK in regulating glr-1 transcription. Additionally, since
CREB is known to function together with the transcriptional co-activator CREB binding
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Figure 3-2. The CMK-1/CaMK signaling pathway regulates glr-1 transcription
(A) Real-time qPCR in wild type and cmk-1 (oy21) animals comparing glr-1 expression
in four biological replicates normalized to two references genes (act-1 and ama-1). ΔCt
values were compared using Student’s t-test. (B) Pglr-1::nlsGFP::lacZ::glr-1 3’UTR
mean GFP fluorescence in wild type (n=45) and ckk-1 (ok1033) (n=48) animals
normalized to wild type. (C-E) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP
fluorescence in wild type, ckk-1 (ok1033) (C) cmk-1 (oy21) (D), and cmk-1 (ok287) (E)
animals. n=45 for all genotypes (F) A cmk-1 cDNA rescue construct was expressed under
the glr-1 promoter (Pglr-1::CMK-1) and Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean
GFP fluorescence was measured in wild type, cmk-1 (oy21), and cmk-1 (oy21); Pglr1::CMK-1 animals normalized to wild type. n=64 for all genotypes (G) A kinase-dead
cmk-1 (K52A) cDNA rescue construct was expressed under the glr-1 promoter (Pglr1::CMK-1) and Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence was
measured in wild type (n=41), cmk-1 (oy21) (n=28), and cmk-1 (oy21); Pglr-1::CMK-1
(K52A) (n=44) animals normalized to wild type. Mean fluorescences normalized to wild
type were compared by Student’s t-test (B-E) or by ANOVA with Tukey-Kramer post
hoc tests (F-G). Error bars are SEM. * p < .05, ** p < .01, *** p < .001.
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Figure 3-3. CRH-1/CREB and CBP negatively regulate glr-1 transcription
(A-B) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type (n=44
(A), n=43 (B)), crh-1 (tz2) (n=44) (A) and cbp-1 (ku258 gf) (n=37) (B) animals
normalized to wild type. Maximum GFP fluorescence was measured in the tail neuron
PVC. Error bars are SEM. Student’s t test was used to compare means. *** p < .001.
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protein (CBP-1)/p300 which can also be phosphorylated by CaMKIV (Wayman et al.
2008), I took advantage of a gain-of-function allele in cbp-1 (ku258 gf) (Eastburn and
Han 2005) to test if cbp-1 was involved in regulating glr-1 transcription. I found that cbp1 (ku258 gf) mutants exhibited decreased fluorescence of the glr-1 transcriptional
reporter (Fig. 3-3B). Together, these results indicate that the CMK-1/CaMK signaling
axis (Fig. 3-1A), including CKK-1/CaMKK, CMK-1/CaMK, CRH-1/CREB and CBP1/p300 acts to repress glr-1 transcription.

The CMK-1/CaMK signaling pathway mediates the glr-1 transcriptional feedback
mechanism
I generated a series of genetic double mutants between glr-1 and various CMK-1/CaMK
pathway mutants to test whether the negative feedback mechanism triggered by loss of
glr-1 was mediated by CMK-1/CaMK signaling. Since my data indicate that the CMK1/CaMK signaling pathway represses glr-1 transcription, I hypothesized that decreased
GLR-1 signaling triggers an increase in glr-1 transcription by deactivating the CMK1/CaMK pathway. In this case, I would expect glr-1; cmk-1 double mutants to have nonadditive effects on the glr-1 transcriptional reporter. Alternatively, if cmk-1 functions in
an independent pathway to regulate glr-1 transcription, I would expect glr-1; cmk-1
double mutants to have an additive effect on the glr-1 transcriptional reporter. I found
that glr-1 (n2461); cmk-1 (oy21) double mutants exhibited a non-additive increase in the
glr-1 transcriptional reporter that is indistinguishable from either single mutant (Fig. 34A). This result suggests that the glr-1-triggered feedback mechanism and cmk-1 function
in the same pathway to increase glr-1 transcription. In support of this finding, I found that
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Figure 3-4. The CMK-1/CaMK signaling pathway mediates increased glr-1
transcription in the glr-1 transcriptional feedback mechanism
(A) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type (n=40),
glr-1 (n2461) (n=40), cmk-1 (oy21) (n=41), and glr-1 (n2461); cmk-1 (oy21) (n=35)
animals normalized to wild type. (B) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP
fluorescence in wild type, glr-1 (n2461), crh-1 (tz2), and glr-1 (n2461); crh-1 (tz2)
animals normalized to wild type. n=44 for all genotypes. Maximum GFP fluorescence
was measured in the tail neuron PVC. Error bars are SEM. ANOVA with Tukey-Kramer
post hoc test was used to compare means. ** p < .01, *** p < .001. n.s. denotes no
significant difference (p > .05).
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glr-1 (n2461); crh-1 (tz2) double mutants also exhibited a non-additive increase in the
glr-1 transcriptional reporter that was identical to either single mutant (Fig. 3-4B),
suggesting that CRH-1/CREB also functions in the same pathway to negatively regulate
glr-1 transcription.

To provide further support for a role for CMK-1/CaMK in the glr-1 transcriptional
feedback mechanism, I tested whether a recently isolated gain-of-function (gf) allele of
cmk-1, pg58, could suppress the increase in glr-1 transcription observed in glr-1 mutants.
cmk-1 (pg58 gf) contains a premature stop codon at W305 resulting in a truncated version
of CMK-1 (1-304) (Fig. 3-1B). pg58 is missing most of its regulatory domain and a
putative nuclear export sequence and has been shown to accumulate in the nucleus
(Schild et al. 2014). Interestingly, I found that although cmk-1(pg58 gf) did not reduce the
glr-1 transcriptional reporter alone, this gain-of-function allele completely blocked the
increase in the glr-1 transcriptional reporter triggered by loss of glr-1 (Fig. 3-5A).
Together, these data suggest that CMK-1/CaMK signaling mediates the glr-1
transcriptional feedback mechanism.

I also used genetic double mutant analysis to test whether the CMK-1/CaMK signaling
pathway is required for decreased transcription triggered by increased GLR-1. As
described above, GLR-1 levels increase in the VNC of unc-11/AP180 endocytic mutants
(Burbea et al. 2002) resulting in a compensatory reduction in glr-1 transcription (Fig. 16). I hypothesized that accumulation of GLR-1 at synapses in the VNC of unc-11 mutants
results in increased GLR-1 signaling leading to activation of the CMK-1/CaMK pathway
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Figure 3-5. A gain-of-function CMK-1 allele suppresses the glr-1 transcriptional
feedback mechanism
(A) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type, glr-1
(n2461), cmk-1 (pg58 gf), and glr-1 (n2461); cmk-1 (pg58 gf) animals normalized to wild
type. Maximum GFP fluorescence was measured in the tail neuron PVC. Error bars are
SEM. ANOVA with Tukey-Kramer post hoc test was used to compare means. *** p <
.001. n.s. denote no significant difference (p > .05).
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and repression glr-1 transcription. I found that ckk-1 (ok1033); unc-11 (e47) double
mutants resulted in fluorescence of the glr-1 transcriptional reporter at a value that was in
between unc-11 and ckk-1 single mutants (Fig. 3-6A). These data are consistent with the
idea that the repression of glr-1 transcription observed in unc-11 mutants is mediated in
part by CKK-1. Alternatively, CKK-1/CaMKK may function in parallel with UNC11/AP180 to reduce glr-1 transcription.

Given that the CMK-1/CaMK pathway regulates glr-1 transcription and mRNA levels, I
next tested whether this pathway regulates GLR-1 protein levels at synapses. I measured
the distribution of an integrated GLR-1::GFP transgene (nuIs25) in the anterior VNC of
wild type, cmk-1, and crh-1 mutants. GLR-1::GFP localizes to puncta in the VNC of wild
type animals and these puncta are closely opposed to presynaptic markers, suggesting
that GLR-1::GFP localizes to postsynaptic sites. GLR-1::GFP is functional, as it rescues
the behavioral locomotion deficits of glr-1 null mutants (Rongo et al. 1998, Burbea et al.
2002). I found a trend towards increased GLR-1::GFP puncta intensities in cmk-1
mutants and a significant increase in puncta intensities in crh-1 mutants (Fig. 3-7A) with
no significant changes in puncta width (Fig. 3-7B). It is possible that, while CRH-1 lossof-function is sufficient to increase synaptic GLR-1 expression, regulators of GLR-1
synaptic protein expression that are parallel to or downstream of CMK-1/CaMK are able
to compensate for cmk-1 loss-of-function. Together these data suggest that the CMK1/CaMK signaling pathway regulates glr-1 gene expression and may, through CREB,
affect the abundance of synaptic GLR-1.
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Figure 3-6. The CMK-1/CaMK signaling pathway may partially mediate decreased
glr-1 transcription in the glr-1 transcriptional feedback mechanism
(A) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type (n=44),
unc-11 (e47) (n=36), ckk-1 (ok1033) (n=44), and unc-11 (e47); ckk-1 (ok1033) (n=42)
animals normalized to wild type. Maximum GFP fluorescence was measured in the tail
neuron PVC. Error bars are SEM. ANOVA with Tukey-Kramer post hoc test was used to
compare means. *** p < .001. n.s. denotes no significant difference (p > .05).

95	
  
	
  

96	
  
	
  

Figure 3-7. GLR-1 abundance is increased in the VNC of in crh-1/CREB loss-offunction mutants
(A) Quantification of normalized GLR-1::GFP puncta intensities. (B) Quantification of
normalized GLR-1::GFP puncta widths. n=32 for all genotypes. Error bars are SEM.
Differences between genotypes were compared by ANOVA with Tukey-Kramer post hoc
tests. * p < .05. n.s. denotes no significant difference (p > .05).
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The GLR-1 feedback mechanism regulates the subcellular localization of CMK-1
CaM kinases are well-known mediators of activity-dependent gene expression and
specific isoforms have been shown to translocate between the cytoplasm and nucleus
(Wayman et al. 2008, Ma et al. 2014). For example, in mammalian neuronal cultures,
homeostatic increases in synaptic GluRs are correlated with a reduction in activated
CaMKIV in the nucleus (Ibata et al. 2008). In C. elegans, CMK-1/CaMK can shuttle
between the cytoplasm and nucleus to regulate thermosensory behaviors (Schild et al.
2014, Yu et al. 2014). Thus, I tested whether changes in the subcellular localization of
CMK-1/CaMK were correlated with alterations in glr-1 transcription. I expressed GFPtagged CMK-1 (CMK-1::GFP) (Satterlee et al. 2004) in interneurons under control of
Pglr-1 and used confocal microscopy to determine the relative subcellular localization of
CMK-1::GFP in the cytoplasm versus nucleus of PVC neurons (see Materials and
Methods). The subcellular localization of CMK-1::GFP is regulated by changes in
physiological temperature and noxious heat (Schild et al. 2014, Yu et al. 2014), and
CMK-1::GFP can rescue heat avoidance behavioral defects in cmk-1 mutants suggesting
that the tagged protein is functional (Schild 2014). Since CKK-1 phosphorylation of
CMK-1/CaMK has been shown to promote the nuclear accumulation of CMK-1::GFP in
sensory neurons (Schild et al. 2014, Yu et al. 2014), I first analyzed the subcellular
localization of CMK-1::GFP in GLR-1-expressing interneurons in ckk-1 (ok1033) lossof-function mutants. I found that ckk-1 mutants exhibited increased cytoplasmic CMK1/CaMK (Fig. 3-8A), consistent with previous studies (Schild et al. 2014, Yu et al. 2014).
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To test whether the subcellular localization of CMK-1/CaMK is regulated by the glr-1
transcriptional feedback mechanism, I analyzed the distribution of CMK-1::GFP in glr-1
mutants. Similar to ckk-1 mutants, I found that glr-1 (n2461) mutants exhibited increased
cytoplasmic CMK-1::GFP (Fig. 3-8A). These results are consistent with the idea that
decreased synaptic GLR-1 results in increased retention of CMK-1/CaMK in the
cytoplasm and relief of repression of glr-1 transcription. On the other hand, I found
mutants with increased GLR-1 in the VNC, such as unc-11(e47)/AP180 endocytic
mutants (Burbea et al. 2002), exhibited increased CMK-1::GFP in the nucleus compared
to wild type controls (Fig. 3-8A). Together, these data suggest that increased or decreased
GLR-1 in the VNC results in increased or decreased accumulation, respectively, of
CMK-1/CaMK in the nucleus.

To specifically test whether nuclear localization of CMK-1/CaMK is sufficient to repress
the increase in glr-1 transcription triggered by loss of glutamatergic signaling, I
expressed a constitutively nuclear-localized version of CMK-1/CaMK containing an
exogenous NLS (Pglr-1::CMK-1::EGL-13-NLS) in GLR-1-expressing neurons. CMK1::EGL-13-NLS was shown to be five-fold enriched in the nucleus where it can rescue
cmk-1 null mutants for several thermosensory defects (Yu et al. 2014). I found that
expression of constitutively nuclear CMK-1/CaMK was sufficient to block the increase in
the glr-1 transcriptional reporter observed in glr-1 (n2461) mutants (Fig. 3-8B). These
data suggest that nuclear localization of CMK-1/CaMK represses glr-1 transcription and
provides further evidence that the CMK-1/CaMK signaling pathway mediates the glr-1
transcriptional feedback mechanism.
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Figure 3-8. The subcellular localization of CMK-1 is altered in the glr-1
transcriptional feedback mechanism
(A) CMK-1::GFP was expressed under the glr-1 promoter (Pglr-1::CMK-1::GFP) and
visualized in PVC neurons using confocal microscopy. Each cell was qualitatively
assessed by a blinded scorer as either more nuclear than cytoplasmic (nuclear >
cytoplasm), equal distribution between cytoplasm and nucleus (nuclear = cytoplasm), or
less nuclear than cytoplasmic (nuclear < cytoplasm). Wild type (n=64), ckk-1 (ok1033)
(n=47), glr-1 (n2461) (n=40), and unc-11 (e47) (n=30) animals were scored. Comparison
to wild type was made using Chi-squared post hoc test. (B) Nuclear-localized CMK-1
was expressed under the glr-1 promoter (Pglr-1::CMK-1::EGL-13-NLS) and
Pglr1::nlsGFP::LACZ::unc-54 3’UTR measured in wild type (n=19), glr-1 (2461)
(n=21), and glr-1 (n2461); Pglr-1::CMK-1::EGL-13-NLS (n=21) animals normalized to
wild type. Maximum GFP fluorescence was measured in the tail neuron PVC. Error bars
are SEM. ANOVA with Tukey-Kramer post hoc test was used to compare means. * p <
.05, *** p < .001.
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A transcriptional response to synaptic activity requires a signal from the synapse to the
nucleus. I tested whether CMK-1/CaMK may signal between the synapse and the nucleus
in response to changes in activity. Specifically, CMK-1/CaMK may translocate from
synapse to nucleus in response to increases in activity and from nucleus to synapse in
response to decreases in activity. To test this possibility, I measured fluorescence
intensity of CMK-1::GFP at puncta in the anterior VNC in wild type (Fig. 3-9A) and ckk1 mutants. I found an increase in fluorescence in ckk-1 mutants (Fig. 3-9B) suggesting
that when CMK-1/CaMK is not phosphorylated, its abundance increases at synapses in
the VNC. Next I measured peak fluorescence in glr-1 and unc-11 mutants to test whether
decreased or increased GLR-1 levels, respectively, affect CMK-1/CaMK localization to
puncta in the VNC. I found increased puncta fluorescence in glr-1 mutants and a trend
towards decreased puncta fluorescence in unc-11 mutants (Fig. 3-9B). Levels of CMK1::GFP in the cord in between puncta were also significantly increased in ckk-1 and glr-1
mutants, and trended towards decreased values in unc-11 mutants (Fig. 3-9C), suggesting
that CMK-1/CaMK may be regulated at both synapses and neuronal processes in
response to the feedback mechanism. Together, these data suggest a model where, in
response to changes in levels or activity of GLR-1, CMK-1/CaMK translocates between
synapses or neuronal processes and the nucleus in order to regulate glr-1 transcription
(see model, Fig. 3-10).

Calcineurin mediates the glr-1 transcriptional feedback pathway
Calcineurin is a ubiquitous phosphatase that responds to synaptic calcium influx and is
critical for initiating activity-dependent signaling cascades (Goold and Nicoll 2010).
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Figure 3-9. CMK-1 abundance in the VNC is altered in the glr-1 transcriptional
feedback mechanism
(A) Representative image of CMK-1::GFP puncta in the VNC of a wild type animal (B)
Quantification of normalized CMK-1::GFP puncta intensities. (C) Quantification of
normalized CMK-1::GFP cord intensities. Shown are the means and SEM for wild type
(n=35), ckk-1 (ok1033) (n=46), glr-1 (n2461) (n=42), and unc-11 (e47) (n=26).
Differences between genotypes were compared by ANOVA with Tukey-Kramer post hoc
test. * p < .05, ** p < .01. n.s. denotes no significant difference (p > .05).
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Figure 3-10. Model: CMK-1/CaMK mediates a feedback mechanism coupling
synaptic GLR-1 with glr-1 transcription.
(A) Increased cytoplasmic CMK-1/CaMK leads to relief of repression of glr-1
transcription in response to 1) decreased glutamate release, 2) decreased levels of
synaptic GLR-1, or 3) decreased postsynaptic activity. (B) Increased nuclear CMK1/CaMK leads to repression of glr-1 transcription in response to 1) increased levels of
synaptic GLR-1 or 2) increased GLR-1 activity.
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Calcineurin acts in opposition to the CaMK enzymes by dephosphorylating downstream
targets such as GluA1. Dephosphorylation by calcineurin leads to AMPAR
internalization and decreased synaptic efficacy (Baumgartel and Mansuy 2012).
Furthermore, calcineurin has a known role in synaptic scaling. TTX treatment leads to
reduced calcineurin and calcineurin knockdown induces CP-AMPAR-dependent scaling.
This suggests a model where chronic activity-blockade inactivates calcineurin, allowing
for increased synaptic AMPAR expression (Kim 2014). C. elegans calcineurin is encoded
by two genes, cna-1/tax-6 (containing the phosphatase domain) and cnb-1 (containing the
regulatory domain). Loss-of-function of the calcineurin phosphatase domain (cna-1/tax-6
(p675)) had no effect on basal glr-1 transcription but suppressed the increase in
transcription in glr-1 null mutants (Fig. 3-11A), suggesting that cna-1 is necessary for the
feedback mechanism, but not for basal glr-1 transcription. On the other hand, cnb-1
(jh703) mutants missing the regulatory domain had decreased glr-1 transcription basally,
which was not increased in cnb-1; glr-1 double mutants (Fig. 3-11B). Thus, calcineurin
appears to be necessary for the transcriptional increases seen in the feedback mechanism.
The regulatory domain may also be necessary for basal glr-1 transcription, perhaps
through interactions with an alternate phosphatase. This positive regulatory role for
calcineurin on GLR-1 is in contrast to mammalian calcineurin which negatively regulates
AMPARs during synaptic scaling.
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Figure 3-11. Calcineurin mediates increased glr-1 transcription in the glr-1
transcriptional feedback mechanism
(A) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type (n=40),
glr-1 (n2461) (n=40), cna-1 (p675) (n=40), and glr-1 (n2461); cna-1 (p675) (n=34)
animals normalized to wild type. (B) Pglr-1::nlsGFP::LACZ::unc-54 3’UTR mean GFP
fluorescence in wild type (n=40), glr-1 (n2461) (n=37), cnb-1 (jh103) (n=40), and glr-1
(n2461); cnb-1 (jh103) (n=39) animals normalized to wild type. Maximum GFP
fluorescence was measured in the tail neuron PVC. Error bars are SEM. ANOVA with
Tukey-Kramer post hoc test was used to compare means. ** p < .01, *** p < .001. n.s.
denotes no significant difference (p > .05)
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Chapter 4
A yeast-1-hybrid screen for transcription factors that regulate glr-1 basally and in
the feedback mechanism

________________________________________________________________________
Attributes
Experiments in Chapter 4 were performed by Benjamin Moss and Lidia Park.
Experiments Figures 4-2 and 4-3 were performed by Benjamin Moss. Experiments in
Figure 4-5 were performed by Lidia Park. Experiments in Figures 4-4 and 4-6 were
performed by Benjamin Moss and Lidia Park.
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Chapters 2 and 3 present data describing a feedback mechanism mediated by CMK1/CaMK that responds to changes in neuronal activity by regulating glr-1 transcription.
Little is known about transcription of GluRs in response to changes in activity, and there
are no validated transcription factors (TFs) for GLR-1. Thus, I aimed to identify TFs that
regulate GLR-1, particularly those involved in the feedback mechanism. To do this, I am
performing a yeast-1-hybrid (Y1H) on the glr-1 promoter using a yeast library of C.
elegans TFs.

The Y1H, like its predecessor, the yeast-two-hybrid, takes advantage of interactions
between a protein’s DNA binding domain (DB) and an activating domain (AD). In the
yeast-two-hybrid a bait protein is fused to the DB and a prey protein is fused to the AD.
If these two hybrid proteins interact in the yeast system, the proximity of the DB and AD
form a functional TF which leads to expression of a reporter. In a Y1H assay, the AD is
fused to a TF, and since transcription factors inherently have DBs, the DB is not required
(Fig. 4-1A). The AD of GAL4 is commonly used, as it was found that addition of this AD
allows any TF, activator or repressor, to activate expression of a downstream reporter.
Thus, this system allows for identification of both activator and repressor TFs (ReeceHoyes and Marian Walhout 2012).

Deplancke, et al. established a Y1H system that utilizes a C. elegans TF library based on
the C. elegans ORFeome (Deplancke et al. 2004). This library contains 755 plasmidencoded TFs fused with the GAL4p AD, representing an estimated 80% of known C.
elegans TF open reading frames (Vermeirssen et al. 2007). DNA promoter regions of
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Figure 4-1. Yeast-one-hybrid model
(A) When a transcription factor (TF) prey interacts with a promoter bait (Pglr-1), the AD
domain of the transcription factor triggers expression of HIS3 and LACZ reporters. HIS3
expression allows for growth of yeast containing bait-prey interactions on media
containing 3-AT, an inhibitor of the His3p enzyme. Yeast containing bait-prey
interactions exhibit expression of LACZ which causes these yeast to turn blue when
treated with X-gal.
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interest are cloned into two different reporter plasmids whose expression is induced by
binding of the TF-GAL4p protein. One reporter, HIS3, allows for growth on medium
containing 3-AT, an inhibitor of the His3p enzyme. In the second reporter, Bgalactosidase encodes for the LACZ protein which turns colorless X-gal blue. Both of
these reporters contain minimal promoters that have low levels of baseline expression
even without activation by the TF-AD prey. The use of two reporters decreases the rate of
technical false positives (Reece-Hoyes and Marian Walhout 2012).

Design of Pglr-1 baits
While classically only very short DNA segments (~30 bp) were used for Y1H assays,
Deplancke et. al. developed a system using promoters up to 2.4 kb (Deplancke et al.
2004). However, all of the Pglr-1 transcriptional reporters described above in Chapters 2
and 3 contain 5.3 kb of promoter (the stretch of DNA from the glr-1 TSS until the next
upstream gene). Thus, for the Y1H, I shortened Pglr-1 to 2.4 kb upstream of the glr-1
TSS. Because longer promoters typically induce higher background noise (autoactivation), I also utilized a shorter promoter in order to reduce auto-activation. I
constructed a Pglr-1 bait from the Gateway compatible C. elegans promoterome (Dupuy
et al. 2004), which contains ~700 bp of Pglr-1 upstream of the TSS.

Assessment of baits using GFP transcriptional reporters
Since the entire 5.3 kb of Pglr-1 used in the GFP reporter assays is too large to function
as a Y1H bait, I tested whether shorter 2.4 kb and 0.7 kb baits could still mediate the
feedback mechanism in vivo. Either a region containing 2.4 kb or 0.7 kb upstream of the

114	
  
	
  

glr-1 TSS was swapped into the glr-1 transcriptional reporter and animals expressing
transgenic extrachromosomal arrays were maintained (as opposed to the 5.3 kb glr-1
transcriptional reporter, which was integrated into the genome). These reporters were
then crossed into various mutants to test their efficacy in mediating the feedback
pathway. For the 2.4 kb promoter, cmk-1 mutants exhibited a significant increase in GFP
fluorescence, while crh-1 mutants trended towards an increase (Fig. 4-2A). Because this
construct was expressed as an array, the variation in fluorescence between animals was
much higher than in the integrant, possibly accounting for why the increase in crh-1
mutants did not reach statistical significance.

While our lab had previously used the 2.4 kb promoter to express transgenes in glr-1expressing neurons, it was unknown if the 0.7 kb promoter would be sufficient for
expression in the same cells. However, as in the 5.3 kb and 2.4 kb reporters, the 0.7 kb
reporter did lead to expression in a group of neurons in the head as well as in the PVC
interneurons (data not shown). Interestingly, GFP fluorescence was highly variable in
animals expressing the 0.7 kb reporter, making it challenging to define imaging
parameters that were able to capture the full range of expression. As can be seen from the
scatter plots of GFP fluorescence (Fig. 4-3B), while many animals had very low
fluorescence of the reporter, other animals were overexposed at the same imaging
settings. This made quantification of the strain problematic, though, when analyzed, I
observed no significant increase in fluorescence in glr-1 or ckk-1 mutants (Fig. 4-3A).
While this result suggests that the 0.7 kb promoter does not mediate the feedback
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Figure 4-2. 2.4 kb of promoter upstream of the glr-1 transcription start site is
sufficient to mediate the glr-1 transcriptional feedback mechanism.
(A) Pglr-1 (2.4 kb)::nlsGFP::LACZ::unc-54 3’UTR normalized GFP fluorescence in
wild type, cmk-1 (oy21), and crh-1 (tz2) animals normalized to wild type. Maximum GFP
fluorescence was measured in the tail neuron PVC for 40 for each genotype. Error bars
are SEM. ANOVA with Tukey-Kramer post hoc test was used to compare means. *** p
< .001. n.s. denotes no significant difference (p > .05)
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Figure 4-3. 0.7 kb of promoter upstream of the glr-1 transcription start site is not
sufficient to mediate the glr-1 transcriptional feedback mechanism
(A) Pglr-1 (2.4 kb)::nlsGFP::LACZ::unc-54 3’UTR mean GFP fluorescence in wild type
(n=114), glr-1 (n2461) (n=115), and ckk-1 (ok1033) (n=92) animals normalized to wild
type. Error bars are SEM. ANOVA with Tukey-Kramer post hoc test was used to
compare means. Maximum GFP fluorescence was measured in the tail neuron PVC. ***
p < .001. n.s. denotes no significant difference (p > .05)
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mechanism, both mutants trended towards an increase, and the high variability within
strains could obfuscate meaningful results.

Together these results suggest that the 2.4 kb promoter is sufficient to mediate the
feedback mechanism, but the 0.7 kb promoter likely is not. This potentially provides a
way to screen positive hits from the Y1H as likely candidates for mediating the feedback
mechanism. TFs involved in mediating the feedback mechanism should activate the 2.4
kb promoter reporter in the Y1H but not the 0.7 kb promoter reporter. Future experiments
with additional mutants (e.g., glr-1 and eat-4) will be tested to confirm whether the 2.4
kb promoter can also respond to decreased synaptic GLR-1 and decreased glutamatergic
activity.

Construction of Y1H baits
After Gateway cloning Pglr-1 (2.4kb) and Pglr-1 (0.7kb) into the HIS3 and LACZ
reporter plasmids, these bait constructs were integrated into the Y1H yeast strain
YM4271. A handful of integrants were tested for auto-activation in the X-gal and 3-AT
assays. For the 3-AT assay, integrants were patched onto plates with concentrations of 0
mM, 20 mM, 50 mM, and 80 mM 3-AT. Higher activation of the HIS3 bait allows for
growth on higher concentrations of 3-AT, which inhibits production of histamine. Several
controls from the Walhout lab were used in these assays. PB0507.1 corresponds to the
promoter for the clone B0507.1, which has low auto-activation and positively interacts
with the TF, CES-1, in the Y1H assay (Reece-Hoyes et al. 2009). Thus, PB0507.1 can be
used as a positive control bait that expresses low levels of auto-activation in the 3-AT and
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X-gal assays (Fig. 4-4A and 4-4B). Control 4 and control 5 (Ct4 and Ct5) are control
yeast strains that contain robust bait-prey interactions. Thus, they serve as positive
controls for the X-gal and 3-AT assays and express robust activation— stronger blue
color in the presence of X-gal and stronger growth on high concentrations of 3-AT— of
both reporters (Fig. 4-4A and 4-4B).

For the Pglr-1 (2.4 kb) bait, while there is less growth on the 80 mM plates for the
integrants, there appears to be much more auto-activation than for the PB0507.1 bait,
which shows very little growth in the absence of the positive interacting prey CES-1, on
20 mM and 80 mM 3-AT. Because of this high background, integrants were chosen based
on the X-gal assay, and all subsequent experiments were performed using the X-gal
reporter (The 3-AT assay was repeated for the 0.7 kb promoter, but similar problems
were encountered). For the X-gal assay the 2.4 kb and 0.7 kb integrants with the lowest
blue signal were selected for the Y1H assay (Figure 4-4B and 4-4C, red boxes). While
the level of background in the X-gal assay for both the 2.4 kb and 0.7 kb promoter was
significantly more pronounced than for the PB0507.1 bait, it was significantly less than
for Ct4. This suggests that while the Pglr-1 baits may have a high level of background,
positive interactions as strong as Ct4 should still be detectable.

Screening controls
I next optimized a system in which to perform the Y1H screen (see Materials and
Methods). Previous protocols (Deplancke et al. 2004, Reece-Hoyes and Walhout 2012)
were designed for screening a cDNA library of TF preys. I modified these protocols for
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Figure 4-4. Selection of Pglr-1 bait integrants
(A) 3-AT assay of Pglr-1 (2.4 kb) integrants. Pglr-1 (2.4 kb) HIS3 and LACZ reporter
plasmids were integrated into the Y1H yeast strain YM2471 and integrants were assayed
for growth on 3-AT. High levels of growth indicate high auto-activation of the HIS3
reporter. (B) X-gal assay of Pglr-1 (2.4 kb) integrants. The integrant with the least blue
signal (#7) after 24 hours of incubation with X-gal was selected for the Y1H screen. (C)
X-gal assay of Pglr-1 (0.7 kb) integrants. The integrant with the least blue signal (#8)
after 24 hours of incubation with X-gal was selected for the Y1H screen.
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screening a library of yeast TFs arrayed across eight 96-well plates. Briefly, yeast TFs
were grown in 96-well plates of selective liquid media and then mated overnight in nonselective media in a 96-well plate format to the Pglr-1 (2.4 kb) and Pglr-1 (0.7 kb) baits.
These matings were spotted in duplicate onto selective media agar plates, so that only
progeny of TF-bait matings would grow. Matings were then replicate-plated to
nitrocellulose membranes placed on selective agar media, allowed to grow for several
days, and then the X-gal assay was performed on the nitrocellulose membranes.

After testing a time course for the X-gal assay I determined that positive hits could be
visualized at 24 hours. I tested this method using the known interaction of PB0507.1 bait
and CES-1 TF prey (Reece-Hoyes et al. 2009). As a negative control for PB0507.1, I
used SKN-1, which has no known association with PB0507.1. I also tested the Pglr-1
baits with these two TFs. However, one of the persistent problems with the Y1H screen is
the lack of positive control prey for the Pglr-1 baits as there are no TFs validated to
interact with Pglr-1. I used SKN-1, as this was the only positive hit from an in silico
search for TF-binding sites within Pglr-1 (TRANSFAC, BioBase). I first tested the baits
alone to measure background auto-activation and found significant auto-activation for the
Pglr-1 baits and very minimal auto-activation for PB0507.1 (Fig. 4-5A). Next I
performed matings to the TFs, SKN-1 and CES-1, as described above (except in tubes,
not 96-well plates). The controls for the X-gal assay, Ct4 and Ct5, show strong X-gal
staining (Fig 4-5B). Importantly, PB0507.1 shows very little staining for mating with
SKN-1, but turns blue when mated to CES-1 (Fig. 4-5B), confirming that I can detect
bait-prey interactions with this protocol. Both CES-1 and SKN-1 matings with both of the
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Figure 4-5. Detection of known positive interactions with the modified yeast-onehybrid (Y1H)
(A) DNA baits were tested for auto-activation after 24 hours in the X-gal assay. (B) Baits
PB0507.1, Pglr-1 (2.4 kb), and Pglr-1 (0.7 kb) were tested for interactions with the
transcription factors SKN-1 and CES-1 in the X-gal assay. Cont. 4 and Cont 5. are
positive controls for the X-gal assay. PB0507.1 interacts with CES-1 and all other
interactions are negative.
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Pglr-1 baits exhibited relatively strong staining, but not visibly stronger than the unmated
baits, suggesting no interaction with either of these proteins (Fig. 4-5B). While autoactivation is not as strong as the staining for Ct4 and Ct5, it is also possible that autoactivation of the Pglr-1 baits is too strong to detect an interaction.

Preliminary results
Despite high levels of auto-activation, I have begun screening the Y1H library. Autoactivation may increase false negatives, but, given the number of positive hits from
published Y1H screens (DePlancke 2004), it is likely that even with highly auto-activated
baits, some interactions may still be detectable. Figure 4-6 shows an example of results
from screening plate 1 and identification of a candidate interaction. This screen was
performed with the Pglr-1 (2.4 kb) bait. Following the protocol described above, Ct4 and
Ct5 turn dark blue in the X-gal assay, while the bait only sample does not turn blue at all.
(Fig. 4-6A). In the X-gal assay of samples from plate 1, sample 2A turned darker blue
than the other samples, suggesting an interaction between this TF and the Pglr-1 (2.4kb)
promoter. To confirm this result, 2A and three other samples (3F, another potential hit
which turned slightly bluer than the rest of the samples, and 7A and 8B as negative
controls) were re-mated to the Pglr-1 (2.4 kb) bait and the X-gal assay was repeated with
five mating replicates per sample. This confirmed that 2A turned bluer than the negative
controls and suggests it as a preliminary hit for the Y1H screen. 3F did not turn bluer than
the negative controls, so is unlikely to be a hit. These data suggest that the Y1H can
detect preliminary hits.
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Figure 4-6. Detection of a candidate hit from the Pglr-1 (2.4 kb) yeast-one-hybrid
(Y1H) screen.
(A) Ct4 and Ct5, positive controls for the X-gal assay, are positive in the modified Y1H
screening protocol, while the Pglr-1 (2.4 kb) bait-only control is negative. (B) Two plates
from the Pglr-1 (2.4 kb) Y1H screen of the transcription factor TF library plate 1. Each
TF is run in duplicate in the X-gal assay. Column numbers and row letters refer to the 96well plate from the TF library. Samples were assessed after 7 hours of incubation with Xgal. 2A is a candidate hit. All samples that were re-tested are in black boxes. (C) TF
samples from (B) were re-mated to Pglr-1 (2.4 kb) bait and tested in quintuplet in the Xgal assay.
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Sample 2A is the gene elt-2 (erythroid-like transcription factor family), homologous to
vertebrate GATA transcription factors required for cardiac and endoderm development.
ELT-2 has known roles in differentiation of the intestine and in the intestinal innate
immune response. Future studies will determine if this hit is biologically relevant by
obtaining available mutants for this gene and testing these mutants in the glr1
transcriptional reporter. Screening of the remainder of the TF library is ongoing and
additional hits will be assessed in a similar manner.
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Chapter 5
Discussion
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Regulation of AMPARs underlies the homeostatic responses to chronic changes in
neuronal activity during synaptic scaling. While many mechanisms have been proposed
to explain how changes in activity regulate AMPARs, the precise details of this process
remain unknown. Synaptic scaling is dependent on transcription and mediated by calcium
signaling through CaMKs, specifically CaMKIV. In this thesis, I investigate a novel
feedback mechanism, which responds to chronic, bidirectional changes in the levels and
activity of the C. elegans AMPAR, GLR-1, by regulating glr-1 transcription. I also show
that a CMK-1/CaMK signaling pathway basally regulates glr-1 transcription and present
evidence that this same pathway mediates the feedback mechanism. Specifically, the
feedback mechanism triggers CMK-1/CaMK translocation between the cytoplasm and
nucleus, altering CMK-1’s ability to regulate transcription. Together, these results
highlight, for the first time, a direct connection between CMK-I/CaMK signaling, glr-1
transcription, and chronic changes in activity.
Chronic changes in either GLR-1 levels or GLR-1 activity regulate glr-1
transcription
GluR transcription
In Chapter 2, I present evidence that changes in levels or activity of GLR-1 regulate glr-1
transcription. Little is known about regulation of GluR transcription and even less about
transcriptional regulation in response to chronic or acute changes in activity. Previous
work has focused on regulatory elements in GluR promoters that control cell-specific
expression of these receptors. For example, an RE1/neuron restrictive-silencing element
(NRSE)-like sequence is present in the promoter of GluA2. In non-neuronal cells, when
this NRSE is bound by the transcriptional repressor RE1-silencing transcription factor
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(REST), co-repressors and histone deacetylases are recruited to the GluA2 promoter to
repress transcription (Myers et al. 1998, Huang et al. 1999). REST and the NRSE
sequence also play a role in transcriptional responses to extracellular events, as the NRSE
has also been implicated in BDNF-mediated induction of GluA2 promoter activity.
Additionally, several studies have examined alterations in GluA2 expression in response
to acute insults to the brain. Under these circumstances, epigenetic mechanisms and
transcription factors regulate GluA2 transcription. For example, in status epilepticus
GluA2 mRNA is downregulated by reduced H4 acetylation of GluA2 and in ischemia
induction of REST gene expression downregulates GluA2 (Huang et al. 2002, Calderone
et al. 2003). A functional ortholog of REST exists in C. elegans, spr-4 (suppressor of
presenilin defect) (Lakowski et al. 2003) — future studies are warranted to examine
whether this gene regulates C. elegans GluRs.

Several studies have examined GluA2 transcriptional regulation in response to activity
changes in cultured visual cortical neurons. Acute block of activity by TTX in cultured
neurons leads to decreased GluA2 mRNA expression, while acute depolarization leads to
increased GluA2 mRNA expression. These bidirectional changes are mediated by the
transcription factor NRF-1 (Wong-Riley and Jacobs 2002, Dhar et al. 2009). Although it
is possible that neurons employ different mechanisms in response to acute versus chronic
changes in activity, it would be interesting to test whether NRF-1 is also implicated in
responses to chronic activity.
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Regulation of AMPAR transcription in response to chronic changes in activity remains
largely unexplored. There is, however, evidence that GluA1 and GluA3 synthesis and
transcription are increased during late-phase LTP and this increase is dependent on PKA
signaling (Mahanty and Sah 1998). Furthermore, several lines of evidence suggest that
AMPAR transcription is regulated by synaptic scaling. However, direct investigation of
AMPAR transcriptional responses to synaptic scaling has not been shown. AMPAR
protein and mRNA levels are altered during scaling up and scaling down (Ju et al. 2004,
Aoto et al. 2008, Qiu et al. 2012) and synaptic scaling depends on transcription (Seeburg
et al. 2008, Gainey et al. 2009, Han and Stevens 2009, Goold and Nicoll 2010). Despite
the evidence that AMPAR expression is regulated in scaling and that scaling is dependent
on transcription, direct regulation of AMPAR transcription by chronic activity changes
has not been shown. Chapter 2 shows, for the first time, direct transcriptional regulation
of an AMPAR in response to chronic changes in activity.

DNA methylation has recently been proposed to regulate AMPAR expression in synaptic
scaling (Meadows et al. 2015, Yu et al. 2015). These studies suggest that in scaling up,
there is a decrease in DNA methylation, whereas in scaling down there is an increase. As
methylation is typically associated with gene repression, this would correspond to
increased gene expression in scaling up and decreased gene expression in scaling down.
Though originally believed to be non-existent, there is now evidence of DNA
methylation in C. elegans (Greer et al. 2015). Future studies could explore whether DNA
methylation plays a role in the feedback mechanism regulating glr-1 transcription by
testing whether DNA methylation mutants suppress or enhance the feedback mechanism.
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The role of the glr-1 3’UTR
Though data presented in Chapters 2 and 3 provides the first evidence of a direct
mechanistic link between synaptic scaling and AMPAR transcription, the GluA1 3’UTR
has previously been implicated in scaling up. The GluA1 3’UTR is necessary for
upregulation of surface GluA1 receptors upon treatment of neurons in culture with TTX
and APV, and this upregulation is mediated by regulation of miRNAs (Letellier et al.
2014). In Chapter 2 of this study, however, I find that the 3’UTR is not sufficient for
increased reporter expression in the setting of decreased synaptic GLR-1 (Fig. 2-2). This
lack of 3’UTR-dependent regulation could be due to differences in miRNA regulation of
AMPARs in C. elegans and mammals. miRNA regulation of the GluA1 3’UTR in
response to chronic changes in activity may not be conserved in C. elegans, as the glr-1
3’UTR lacks any conserved miRNA binding sites (based on both TargetScan and PicTar
miRNA prediction software). However, although I showed that the glr-1 3’UTR alone is
insufficient to increase reporter fluorescence in the feedback mechanism, a reporter
containing both the glr-1 3’UTR and Pglr-1 did result in an increased response in glr-1,
klp-4, eat-4, and ckk-1 mutants compared to the glr-1 transcriptional reporter. This
suggests that there may be a synergistic effect of the promoter and 3’UTR. 3’UTRs
contain many regulatory elements that may act in tandem with other regions of the gene,
including introns and 5’UTRs (Szostak and Gebauer 2013). For example polyA binding
protein brings the 3’ end of mRNAs in contact with the 5’ end, allowing for regulatory
elements that bind the 3’UTR to alter translation (Szostak 2012). This is just one way in
which reporters containing the glr-1 3’UTR may allow different regulatory proteins to
interact, altering levels of the GFP reporter. If a set of more complex GFP reporters were
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tested containing various sequences of regulatory regions (including the promoter,
5’UTR, introns, and 3’UTR), these might help to discern whether or not regions in the
glr-1 3’UTR contribute to increased expression of the GFP reporter.

Addressing the small magnitude change of the transcriptional reporter
The fold change effect of the glr-1 transcriptional reporter was smaller than that observed
with RT-qPCR (e.g. approximately 2-fold change in glr-1 RT-qPCR vs. approximately
1.15-fold change for the glr-1 transcriptional reporter in klp-4 mutants), and addition of
the glr-1 3’UTR, while increasing the effect (approximately 1.4-fold in klp-4 mutants),
still did not match the RT-qPCR result. I considered two testable hypotheses for this
discrepancy. First, the GFP reporter— in which multiple copies of exogenous Pglr-1 are
expressed in addition to endogenous Pglr-1— could be diluting the transcriptional
machinery and attenuating effects on glr-1 transcription. Second, there could be a ceiling
effect of the GFP reporter that occludes large fold changes. For example, if the cell can
only maintain a set amount of GFP protein in the nucleus, then it would be impossible to
measure increases of GFP fluorescence larger than this set amount.

To address the first hypothesis, I injected the glr-1 transcriptional reporter construct into
animals at a 50-fold lower concentration than was injected to create the transcriptional
reporter used above. I measured GFP fluorescence in cdk-5 mutants and found that the
low-expressing transcriptional reporter had the same fold increase as the 50-fold higher
expressing reporter (1.13 fold). Although this increase did not reach statistical
significance, this data suggests that dilution of the transcriptional machinery cannot
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explain the difference between transcriptional reporter and RT-qPCR fold changes. To
address the second hypothesis, I performed RT-qPCR on the GFP reporter itself. If the
small fold changes in GFP fluorescence are due to a ceiling effect of the protein itself,
then this ceiling effect should not apply to the transcript and there should be a larger
increase measured by RT-qPCR (assuming there is not a similar ceiling effect for the
transcript). RT-qPCR measurements of GFP from the glr-1 transcriptional reporter in klp4 mutants showed a similar fold change increase compared to wild type as the GFP
fluorescence fold change (gfp RT-qPCR: 1.23, GFP fluorescence: 1.15). Although the
RT-qPCR result did not reach statistical significance, this result suggests that the small
effect size is not due to a ceiling effect of the protein. It is possible that another factor,
such as the lack of critical regulatory elements (e.g. introns or enhancers) in the glr-1
transcriptional reporter, is responsible for the disparity between the RT-qPCR result and
the GFP reporter results.

Another way to test whether inherent properties of the GFP protein limit the fold change
in fluorescence would be to express the transcriptional reporter with a destabilized GFP.
Addition of PEST sequences to GFP have been shown to cause faster protein degradation
(Li et al. 1998, Corish and Tyler-Smith 1999), and so GFP-PEST could be used in future
studies to test whether buildup of GFP protein limits the observable fold change increase.
Lastly, it is possible that the small effect size of the transcriptional reporter compared to
the RT-qPCR is a true biological difference—that is, there may be larger increases in
endogenous glr-1 mRNA transcript than there are in Pglr-1 activity in response to the
feedback mechanism, even with the addition of the glr-1 3’UTR. This makes sense if the
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feedback mechanism employs multiple strategies or regulatory elements to increase glr-1
mRNA that are not represented in the fluorescent reporter transgenes. Such a Pglr-1 and
glr-1 3’UTR independent mechanism could be a distal enhancer element or intronic
regulatory sequence.

Changes in glutamatergic activity regulate glr-1 transcription
In Chapter 2, I utilized two complementary approaches to investigate whether altered
glutamatergic transmission is sufficient to trigger changes in glr-1 transcription based on
the glr-1 transcriptional reporter: synaptic transmission mutants and suppression of
activity via ectopic expression of a histamine-gated chloride channel (HisCl). First I used
synaptic transmission mutants; either with general defects in synaptic transmission (unc2/VGCC and unc-13/MUNC13) or with specific defects in glutamatergic transmission
(eat-4/VGLUT). unc-2 and unc-13 mutants exhibit decreased release of neurotransmitter
(Richmond et al. 2001), and had a corresponding increase in fluorescence of the glr-1
transcriptional reporter, suggesting that decreased release of neurotransmitter leads to
increased glr-1 transcription (Fig. 2-8). While consistent with the hypothesis that defects
in synaptic activity trigger the feedback mechanism, I wanted to more specifically test
glutamatergic deficits. eat-4 mutants exhibit specific decreases in glutamate-gated
currents (Grunwald et al. 2004), accompanied by an increase in synaptic GLR-1::GFP in
the VNC. Here, I show that there is also an increase in glr-1 mRNA and transcription in
eat-4 mutants (Fig. 2-7).
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The increase in GLR-1 in response to decreased glutamatergic transmission has been
likened to a homeostatic feedback mechanism (Grunwald et al. 2004). Similar to synaptic
scaling in mammals, synaptic GLR-1 in C. elegans is upregulated in response to blockade
of glutamatergic transmission and this upregulation is multiplicative across synapses
(Grunwald et al. 2004). One key difference between synaptic scaling in mammals and the
homeostatic response in eat-4 mutants is the calcium-permeability of the regulated
receptors. Neither GLR-1 nor GLR-2 subunits undergo the editing seen in mammalian
glutamate receptors which confers calcium impermeability. Thus, synaptic scaling in
mammals can take advantage of CP-AMPARs to regulate calcium influx at the
postsynaptic membrane whereas C. elegans does not appear to have this degree of
control. For example, in mammals, TTX-induced scaling non-selectively upregulates
AMPARs, increasing expression of calcium-impermeable receptors, but when APV is
added to block NMDARs, GluA1 and CP-AMPARs are specifically upregulated (see
above). In C. elegans, eat-4 mutants may be comparable to blocking both action
potentials (because eat-4 mutants have decreased glutamate-dependent behaviors
suggesting decreased firing of these neurons) and NMDARs, leading to upregulation of
calcium-permeable receptors. Therefore, in C. elegans, upregulation of synaptic GLR-1
could be a response to decreased calcium influx through GLR-1.

The homeostatic increase in synaptic GLR-1 in eat-4 mutants has been proposed to be
dependent on endocytosis and recycling of GLR-1. This is demonstrated by the finding
that unc-11; eat-4 double mutants had similar, non-additive increases in GLR-1
compared to unc-11 single mutants (Grunwald et al. 2004). This result suggests that eat-4
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loss-of-function increases synaptic GLR-1 by the same mechanism as unc-11 loss-offunction—that is, by decreased endocytosis. Endocytosis has also been implicated in
mammalian synaptic scaling. For example, chronic TTX treatment leads to decreased
Arc/Arg3.1 which causes decreased AMPAR endocytosis. This results in an increase in
synaptic AMPAR insertion and facilitates synaptic scaling (Shepherd et al. 2006). There
are other possible explanations for the eat-4; unc-11 non-additive phenotype. For
example, there may be a ceiling effect in either unc-11 or eat-4 mutants that prevents a
further increase in VNC GLR-1. Another relevant explanation is that decreased
transcription of glr-1 in unc-11 mutants masks an additive increase in synaptic GLR-1 in
eat-4; unc-11 mutants.

Interestingly, this same study (Grunwald et al. 2004) investigated whether eat-4 mutants
have increased expression of glr-1 by testing a transcriptional reporter and performing
western blots. Contrary to my findings, no changes in glr-1 gene expression were
observed in eat-4 mutants. This data was based on a less sensitive transcriptional reporter
(Pglr-1::GFP) that relied on measurements of soluble, diffuse GFP in an arbitrary region
of the VNC. Localization of GFP to the nucleus in the glr-1 transcriptional reporter was
important in the current study for increasing the accuracy and sensitivity of the
fluorescence measurements. The western blot analysis suggested no changes in total
protein of GLR-1::GFP. It is possible that the western blot is either not sensitive or celltype specific enough to detect small fold changes in gene expression. An additional
possibility is that even though transcriptional activity of Pglr-1 and glr-1 mRNA may
have been increased, posttranscriptional or posttranslational mechanisms could have

140	
  
	
  

limited the increase in protein. Further studies will be needed to clarify whether double
mutants between eat-4 and genes in the feedback pathway interact to regulate levels of
GLR-1 in the VNC. For example, experiments showing that cmk-1 gf mutants suppress
the increase in GLR-1 in eat-4 would suggest that the transcriptional feedback pathway
does regulate GLR-1 in the VNC, although other downstream targets of CMK-1/CaMK
could also be responsible.

If decreased glutamate release in eat-4 mutants ultimately leads to increased glr-1
transcription by reducing calcium influx through GLR-1, then other mutants that decrease
calcium influx through GLR-1 should also trigger increased fluorescence of the glr-1
transcriptional reporter. SOL-1 is an auxiliary protein that is necessary for normal
glutamate-gated currents through GLR-1, but, importantly, is not necessary for normal
expression or localization of GLR-1 (Zheng et al. 2004, Walker et al. 2006, Zheng et al.
2006). Thus, if GLR-1 activity is sufficient to regulate transcription, sol-1 mutants should
show increased expression of the glr-1 transcriptional reporter. Contrary to my
hypothesis, sol-1 mutation had no effect on the glr-1 transcriptional reporter (Fig. 2-9).
To investigate whether the absence of a phenotype for sol-1 mutants was due to calcium
influx through or activity of other glutamate receptors, I tested the transcriptional reporter
in sol-1; nmr-1 double mutants. nmr-1 mutants completely abolish the slower component
of the glutamate-gated current in the AVA interneuron. In the absence of GLR-1, most of
the residual glutamate-gated current is dependent on NMR-1 (Mellem et al. 2002). Thus I
hypothesized that a sol-1; nmr-1 double mutant should have decreased calcium influx
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through GLR-1 and NMR-1 receptors. However, sol-1; nmr-1 double mutants also had
no effect on the glr-1 transcriptional reporter (Fig. 2-9).

There are several possible explanations for these findings. The first is that previous
studies of SOL-1 and NMR-1 function were performed in the AVA interneuron. While
there is evidence that SOL-1 is expressed in PVC (Wang et al. 2012), there is no direct
evidence that the same electrophysiological properties exist in PVC. To be more in line
with SOL-1’s known function in AVA, future studies could measure the transcriptional
reporter in AVA in sol-1 mutants. Additionally, the expression of alternative glutamate
receptors in PVC that are not regulated by sol-1 could allow for postsynaptic
glutamatergic activity in the absence of sol-1. C. elegans also expresses several mGluRs,
and glutamate activation of these receptors could also activate the feedback mechanism
or could have compensatory roles in sol-1 mutants. Finally, it is possible that decreased
influx of calcium and positive ions through GluRs is insufficient to trigger the feedback
mechanism.

An additional approach to investigating whether decreased glutamatergic signaling
triggers the glr-1 transcriptional feedback mechanism was to specifically suppress
activity in GLR-1 expressing neurons. I took advantage of a recent genetic tool that
allows exogenous suppression of activity by ectopic expression of a histamine-gated
chloride channel (HisCl). HisCl activation induced a more pronounced reduction in
spontaneous reversals (Fig. 2-10A) than has been reported for any of the GLR-1
trafficking mutants (Burbea et al. 2002, Kowalski et al. 2011, Monteiro et al. 2012),
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suggesting robust suppression of GLR-1 neuronal activity. Interestingly, this robust
suppression of activity led to an increase in glr-1 transcription that was similar to the
increase observed in GLR-1 trafficking mutants (Fig. 2-10B). A possible explanation for
the smaller-than-expected increase in glr-1 transcription is that extended exposure to
histamine may activate compensatory mechanisms affecting either glr-1 transcription or
GFP expression. Along these lines, wild type animals exposed to histamine displayed a
surprising reduction in the glr-1 transcriptional reporter after four hours. This suggests
that the increase in fluorescence in HisCl-expressing animals is somewhat attenuated by
exposure to histamine. In the future, it would be interesting to measure glr-1 mRNA
levels to see if there is also a weaker effect on the glr-1 transcript in response to strong
activity suppression.

CMK-1/CaMK mediates the GLR-1 feedback mechanism
In Chapter 3, I present evidence that a CaMK signaling pathway regulates glr-1
transcription and mediates the feedback mechanism. Several studies have reported a role
for CaMK signaling and transcription in regulating GluRs in response to synaptic scaling
(Ibata et al. 2008, Goold and Nicoll 2010). Interestingly, while CaMKIV is a known
regulator of transcription, it is not clear if CaMKIV specifically regulates gene
transcription in the setting of synaptic scaling. Nor is it clear which genes may be
regulated by CaMKIV in response to chronic changes in activity. We show that the
CaMKIV homolog in C. elegans, CMK-1, represses GLR-1 transcription. This is
consistent with previous reports describing decreased activated nuclear CaMKIV in the
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setting of synaptic scaling up (Ibata et al. 2008), and suggests that nuclear CMK-1/CaMK
directly or indirectly regulates glr-1 transcription.

CMK-1/CaMK translocates between the cytoplasm and the nucleus to regulate glr-1
transcription
CMK-1/CaMK translocates between the cytoplasm and the nucleus in several different
models of experience-dependent plasticity. In one model, CMK-1/CaMK is necessary for
thermotaxis towards cultivation temperature. Here, after prolonged exposure to high
temperatures, CMK-1/CaMK acts in the AFD sensory neuron to regulate gene expression
and increase intracellular cGMP levels. Accordingly, exposure to high temperatures
causes CMK-1/CaMK to shift to the nucleus (Yu et al. 2014). Another study implicates
CMK-1/CaMK in reduced thermal avoidance typically observed in animals grown at
higher cultivation temperatures (Schild et al. 2014). As with thermotaxis towards the
cultivation temperature, thermal avoidance depends on CMK-1/CaMK shifting between
the cytoplasm and the nucleus. A truncated allele of CMK-1/CaMK that is localized to
the nucleus (because it lacks a nuclear export signal) phenocopies the thermal avoidance
seen in animals grown at higher cultivation temperatures. Similarly, attaching an NLS to
wild type CMK-1/CaMK phenocopies the truncated allele. Interestingly, the fact that
expressing wild type CMK-1/CaMK rescues the truncated CMK-1/CaMK allele suggests
a cytoplasmic function of CMK-1/CaMK in addition to its known nuclear role of
regulating transcription. These two studies highlight two features of C. elegans CMK1/CaMK signaling. First, CMK-1/CaMK translocation between the cytoplasm and
nucleus is critical for regulation of experience-dependent thermosensory behaviors.
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Second, several functions of CMK-1/CaMK are dependent on phosphorylation by the
upstream kinase CKK-1. Interestingly, CMK-1/CaMK may also have phosphorylation
independent functions, as a kinase-dead form of CMK-1/CaMK can rescue CMK1/CaMK regulation of a downstream transcriptional target GCY-8 in AFD (Satterlee et
al. 2004). The data I present in Chapter 3 provide further evidence for the importance of
CMK-1/CaMK phosphorylation and subcellular localization in regulating gene
expression.

While CMK-1/CaMK functions as the translocating agent that triggers nuclear signaling
in the CaMK signaling pathway in C. elegans, a recent study in mammalian cultured
neurons suggests that this function may not be conserved between species (Ma et al.
2014, Cohen et al. 2015). In response to acute depolarization with KCl, CaM is bound to
γCaMKII. γCaMKII dephosphorylation by calcineurin reveals an NLS site, which allows
translocation of the CaM/ γCaMKII to the nucleus. In the nucleus, CaM can activate the
CaMK cascade to drive CREB-mediated gene transcription via CaMKIV
phosphorylation. Thus, in models of acute depolarization, CaM/ γCaMKII is the
translocating agent in the CaMKIV signaling pathway, not CaMKIV (Ma et al. 2014). It
remains to be determined if this is also true of CaMKIV signaling in response to the
chronic changes activity that occur during synaptic scaling. There is ample evidence in C.
elegans that CMK-1 translocates between the cytoplasm and the nucleus (Yu et al. 2014,
Schild et al. 2014), so it is unlikely that a homologous mechanism involving a γCaMKII
chaperone functions in C. elegans.
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Bidirectional regulation of glr-1 transcription by the CMK-1/CaMK pathway
In Chapter 2, I present evidence that increases or decreases in GLR-1 levels or activity
have reciprocal effects on glr-1 transcription. In Chapter 3, I present evidence that the
CMK-1/CaMK signaling pathway mediates increased glr-1 transcription (Fig. 3-4).
However, it is less clear if the CMK-1/CaMK signaling pathway also mediates decreased
glr-1 transcription. Basally, cbp-1 (gf) mutants, but not cmk-1 (gf) mutants, have
decreased fluorescence of the glr-1 transcriptional reporter (Figs. 3-3B and 3-5A),
suggesting that upstream kinases in addition to CMK-1/CaMK may regulate CBP-1 in
mediating its effects on glr-1 transcription. Furthermore, unc-11; ckk-1 double loss-offunction mutations had a phenotype intermediate between the single mutants (Fig. 3-6).
This result can be interpreted several ways. First, unc-11 and ckk-1 may function in
separate pathways to regulate glr-1 transcription. Second, in the presence of unc-11 lossof-function, ckk-1 loss-of-function may be insufficient to fully activate the downstream
CMK-1/CaMK signaling pathway. Third, if unc-11 triggers additional pathways that
regulate glr-1 transcription besides the CMK-1/CaMK pathway, ckk-1 may only be able
to partially rescue the unc-11 phenotype. In support of the latter hypothesis, CMK1::GFP was increased in the nucleus of unc-11 mutants (Fig. 3-8A), suggesting that unc11 does partially go through the CMK-1/CaMK pathway to regulate glr-1 transcription.
As unc-11 is involved in clathrin-mediated endocytosis of several membrane proteins it
is likely that multiple downstream pathways are affected when its function is disrupted.
Future studies investigating double mutants between unc-11 and more downstream
elements of the CMK-1/CaMK pathway (e.g., cmk-1 or crh-1/CREB) will aid in
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clarifying this interaction. Additionally, GLR-1(A/T) double mutants with the CMK1/CaMK pathway could be tested to investigate whether increased GLR-1 activity is
mediated by CMK-1/CaMK signaling.

Does CMK-1/CaMK itself signal from the synapse to the nucleus?
In Chapter 3, I present data that levels of CMK-1::GFP are increased in the VNC of ckk-1
and glr-1 mutants, and decreased in the VNC of unc-11 mutants (Fig. 3-7). This suggests
that CMK-1/CaMK itself may sense chronic changes in levels or activity of GLR-1 at the
synapse and translocate to the nucleus in response to chronic changes in levels or activity
of GLR-1. Future studies will investigate this question by using a photoconvertible
Dendra-tagged version of CMK-1. Photoconversion of CMK-1/CaMK at synapses allows
for measurement of the amount of CMK-1/CaMK translocating between the synapse and
the nucleus in feedback pathway mutants. This can be tested, for example, in unc-11 or
GLR-1(A/T) mutants to investigate whether chronic increases in levels or activity of
synaptic GLR-1 lead to increased translocation of CMK-1/CaMK from synapses to the
nucleus.

CMK-1/CaMK targets CRH-1/CREB and CBP-1 to regulate glr-1 transcription
While CaMKIV has been implicated in synaptic scaling in mammals, it is not known
which targets of CaMKIV are necessary to regulate GluRs. CaMKIV has several known
targets in mammals including CREB, CBP, HDAC4, and HSP25 (Chow et al. 2005). One
study has implicated CREB directly in synaptic scaling, showing that CREB activity is
decreased after six hours of TTX treatment but increased after 48 hours (Kim and Ziff
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2014). This suggests that, initially, long-term activity blockade reduces CREB activity.
Since synaptic scaling up has been shown to occur within four hours (Ibata et al. 2008),
decreased activated CREB may be correlated with decreased activated CaMKIV and
increased AMPARs. This agrees with the finding in Chapter 3 that loss of CRH-1/CREB
or CMK-1/CaMK triggers increased glr-1 transcription (Figs. 3-2 and 3-3).
Correspondingly, CRH-1/CREB mutants had increased synaptic GLR-1 protein (Fig. 37). While this data suggests CREB-mediated regulation of glr-1 transcription, this
regulation is more likely to be an indirect rather than a direct interaction of CRH-1/CBP1 because the glr-1 promoter does not contain canonical CREB binding sites.
Furthermore, a recent study in C. elegans using gene expression microarrays in crh-1
mutants did not identify glr-1 as a target. Interestingly, only 37 of 722 differentially
regulated genes have CRE sites, suggesting that CREB indirectly regulates more genes
than it directly regulates (Lakhina et al. 2015). It is possible that the glr-1 transcriptional
reporter is more sensitive to changes in glr-1 transcription than the microarray detection
method. Thus the transcriptional reporter could detect a more subtle effect of crh-1
mutation on glr-1 transcription. Another explanation is that the microarray studies used
mRNA from the whole animal, which could mask an effect specific to a subset of cells
(such as the glr-1 expressing interneurons), since CREB is expressed ubiquitously.

Similarly, there is strong evidence that mammalian AMPARs are not regulated by CREB.
Specifically, functional assays suggest that CREB does not bind to potential CREB
binding sites in AMPAR genes (Borges and Dingledine 2001). However, a CREB
chromatin immunoprecipitation sequencing dataset does show weak binding of CREB at
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the GluA1 promoter and weak expression upon forskolin activation, though this finding
has not been validated (Zhang et al. 2005).

Calcineurin is necessary for the feedback mechanism
In addition to the CMK-1/CaMK signaling pathway, I also investigated whether
calcineurin regulates glr-1 transcription. Calcineurin, the only Ca2+/calmodulin-activated
phosphatase in the brain, canonically acts in opposition to the CaMK cascades,
functioning to dephosphorylate downstream targets. Calcineurin also has a known role in
transcription by regulating the transcription factor NFAT (Hogan et al. 2003,
MacDonnell et al. 2009, Kim and Ziff 2014). In C. elegans, calcineurin is encoded by
two genes, cna-1 for the functional subunit, and cnb-1 for the regulatory subunit. In
agreement with a complementary role to CaMK signaling, I found that calcineurin
mutants suppressed the increase in glr-1 transcription in glr-1 mutants (Fig. 3-11).
Interestingly, while both cna-1 and cnb-1 appear to be necessary for increased glr-1
transcription in the feedback mechanism, cnb-1 mutants had decreased glr-1 transcription
basally, while cna-1 mutants had no effect basally on transcription. This finding suggests
that the regulatory subunit has a strong influence on maintaining basal glr-1 transcription.
It is also possible that in absence of the regulatory subunit in cnb-1 mutants, the role of
the functional subunit (cna-1) is altered, leading to repression of glr-1 transcription.
Regardless, these findings provide the basis for future experiments to determine the
interaction of calcineurin with CaMK signaling in regulating glr-1 transcription. Future
studies include assessing double mutants of calcineurin and CaMK genes to determine if
they function in the same pathway to regulate glr-1 transcription.
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There is well-studied functional overlap between CaMK and other kinase signaling
pathways, such as the MAPK/RAS pathway (Wayman et al. 2008). In future studies it
will be worthwhile to investigate the role of these pathways in C. elegans synaptic
scaling and glr-1 transcriptional regulation. This is especially interesting considering that,
in mammals, members of the MAPK signaling pathway such as ERK have been
implicated in activity-induced transcriptional regulation (Zhai et al. 2013). Importantly,
many of these signaling pathways are conserved in C. elegans.

A Y1H screen to identify transcription factors regulating glr-1
In Chapter 4, I present the groundwork for a Y1H screen of the glr-1 promoter and
identify several potential positive hits from this screen. This screen has the potential for
the discovery of novel transcription factors and elements that regulate glr-1 under basal
and activity-dependent conditions. Given the many conserved mechanisms for regulating
GluRs between C. elegans and mammals ((Burbea et al. 2002, Stricker and Huganir
2003, Juo and Kaplan 2004, Zheng et al. 2004, Ng et al. 2009, Zhang et al. 2009,
Schwarz et al. 2010, Wang et al. 2010, Kowalski et al. 2011, Lin et al. 2011, Lussier et al.
2011, Scudder et al. 2014, Huo et al. 2015), it is likely that transcriptional regulation also
shares conserved mechanisms. After determining positive hits from the screen, the next
step will be to acquire mutants for the given TF candidates. TF mutants can be assayed
with the glr-1 transcriptional reporter and then crossed into feedback mechanism mutants
(e.g., glr-1, eat-4, cmk-1, unc-11, etc. . .). TFs necessary for the feedback response to
decreased GLR-1 should block the increase in fluorescence of the glr-1 transcriptional

150	
  
	
  

reporter, while TFs necessary for the feedback response to increased GLR-1 should block
the decrease in fluorescence.

Because both the Pglr-1 (2.4 kb) and (0.7 kb) baits have relatively high levels of autoactivation, the Y1H screen may be subject to a high false negative rate. A complementary
approach could be to use a TF RNAi screen. As an RNAi library of all the protein coding
sequences in C. elegans has already been established, we could generate a mini-RNAi
library of TFs and screen for changes in the glr-1 transcriptional reporter in vivo after
RNAi-knockdown of each TF. This approach could be used to validate hits from the Y1H
(and vice versa) and also to identify glr-1 TFs that do not interact strongly enough with
Pglr-1 to be detected in the Y1H.

Concluding remarks
This thesis establishes a novel connection between chronic activity, CMK-1/CaMK
signaling, and AMPAR receptor transcription. In addition it establishes C. elegans as a
model in which to study how chronic changes in activity regulate AMPAR transcription.
While chronic changes in activity are known to be dependent on transcription and on
CaMKIV, there has been no direct mechanistic link between activity, CaMKIV, and
transcription of AMPARs. Here, I show that in response to changes in GLR-1 levels or
GLR-1 activity, CMK-1/CaMK translocates between the nucleus and cytoplasm to
regulate the glr-1 promoter. Future studies, including the YIH currently underway, will
be required to examine the regulation of glr-1 transcription by factors within the nucleus.
Already in mammals DNA methylation has been implicated in synaptic scaling,
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providing one possible mechanism for AMPAR transcriptional regulation. It is unknown,
however, if CaMKIV regulates this methylation response, or if these represent two
separate pathways. Currently, regulation of GluR transcription in C. elegans remains
incompletely understood and future studies will be able to use the tools established here,
such as the Y1H, to study basal regulation of glr-1 transcription as well as transcriptional
regulation in response to changes in synaptic activity.
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