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Abstract

The structure and function of the nervous system is continuously changing due to
genetic programs and environmental interactions. Regardless, despite such a degree of
plasticity, the nervous system can remain functional under normal conditions. It is widely
accepted that homeostatic regulatory mechanisms, some operating at the synapse, are
responsible for stabilizing neural activity in the face of perturbations. From studies of the
Drosophila neuromuscular junction (NMJ), a model glutamatergic synapse, mechanisms
of homeostatic synaptic plasticity are being unraveled. These mechanisms include, but
are not limited to, enhancement of neurotransmitter release from nerve terminals and a
restructuring of synaptic morphology to maintain a set point of muscle depolarization. A
reduction in the postsynaptic sensitivity to the neurotransmitter, glutamate, is countered
by a homeostatic increase in the amount of glutamate release at Drosophila NMJs. This
phenomenon, termed homeostatic potentiation, can be rapidly induced by an antagonist
of glutamate receptors or chronically expressed following genetic ablation of a subset of
glutamate receptors. Conversely, undergrowth of fly NMJs can be offset by homeostatic
increases in the number of active zones, the sites of neurotransmitter release. Likewise,
overgrowth of fly NMJs can be mollified by the redistribution of neurotransmitter release
machinery throughout synapses. Although several synaptic proteins have been linked to
these homeostatic regulatory mechanisms, it is not currently known if these phenomena
are distinct at a molecular level. Furthermore, it is unclear if homeostatic plasticity at the
fly NMJ is separable from overtly similar forms of synaptic plasticity, including long-term
potentiation and presynaptic homeostatic scaling, in the mammalian brain. In this thesis,

| tried to address these outstanding issues via genetics, electrophysiology, and imaging.



In Chapter 2, | describe mutagenesis and characterization of the gene encoding
Synaptotagmin 12 (Syt12) in Drosophila. This study indicates that Syt712 is required for
the normal growth and elaboration of the fly NMJ. Yet, counter to expectations, synaptic
undergrowth in Syt12 loss-of-function mutants was concomitant with a decreased active
zone number and an enlargement of the readily-releasable pool of synaptic vesicles, as
measured by two-electrode voltage-clamp recordings. These data implicate Syt712 in the
morphogenesis of synapses and in the limiting of neurotransmitter release. Additionally,
these findings are consistent with a function for Syt12 in presynaptic structural plasticity
due to synaptic undergrowth. We suggest that the mechanisms of presynaptic structural
plasticity are separable from those of homeostatic potentiation, which was expressed in

the absence of Syt12, but may be related to those of presynaptic long-term potentiation.

In Chapter 3, | describe the characterization of Cdk5 and its activator, p35, in the
fly. This study indicates that Cdk5 signaling is not essential for homeostatic potentiation
at the fly NMJ, despite its earlier association with a similar form of homeostatic synaptic
plasticity in the hippocampus. Moreover, we validated a previous report by showing that
NMJ overgrowth is compensated by a decrease in active zone density in the absence of
Cdk5 signaling. These results suggest that homeostatic potentiation and another form of
homeostatic structural plasticity at Drosophila NMJs are also molecularly separable. In a
series of voltage-clamp experiments, we have also gathered evidence that Cdk5 activity
regulates the composition of synaptic vesicle pools, largely consistent with its role in the
hippocampus. Yet, microscopical techniques revealed only weak effects, if any, of Cdk5
signaling on the distribution of synaptic vesicle markers and glutamate receptors. These

findings should add to our understanding of Cdk5 in brain evolution and human disease.
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Chapter 1

General Introduction to Structural and
Functional Homeostatic Plasticity



Summary

The nervous system is modified throughout the life of animals in response to both
internal and external stimuli. Despite these perturbations to the structure and function of
the nervous system, neural activity can remain balanced by expression of various forms
of homeostatic plasticity (Davis, 2006; Turrigiano, 2008; Davis and Muller, 2015). There
is evidence that homeostatic plasticity contributes to the etiology of neurological disease
(Kamenetz et al., 2003; Houweling et al., 2005; Trasande and Ramirez, 2007). Thus, an
understanding of the molecular and cellular mechanisms of homeostatic plasticity in the
nervous system could lead to improved treatments for neurological disease. In addition,
comparing and contrasting homeostatic plasticity mechanisms in diverse animal species

should enhance our knowledge of brain evolution and engineering design (Davis, 2006).

Homeostatic plasticity in the nervous system, not unlike homeostatic regulation in
general, is carried out in theory through the coordinated activity of sensors and effectors
(Alon et al., 1999; Davis, 2006). These factors respond to perturbations, or error signals,
to restore network functionality to an optimal set point level via integral feedback control
(Davis, 2006). At synapses, where electrochemical signals are transmitted from neurons
to other neurons or muscles, homeostatic regulatory mechanisms can retarget set point
values of neural activity by structural (Davis and Goodman, 1998) and functional (Davis,
2006; Turrigiano, 2008; Davis and Muller, 2015) changes. The precise mechanisms by
which homeostatic plasticity is achieved depends on the nature of the perturbation, the
synapse in question, and the developmental history of that synapse (Desai et al., 2002;
Davis, 2006). It is likely that synapses “decide” to express specific forms of homeostatic

regulation to best interface with the mechanisms of learning and memory (Davis, 2006).



Homeostatic Structural Plasticity at the Fly Neuromuscular Junction

When perturbed, invertebrate (Davis et al., 1996; Schuster et al., 1996; Stewart
et al., 1996; Davis and Goodman, 1998) and vertebrate (Murthy et al., 2001; Smear et
al., 2007; Keck et al., 2013; Auer et al., 2015) synapses often modulate their structural
properties to achieve homeostasis. In Drosophila, reduced growth of the neuromuscular
junction (NMJ) can be offset by a compensatory increase in the number of active zones,
resulting in wild type levels of neurotransmitter release and synaptic strength (Schuster
et al., 1996; Stewart et al., 1996; Beck et al., 2012). On the contrary, enhanced growth
of the fly NMJ can be offset by a compensatory decrease in the density of active zones,
similarly maintaining wild type levels of neurotransmitter release and synaptic strength
(Davis et al., 1996; Schuster et al., 1996). These cell autonomous, presynaptic forms of
homeostatic structural plasticity were revealed by downregulating synaptic levels of the
fly ortholog of Neural Cell Adhesion Molecule (NCAM), Fasciclin Il (Fasll), which affects
NMJ morphogenesis in a dose-dependent manner (Schuster et al., 1996; Stewart et al.,
1996; Beck et al., 2012). This shared requirement for altering the synaptic abundance of
Fasll, which could theoretically be sensed by a homeostatic signaling system, suggests

that homeostatic structural plasticity may not be a general phenomenon at the fly NMJ.

There is now emerging evidence to support the ubiquity of homeostatic structural
plasticity at fly NMJs. In a pioneering study, expression of cyclic AMP response-element
binding protein (CREB) elevated neurotransmitter release at structurally expanded Fasl//
mutant NMJs, but not at control NMJs (Davis et al., 1996). These data might point to an
active, homeostatic adjustment of cyclic AMP (cAMP) signaling in response to synaptic

overgrowth, instead of a mere coincidence of complex, opposing effects of altered Fasl|



signaling (Davis et al., 1996; Schuster et al., 1996; Davis and Goodman, 1998). Loss of
CdkS5 signaling also leads to NMJ overgrowth and a seemingly homeostatic reduction in
active zone density, resulting in wild type neurotransmitter release and synaptic strength
(Kissler et al., 2009). Therefore, homeostatic structural plasticity due to NMJ overgrowth
does not require direct mutation of the Fas/l gene locus to be triggered. In a later report,
cAMP signaling mutants were shown to have decreased numbers of boutons and active
zones, which were concomitant with decreased synaptic strengths (Chen and Ganetzky,
2012). These data imply that cAMP signaling may be required for homeostatic structural
plasticity due to NMJ undergrowth. In light of a common influence of cAMP signaling on
both forms of homeostatic structural plasticity at Drosophila NMJs, it seems conceivable
that homeostatic structural plasticity is a bidirectional process. Because cAMP signaling
is implicated in learning and memory (Kandel, 2012), future examination of homeostatic
structural plasticity in flies may also reveal how potentially antagonistic forms of synaptic
plasticity coexist and how synaptic plasticity has evolved from invertebrate to vertebrate
systems. Further investigation of other fly mutants with undergrown NMJs, such as BMP
signaling (Aberle et al., 2002; Marqués et al., 2002) and ubiquitin/MAP kinase signaling
mutants (Sanyal et al., 2002; Collins et al., 2006), or overgrown NMJs, such as highwire
(Wan et al., 2000) and spinster (Sweeney and Davis, 2002), will be necessary to better
understand the mechanisms of homeostatic structural plasticity at the Drosophila NMJ.
If the number of ultrastructurally defined (Stewart et al., 1996) or nc82 antibody-labeled
(Wagh et al., 2006) active zones in any of these mutants differs from the wild type, then
homeostatic structural plasticity may be deemed impaired. Else, homeostatic structural

plasticity has retargeted the wild type active zone number to offset altered NMJ growth.



Homeostatic Structural Plasticity in the Vertebrate Nervous System

In vertebrates, homeostatic structural plasticity may be expressed in a number of
ways. Much of the evidence for homeostatic structural plasticity in vertebrates originates
from depriving the visual system of neural activity. When exposed to tetrodotoxin (TTX),
which blocks neural activity by antagonizing voltage-gated sodium channels (Narahashi
et al., 1964), axon arbors of retinal ganglion cells in the visual system of fetal cats were
increased in both size and complexity (Sretavan et al., 1988). A comparable effect was
also shown at TTX-treated axons in the visual system of tadpoles (Cohen-Cory, 1999).
Moreover, zebrafish with a presumably null mutation in blumenkohl, the gene encoding
the zebrafish ortholog of a vesicular glutamate transporter, were found to have reduced
neurotransmitter release per vesicle (quantal size), but wild type synaptic strengths and
structurally enlarged axon arbors, at retinal ganglion cell synapses (Smear et al., 2007).
Likewise, retinotectal axon arbors of zebrafish were enlarged following pharmacological
blockade of N-methyl-D-aspartate (NMDA) receptors with MK801 (Schmidt et al., 2000).
These findings are consistent with the expression of homeostatic structural plasticity, as
stated (Smear et al., 2007), and were attributed to a compensatory retrograde signaling
system that is dependent on Neurotrophin-3 (Auer et al., 2015). However, these results
seem to contradict other studies in the zebrafish retinotectal system, which showed that
axon arbors did not change structurally when silenced with TTX treatment (Stuermer et
al., 1990; Gnuegge et al., 2001; Hua et al., 2005). Taken together, these investigations
in zebrafish suggest that the expression of homeostatic structural plasticity at a specific
synapse can be sensitive to the kind or degree of perturbation (Smear et al., 2007; Auer

et al., 2015). These data also highlight a notable conflict between neural activity-based



axonal competition and homeostatic plasticity. When neural activity was suppressed in
single zebrafish retinal ganglion cells by overexpression of Kir2.1, an inward rectifier K*
channel (Fakler et al., 1994; Paradis et al., 2001), or dominant-negative synaptobrevin
(VAMP) protein (Sgrensen et al., 2002), retinotectal axon arbors were reduced in both
size and complexity (Hua et al., 2005). These effects of neural activity suppression on
single zebrafish retinotectal arbors were reversed by global activity blockade with TTX
(Hua et al., 2005), indicating that retinal ganglion cells may “choose” to express neural
activity-based competition or homeostatic structural plasticity via mechanisms that are

affected by the surrounding environment (Smear et al., 2007) or stage of development.

Along with simpler vertebrate systems (Cohen-Cory, 1999; Schmidt et al., 2000;
Smear et al., 2007; Auer et al., 2015) and seemingly cats (Sretavan et al., 1988), which
are not genetically tractable, homeostatic structural plasticity has been observed in the
rodent nervous system (Murthy et al., 2001; Keck et al., 2013). Hippocampal synapses
in culture were found to homeostatically enlarge synaptic components, including active
zones, boutons, and postsynaptic densities, as a result of neural activity deprivation by
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sonfonamide (NBQX) (Murthy
et al., 2001). Furthermore, cortical synapses in the visual system exhibited homeostatic
restoration of neural activity, as measured by genetically encoded Ca?* indicators (Tian
et al., 2009; Akerboom et al., 2012) from behaving mice on a treadmill (Dombeck et al.,
2007; Keller et al., 2012), in response to sensory deprivation by retinal lesions (Keck et
al., 2013). The apparent homeostatic plasticity in these cortical synapses was attributed
to enlargement of dendritic spines in projection neurons of cortical layer 5 in vivo and a

concomitant increase in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)



receptors, manifested by an enhanced quantal size in vitro (Keck et al., 2013). Notably,
quantal size is also controlled by a form of homeostatic functional plasticity, referred to
as quantal or synaptic scaling (Turrigiano et al., 1998; Davis and Goodman, 1998; Watt
et al., 2000; Stellwagen and Malenka, 2006). Likewise, homeostatic functional plasticity
can be achieved by modulating the size of the readily-releasable pool (RRP) of synaptic
vesicles (Kim and Ryan, 2010; Weyhersmuller et al., 2011; Muller et al., 2012), which is
concomitantly enlarged by homeostatic structural plasticity in cultured hippocampal cells
(Murthy et al., 2001). Therefore, homeostatic structural plasticity and functional plasticity
can vary common electrophysiological parameters, either through alterations to synaptic
morphology or more directly to quantal components of basal synaptic transmission (del
Castillo and Katz, 1954), to maintain a balance in the nervous system (Turrigiano, 1999;

Davis and Goodman, 1998; Davis and Bezprozvanny, 2001; Davis, 2006; Frank, 2014).

The underlying mechanisms of homeostatic structural plasticity in the mammalian
nervous system have not been characterized at the molecular level. In the future, further
analysis of neural activity-deprived hippocampal (Murthy et al., 2001) and cortical (Keck
et al., 2013) synapses may determine which, if any, principal molecular mechanisms of
homeostatic structural plasticity are evolutionarily conserved from zebrafish (Auer et al.,
2015) or even Drosophila (Davis et al., 1996; Schuster et al., 1996; Stewart et al., 1996;
Davis and Goodman, 1998). Such experiments are also critical for understanding how a
synapse is programmed to express a particular form of homeostatic structural plasticity,
homeostatic functional plasticity, or neural-activity based competition. With a significant
influence on the nervous system and plausible impact on disease etiology, homeostatic

structural plasticity demands further exploration in the future (Yin and Yuan et al., 2015).



Homeostatic Functional Plasticity in the Vertebrate Nervous System

In the presence of a destabilizing perturbation, the nervous system can also alter
its functional properties without undergoing morphological change. This phenomenon is
termed homeostatic functional plasticity and can be expressed in three general ways, as
defined earlier (Davis, 2006; Davis and Mduller, 2015). These three general mechanisms
of homeostatic functional plasticity include modulation of ionic conductance (Turrigiano,
1999; Marder and Goalillard, 2006), synaptic scaling (Turrigiano, 2008), and presynaptic
homeostasis (Davis, 2006; Davis and Muller, 2015). Each of these forms of homeostatic

plasticity seem to be present in the vertebrate nervous system (Davis and Mdller, 2015).

Evidence for homeostatic modulation of ionic conductance in vertebrate neurons
is derived from the chronic suppression of neural activity by TTX, similar to homeostatic
structural plasticity. Two-day TTX treatment enhanced the intrinsic excitability of cortical
pyramidal neurons (Desai et al., 1999a) and inhibitory interneurons in vitro by increasing
Na" currents and decreasing K currents (Desai et al., 1999b). These alterations in ionic
conductance led to higher firing frequencies of cultured neurons, after washing out TTX,
(Desai et al., 1999a; Desai et al., 1999b) and are thought to homeostatically restore the
functionality of impaired neural circuits (Turrigiano, 1999). Unlike homeostatic structural
plasticity in mammals, a molecular mechanism to explain the homeostatic modulation of
ionic conductance in the vertebrate cortex has been identified. In the presence of brain-
derived neurotrophic factor (BDNF), effects of TTX on intrinsic excitability were blocked,
consistent with an inhibitory role of BDNF in this form of homeostatic functional plasticity
(Desai et al., 1999b). These investigations in rat cortex (Desai et al., 1999a; Desai et al.,

1999b) build upon previous research with invertebrates, in which lobster stomatogastric



ganglion neurons (STG) were dissociated from their neural circuits in vivo and cultured
(Turrigiano et al., 1994; Turrigiano et al., 1995). As a result of isolation in culture, these
STG neurons rebalanced their ion channels, thereby switching their firing patterns from
tonic to bursting (Turrigiano et al., 1994; Turrigiano et al., 1995). A similar phenomenon
was revealed by sub-blocking voltage-gated sodium channels of dissociated cerebellar
Purkinje neurons with TTX, ultimately leading to a homeostatic decrease in K* currents
(Swensen and Bean, 2005). lon channels were also homeostatically rebalanced due to
the loss of K* currents in cortical pyramidal neurons of KCND2 mutant mice (Nerbonne
et al., 2008), the gain of K" currents in STG neurons of lobsters (MacLean et al., 2003),
and the loss of K* currents in motor neurons of shal mutant flies (Bergquist et al., 2010;
Parrish et al., 2014). Hence, the homeostatic modulation of ionic conductance appears
to be broadly conserved across metazoan evolution. Nevertheless, additional research
into the molecular mechanisms underlying this form of homeostatic functional plasticity

should be carried out, as they are largely unknown (Spitzer, 2012; Parrish et al., 2014).

Synaptic scaling is a bidirectional form of homeostatic functional plasticity, which
modifies the cell surface abundance of various neurotransmitter receptors to counteract
perturbations in neural activity (Turrigiano, 2008). In response to long-term suppression
of neural activity with TTX or 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), quantal size
was homeostatically increased at cortical synapses in vitro (Turrigiano et al., 1998; Watt
et al., 2000). Conversely, chronic enhancement of neural activity with a GABAa receptor
antagonist, bicuculline, induced a homeostatic decrease in quantal size at these cortical
synapses in culture (Turrigiano et al., 1998; Watt et al., 2000). Similar scaling of quantal

size following application of picrotoxin, a GABAAa receptor antagonist, was also reported



in studies with cultured rat hippocampal (Lissin et al., 1998) and spinal neurons (O’Brien
et al., 1998). Via microscopy (Lissin et al., 1998; O’Brien et al., 1998) and pharmacology
(Lissin et al., 1998; O’Brien et al., 1998; Turrigiano et al., 1998), this scaling of miniature
excitatory postsynaptic currents (MEPSCs) was attributed to the surface levels of AMPA
receptors on the postsynaptic plasma membrane (Turrigiano, 2008). Moreover, cortical
synapses, cultured in TTX as in (Turrigiano et al., 1998; Watt et al., 2000), were shown
to downscale the synaptic abundance of GABAA receptors and concomitantly decrease
the size of miniature inhibitory postsynaptic currents (mIPSCs) (Kilman et al., 2002). In
a later report, TTX-induced downscaling of GABAAx receptors in hippocampal synapses
in vitro was shown to be regulated by BDNF (Swanwick et al., 2006). In an earlier study,
BDNF was also found to block the effects of TTX on synaptic scaling in cultured cortical
pyramidal neurons and to boost quantal size in cultured interneurons (Rutherford et al.,
1998). Given the bidirectional requirements of BDNF on synaptic scaling (Rutherford et
al., 1998; Swanwick et al., 2006) and a role for BDNF in modulating intrinsic excitability
(Desai et al., 1999b), it is plausible that these forms of homeostatic functional plasticity
share evolutionary origins. However, numerous other factors, including tumor necrosis
factor-alpha (TNF-a) (Stellwagen and Malenka, 2006; Kaneko et al., 2008), 33 integrin
(Cingolani et al., 2008), Arc (Shepherd et al., 2006), major histocompatibility complex 1
(MHC1) (Goddard et al., 2007), retinoic acid (Aoto et al., 2008; Maghsoodi et al., 2008),
cadherin/B-catenin signaling (Okuda et al., 2007), CaMKIV (Ibata et al., 2008), CaMKI|
(Thiagarajan et al., 2002), Polo-like kinase 2, cyclin-dependent kinase 5 (Seeburg et al.,
2008), MeCP2 (Blackman et al., 2012; Qiu et al., 2012), presenilin 1/Akt signaling (Pratt

et al., 2011), neuronal activity-regulated protein (Narp) (Chang et al., 2010), calcineurin
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(Kim and Ziff, 2014), PICK1 (Anggono et al., 2011), GRIP1 (Gainey et al., 2015; Tan et
al., 2015), stargazin (a TARP) (Louros et al., 2014), fragile X mental retardation protein
(FMRP) (Soden and Chen, 2010), guanylate kinase-associated protein (GKAP) (Shin et
al., 2012), SUMOylation (Craig et al., 2012), two DNA methyltransferases (Meadows et
al., 2015), and caspase-3 (Lo et al., 2015) were all implicated in synaptic scaling. Thus,
delineating the complexities of this signaling milieu requires more research into synaptic
scaling and homeostatic functional plasticity in general. As homeostatic regulation of ion
channels may be conserved from invertebrates to vertebrates (Turrigiano, 1999; Marder
and Goaillard, 2006), so, too, may be synaptic scaling. Drosophila NMJs with decreased
innervation exhibited homeostatic elevation of quantal size (Davis and Goodman, 1998),
while C. elegans with decreased neurotransmitter release upregulated the expression of
postsynaptic glutamate receptors (Grunwald et al., 2004). Therefore, genetic analysis of
synaptic scaling in simpler animal models may accelerate an understanding of this form
of homeostatic functional plasticity by revealing candidate sensors or effectors to test in

vertebrates and by helping to develop a parsimonious signaling model of the homeostat.

Like synaptic scaling (Turrigiano, 2008), a third subtype of homeostatic functional
plasticity, referred to as presynaptic homeostasis, is widely characterized at a molecular
level (Davis and Muller, 2015). As a term, presynaptic homeostasis encompasses either
the potentiation (Petersen et al., 1997; Frank et al., 2006) or the depression (Daniels et
al., 2004; Gavifo et al., 2015) of neurotransmitter release to rebalance synaptic function
in response to a perturbation (Davis and Mduller, 2015). Presynaptic homeostasis is best
understood at the fly NMJ (Davis and Muller, 2015; Gavifno et al., 2015), as described in

detail in the following paragraphs. Yet, many studies are consistent with the existence of
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presynaptic homeostasis at vertebrate synapses. Electrophysiological experiments from
NMJs of patients with myasthenia gravis showed that decreased quantal size was offset
by elevated neurotransmitter release (quantal content) from presynaptic nerve terminals
(Cull-Candy et al., 1980; Plomp et al., 1995). Rodent myasthenic NMJs were also found
to express this form of presynaptic homeostasis (Plomp et al., 1992; Plomp et al., 1995;
Sandrock et al., 1997), pointing to some evolutionary conservation at mammalian NMJs
(Davis and Mdller, 2015). From genetic analyses in mice, the homeostatic enhancement
of quantal content at myasthenic NMJs was disrupted by mutations in Munc18 (Sons et
al., 2003), a key component of the synaptic vesicle fusion machinery (Hata et al., 1993;
Pevsner et al., 1994), and alpha-Neurexin (Sons et al., 2006), a cell adhesion molecule
(Ushkaryov et al., 1992) with links to neuropsychiatric disease (Sudhof, 2008; Pak et al.,
2015). There is also considerable evidence for presynaptic homeostasis, which is not a
secondary consequence of homeostatic structural plasticity (Murthy et al., 2001), in the
vertebrate brain (Davis and Muller, 2015). Neural activity silencing via Kir2.1 in cultured
hippocampal neurons triggered a homeostatic increase in the size of the recycling pool
of synaptic vesicles and a parallel increase in the frequency of mMEPSCs (Burrone et al.,
2002). However, reminiscent of studies on neural-activity based competition (Hua et al.,
2005) and homeostatic structural plasticity (Smear et al., 2007) in zebrafish, presynaptic
homeostasis in Kir2.1-expressing hippocampal neurons was elicited only after synapse
formation (Burrone et al., 2002). Consistent with an influence of developmental stage on
presynaptic homeostasis, and maybe homeostatic functional plasticity in general (Desai
et al., 2002), Kir2.1-expression in hippocampal neurons before synapse formation led to

a decreased number of functional synaptic inputs onto those cells (Burrone et al., 2002).
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Unlike presynaptic homeostasis at mammalian NMJs (Sons et al., 2003; Sons et
al., 2006) and homeostatic structural plasticity at zebrafish retinotectal synapses (Smear
et al., 2007; Auer et al., 2015), presynaptic homeostasis at Kir2.1-inhibited hippocampal
synapses has not been associated with an underlying molecular mechanism (Burrone et
al., 2002; Davis and Muller, 2015). An intriguing explanation for this phenomenon stems
from experiments in more physiological hippocampal circuits (Kim and Tsien, 2008; Kim
and Ryan, 2010; Mitra et al., 2011; Kim and Ryan, 2013). Chronic suppression of neural
activity via TTX enhanced quantal size at CA3-CA1 (Schaffer collateral) synapses of rat
organotypic hippocampal slice cultures, consistent with synaptic scaling (Kim and Tsien,
2008). Conversely, though, application of TTX led to enhancements in the probability of
neurotransmitter release at mossy fiber synapses and recurrent CA3-CA3 synapses, as
shown by augmented synaptic depression, in the same hippocampal slice cultures (Kim
and Tsien, 2008). The enhancement of neurotransmitter release probability is thought to
influence presynaptic homeostasis at other synapses (Frank et al., 2006; Kim and Ryan,
2010; Muller and Davis, 2012; Kim and Ryan, 2013) and may indicate the expression of
presynaptic homeostasis in this subset of hippocampal circuits (Kim and Tsien, 2008). A
series of subsequent experiments in organotypic hippocampal slices, cultured in TTX as
in (Kim and Tsien, 2008), point to an acute role for Cdk5 activity in functionally silencing
some TTX-treated recurrent CA3-CA3 synapses and simultaneously boosting release of
neurotransmitter from other recurrent CA3-CA3 synapses in this same network (Mitra et
al., 2011). This study is largely consistent with a diversity of functions for Cdk5 signaling
in limiting quantal content at CA3-CA1 synapses through inhibitory effects on Ca* influx

(Kim and Ryan, 2013) and the recycling pool of synaptic vesicles (Kim and Ryan, 2010).
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The control of recycling pool size by Cdk5 may be homeostatically regulated, as chronic
treatment of CA3-CA1 synapses in vitro with TTX led to decreased presynaptic levels of
Cdk5 and an associated enlargement of the recycling pool of synaptic vesicles (Kim and
Ryan, 2010). This effect of Cdk5 activity on the recycling pool was mediated through the
phosphorylation of synapsin |, a known Cdk5 substrate (Verstegen et al., 2014). Loss of
Cdk5 activity may also contribute to this form of presynaptic homeostasis, referred to as
presynaptic homeostatic scaling (Kim and Ryan, 2010), by elevating Ca®" influx through
presynaptic CaV2.2 channels (Kim and Ryan, 2013). This effect of Cdk5 signaling might
underlie the TTX-induced enhancement of neurotransmitter release probability at mossy
fiber synapses and recurrent CA3-CA3 synapses (Kim and Tsien, 2008), which failed to
augment synaptic depression in the presence of the Cdk5 inhibitor, roscovitine (Mitra et
al., 2011). Despite the apparent congruence of these studies (Kim and Tsien, 2008; Kim
and Ryan, 2010; Mitra et al., 2011; Kim and Ryan, 2013; Verstegen et al., 2014), it must
be noted that contradictions exist in the current literature. In particular, Cdk5 activity has
been found to promote Ca?* influx and the docking of release-ready synaptic vesicles in
cultured hippocampal neurons (Su et al., 2012): results which are in direct opposition to
other findings (Kim and Ryan, 2010; Kim and Ryan, 2013; Verstegen et al., 2014). Also,
roscovitine elevated basal neurotransmitter release in cultured CA3-CA1 synapses (Kim
and Ryan, 2010; Kim and Ryan, 2013), but not in recurrent CA3-CA3 synapses in slices
(Mitra et al., 2011). Moreover, roscovitine has been seen to exhibit possibly confounding
off-target effects on different Ca®* channels (Yan et al., 2002; Mitra et al., 2011; Yazawa
et al.,, 2011) and kinases (Bach et al., 2005). Thus, Cdk5 activity may differentially affect

presynaptic homeostasis across neural or signaling networks in time (Mitra et al., 2011).
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From numerous investigations, it has become widely accepted that three forms of
homeostatic functional plasticity may be expressed in the nervous system of vertebrates
(Marder and Goaillard, 2006; Turrigiano, 2008; Davis and Muller, 2015). Nevertheless, it
is presently unclear if the three forms of homeostatic functional plasticity are just distinct
manifestations of a single homeostat, comprised of the same sensors and effectors, or if
homeostatic functional plasticity has convergently evolved multiple times from separable
underlying mechanisms. There are lines of evidence to buttress the former theory. Cdk5
signaling has been linked to presynaptic homeostasis (Kim and Ryan, 2010; Mitra ef al.,
2011; Kim and Ryan, 2013; Verstegen et al., 2014) and synaptic scaling (Seeburg et al.,
2008). Furthermore, Munc18, a canonical Cdk5 substrate (Shuang et al., 1998; Fletcher
et al., 1999; Lilja et al., 2004), was found to be essential for presynaptic homeostasis at
myasthenic NMJs (Sons et al., 2003). Likewise, calcineurin, which opposes Cdk5 in the
control of synaptic vesicle pool composition (Kim and Ryan, 2010) and presynaptic Ca*
influx (Kim and Ryan, 2013), has also been implicated in synaptic scaling (Kim and Ziff,
2014). Although such a role has not been uncovered, Cdk5 could also contribute to the
homeostatic modulation of ionic conductance by directly phosphorylating numerous ion
channels, such as potassium channels (Cerda and Trimmer, 2011; Vacher et al., 2011)
and calcium channels (Tomizawa et al., 2002; Su et al., 2012; Kim and Ryan, 2013), or
indirectly by disrupting BDNF (Cheung et al., 2007; Lai et al., 2012; Zhang et al., 2014).
Along with previously noted roles in synaptic scaling (Rutherford et al., 1998; Swanwick
et al., 2006) and ion channel homeostasis (Desai et al., 1999b), postsynaptic release of
BDNF was shown to be essential for enhanced neurotransmitter release probability due

to AMPA receptor blockade with CNQX, consequently also linking BDNF to presynaptic
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homeostasis (Jakawich et al., 2010). B-catenin, a downstream effector of cell adhesion

molecules (Peifer and Wieschaus, 1990; Noordermeer et al., 1994), was similarly found
to be critical for both synaptic scaling (Okuda et al., 2007) and presynaptic homeostasis
(Vitureira et al., 2011). Cdk5 has been found to directly (Kwon et al., 2000; Kesavapany
et al., 2001) and indirectly (Chow et al., 2014) regulate the phosphorylation of B-catenin.
BDNF was also found to mobilize synaptic vesicles by disrupting a B-catenin interaction
with cadherin (Bamiji et al., 2006). These results are consistent with a common origin of

mechanisms of homeostatic functional plasticity during evolution of the vertebrate brain.

Intriguingly, BDNF treatment also largely phenocopied the effects of chronic TTX
treatment on retinal ganglion cell axon arbors in the tadpole visual system (Cohen-Cory,
1999). As discussed earlier, a related neurotrophic factor, Neurotrophin-3, was shown to
be necessary for homeostatic structural plasticity in the zebrafish visual system (Auer et
al., 2015). Thus, some mechanisms of homeostatic functional plasticity and homeostatic
structural plasticity also appear to share evolutionary origins. The mutual histories of the
mechanisms of homeostatic plasticity in the vertebrate nervous system may also extend
into invertebrates. The aforementioned unmasking of homeostatic structural plasticity by
genetically ablating Cdk5 in flies (Kissler et al., 2009) suggests that Cdk5 could serve as
a control point in synapse morphogenesis, along with neurotransmitter release (Kim and
Ryan, 2010). Impairing C. elegans homologs of synaptic scaling molecules (Thiagarajan
et al., 2002; Cingolani et al., 2008; Seeburg et al., 2008), CaMKII (Williams et al., 2004;
Locke et al., 2008), Cdk5 (Locke et al., 2006), and integrin (Locke et al., 2009), lowered
the threshold to PTZ-induced seizures through presynaptic effects. These results might

also be consistent with homeostatic functional plasticity in worms (Stawicki et al., 2013).

16



Presynaptic Homeostasis at the Drosophila Neuromuscular Junction

The study of homeostatic functional plasticity in vertebrate model organisms has
yielded a wealth of information about brain function (Davis, 2006; Marder and Goaillard,
2006; Turrigiano, 2008; Vitureira et al., 2012; Davis and Muller, 2015) and perhaps best
connects these mechanisms to brain disorders (Kamenetz et al., 2003; Houweling et al.,
2005; Trasande and Ramirez, 2007). Yet, many assessments of candidate sensors and
effectors with potentially homeostatic roles in the vertebrate nervous system were direct
continuations of earlier studies, which uncovered roles for these factors in other aspects
of synaptic transmission. For example, the role of Cdk5 in presynaptic homeostasis was
inferred from measurements of baseline presynaptic function (Kim and Ryan, 2010; Kim
and Ryan, 2013), which built upon prior knowledge of presynaptic Cdk5 phosphorylation
targets, not limited to N-type Ca®" channels (Su et al., 2012; Kim and Ryan, 2013), P/Q-
type Ca** channels (Tomizawa et al., 2002), amphiphysin |, dynamin | (Tomizawa et al.,
2003), synapsin | (Verstegen et al., 2014), and Munc18 (Shuang et al., 1998; Fletcher et
al., 1999; Lilja et al., 2004). The association of BDNF to presynaptic homeostasis arose
from previous reports (Jakawich et al., 2010), which demonstrated that BDNF treatment
can accentuate neurotransmitter release (Tyler and Pozzo-Miller, 2001; Zhang and Poo,
2002). Furthermore, a function of B-catenin in presynaptic homeostasis was inspired by
a preceding study, which implicated cadherin/B-catenin in synaptic scaling (Okuda et al.,
2007; Vitureira et al., 2011). Considering the limitations of vertebrate model systems for
gene isolation (Kile and Hilton, 2005), genetic analysis in invertebrates could offer a less
biased and more economical approach in elucidating basic mechanisms of homeostatic

processes (Davis and Bezprozvanny, 2001; Frank et al., 2013; Davis and Mduller, 2015).
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From the advantages afforded by fly genetics (Nusslein-Volhard and Wieschaus,
1980; Rubin and Spradling, 1982; Yamamoto et al., 2014), over 400 candidate mutants
have been assessed for defects in a subtype of presynaptic homeostasis and published
in an ongoing genetic analysis (Dickman and Davis, 2009; Muller et al., 2011; Davis and
Muller, 2015). This genetic analysis has taken advantage of large-scale efforts to disrupt
Drosophila genes via transposon mutagenesis (Rubin and Spradling, 1982; Spradling et
al., 1995; Bellen et al., 2004; Parks et al., 2004; Thibault et al., 2004) and the pioneering
characterization of functional properties at Drosophila NMJs (Jan and Jan, 1976). These
studies of homeostatic functional plasticity in Drosophila third instar larvae have focused
on an acute form of presynaptic homeostasis, by which reduced postsynaptic sensitivity
to glutamate is offset by elevated release of glutamate from presynaptic nerve terminals
(Frank et al., 2006; Davis and Mdller, 2015). Here, this phenomenon is called short-term
homeostatic potentiation, referred to in prior studies as “synaptic homeostasis” (Frank et
al., 2006; Goold and Davis, 2007; Dickman and Davis, 2009), to distinguish it from long-
term homeostatic potentiation (Petersen et al., 1997; Davis et al., 1998; DiAntonio et al.,
1999) and homeostatic depression (Daniels et al., 1994; Gavifo et al., 2015). Long-term
homeostatic potentiation was revealed from electrophysiological recordings at fly NMJs,
which carry an amorphic allele of GIuRIIA, the gene encoding an essential subunit of a
subset of postsynaptic glutamate receptors (Petersen et al., 1997). Like the acute form
of homeostatic potentiation (Frank et al., 2006; Davis and Muller, 2015), this long-term

form of homeostatic potentiation in amorphic GluRIIAS"™®

mutants augments glutamate
release to maintain a set point level of synaptic transmission (Petersen et al., 1997). A

direct mutation of the GIuRIIA gene locus is not required for the expression of long-term
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homeostatic potentiation, as perturbing the function of GIuRIIA through protein kinase A
activity (Davis et al., 1998), p21-activated kinase impairment (Albin and Davis, 2004), or
NF-kappaB signaling disruption (Heckscher et al., 2007) also led to enhanced glutamate
release. Given the requirement of placing GluRIlA-altering mutations in different genetic
backgrounds, long-term homeostatic potentiation is fundamentally recalcitrant to genetic
screens (Frank et al., 2006; Davis and Mduller, 2015). The discovery that acute treatment
of semi-intact fly larval preparations with a glutamate receptor antagonist, philanthotoxin
(PhTx), induces short-term homeostatic potentiation in as little as ten minutes (Frank et

al., 2006) has largely overcome a requirement for genetic screens with G/luRI/IA mutants

and speeded the isolation of homeostatic signaling molecules (Davis and Muller, 2015).

Of the greater than 400 Drosophila mutants examined for short-term homeostatic
potentiation deficits so far, thirteen hits showing normal basal synaptic transmission and
NMJ morphogenesis were isolated (Dickman and Davis, 2009; Muller et al., 2011; Davis
and Muller, 2015). Through a series of investigations, most of these candidate hits have
been independently verified and include dysbindin (Dickman and Davis, 2009), a protein
with links to schizophrenia (Straub et al., 2002; Talbot et al., 2004), a trio of K" channels
(Bergquist et al., 2010), another ion channel and Ca**-binding protein with no previously
known roles (Dickman and Davis, 2009), Rab3-GTPase-activating protein (GAP) (Muller
et al., 2011), a factor with effects on microcephaly and intellectual disability (Aligianis et
al., 2005; Aligianis et al., 2006), a pair of Degenerin/Epithelial Sodium (ENaC) channels,
pickpocket11 and pickpocket16 (Younger et al., 2013), Rab3-interacting molecule (RIM)
(Muller et al., 2012), and multiplexin (Mp) (Wang et al., 2014), a fly ortholog of Collagen

XVIXVIII (Meyer and Moussian, 2009) with implications in epilepsy (Suzuki et al., 2002).
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Building on earlier investigations (Wang et al., 1997; Starcevic et al., 2004; Talbot et al.,
2006; Liu et al., 2011), this ongoing genetic screen (Dickman and Davis, 2009; Muller et
al., 2011) also led to the discovery of functions for RIM-binding protein (RBP) (Muller et

al., 2015) and snapin (Dickman et al., 2012) in homeostatic potentiation through a more
candidate-based approach (Davis and Muller, 2015). Further experiments with some of

these mutants also uncovered deficits in long-term homeostatic potentiation, as induced
by GIuRIIAST™® (Petersen et al., 1997; Dickman and Davis, 2009; Bergquist et al., 2010;

Muller et al., 2011; Younger et al., 2013; Wang et al., 2014). Hence, a failure to express
short-term homeostatic potentiation might universally predict an impairment in long-term
homeostatic potentiation. These data further point to an evolutionary conservation of the

underlying phenomenology of homeostatic potentiation in flies (Davis and Muller, 2015).

An ongoing genetic screen in Drosophila (Dickman and Davis, 2009; Muller et al.,
2011) has made it possible to rapidly assemble an inventory of homeostatic potentiation
factors (Davis and Muller, 2015). Additional experiments with the validated hits from this
screen have led to insights about the basic phenomenology of presynaptic homeostasis,
which may extend to vertebrates (Davis, 2013; Davis and Muller, 2015). This innovative
genetic analysis of presynaptic homeostasis was conceived from the demonstration that
loss-of-function mutations in cacophony, the gene encoding the Drosophila ortholog of a
presynaptic CaV2.1 calcium channel (Smith et al., 1996; Kawasaki et al., 2000), blocked
short-term and long-term homeostatic potentiation (Frank et al., 2006). Because CaV2.1
localization is confined to active zones (Kawasaki et al., 2004 ), these findings confirmed
that homeostatic potentiation at Drosophila NMJs is driven by a previously hypothesized

(Petersen et al., 1997) trans-synaptic signaling system (Frank et al., 2006; Davis, 2006).
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This genetic analysis of cacophony also showed that homeostatic potentiation can fail to
restore a set point level of synaptic transmission when the amplitude of baseline evoked
responses is comparable to wild type (Frank et al., 2006). Therefore, the mechanisms of
homeostatic potentiation and basal neurotransmitter release can be distinguished at the
molecular level (Frank et al., 2006). In a follow-up report, the expression of homeostatic
potentiation was correlated with an enhancement of presynaptic Ca?* influx, which failed
to occur in loss-of-function cacophony mutants (Muller and Davis, 2012). Accordingly, a
homeostatic modulation of Ca®* influx through a presynaptic CaV2.1 channel appears to
be critical for homeostatic potentiation in Drosophila (Muller and Davis, 2012; Davis and
Muller, 2015). A similar phenomenon was shown to compensate for the effects of neural
activity blockade with TTX in dissociated hippocampal cultures (Zhao et al., 2011). Cdk5
may also influence a TTX-induced homeostatic accentuation of neurotransmitter release
(Kim and Ryan, 2010) through effects on CaV2.2 (Su et al., 2012; Kim and Ryan, 2013).

This mechanism of presynaptic homeostasis could be conserved from flies to mammals.

More recent advancements from work in Drosophila further implicate presynaptic
Ca* influx modulation in the mechanisms of presynaptic homeostasis. In a continuation
of the PhTx-based genetic screen (Frank et al., 2006; Dickman and Davis, 2009; Muller
et al., 2011), two cotranscribed ENaC channels, pickpocket 11 and pickpocket 16, were
shown to be acutely necessary in the presynaptic motor neuron for short-term and long-
term homeostatic potentiation (Younger et al., 2013). Through the same technique used
in (Muller and Davis, 2012), investigators found that acute pharmacological inhibition of
these ENaC channels with benzamil (Liu et al., 2003) blocked the homeostatic elevation

of presynaptic Ca** influx coinciding with genetic loss of GIURIIA (Younger et al., 2013).
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These results were buttressed by a genetic analysis, which showed that loss-of-function
mutations in or RNA interference (Fire et al., 1998; Liu et al., 2013) against either ENaC
channel similarly blocked homeostatic potentiation (Younger et al., 2013). The proposed
model from this research suggests that pickpocket 11 and pickpocket 16 are subunits of
an ion channel, which is inserted into the presynaptic plasma membrane to depolarize it
and increase Na” influx (Younger et al., 2013). A resulting change in presynaptic resting
membrane potential, consistent with work at the calyx of Held (Awatramani et al., 2005),
could directly or indirectly generate a homeostatic increase in Ca** influx presynaptically
(Younger et al., 2013) and a joint increase in neurotransmitter release probability (Frank
et al., 2006). This attractive model requires further testing, however, as there is no direct
evidence for presynaptic ENaC channel trafficking at the NMJ (Davis and Mdller, 2015).

Mutations that ablate the C-terminus of multiplexin, which has a proteolytically cleavable
endostatin (O'Reilly et al., 1997) domain, were also found to interfere with expression of
homeostatic potentiation at the fly NMJ through effects on CaV2.1 and presynaptic Ca*
influx (Wang et al., 2014). These results indicate that endostatin serves as a retrograde

signal for homeostatic potentiation (Wang et al., 2014) and may regulate ENaC channel

or CaV2.1 function presynaptically (Davis and Muller, 2015). This endostatin-dependent
homeostatic signaling system may also be analogous to the BDNF-dependent signaling

system in rat hippocampal cultures (Jakawich et al., 2010). Notably, multiplexin also has
a thrombospondin domain (Wang et al., 2014). Astrocyte-secreted thrombospondins are
known to enhance synapse number in cultured retinal ganglion cells (Christopherson et

al., 2005). In theory, thrombospondins may influence homeostatic structural plasticity in

these highly plastic neurons (Sretavan et al., 1988; Cohen-Cory, 1999; Hua et al., 2005;
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Koch et al., 2011; Auer et al., 2015), in addition to presynaptic homeostasis at fly NMJs.
Following this line of evidence might foster an understanding of evolutionarily conserved

relationships, if any, between homeostatic functional and structural plasticity in neurons.

Although an accentuation of presynaptic Ca®* influx is necessary for homeostatic
potentiation at the Drosophila NMJ (Muller and Davis, 2012; Younger et al., 2013; Wang
et al., 2014), it is apparently not sufficient. RIM proteins are presynaptic scaffolds (Wang
et al., 1997; Schoch et al., 2002), which regulate presynaptic Ca?* influx via biochemical
interactions with voltage-gated calcium channels in mammals (Kaeser et al., 2011; Han
et al., 2011) and flies (Graf et al., 2012; Muller et al., 2012). RIM proteins also determine
the number of docked vesicles and, by extension, the size of the RRP (Rosenmund and
Stevens, 1996; Imig et al., 2014), at active zones of mammalian (Han et al., 2011; Su et
al., 2012), fly (Muller et al., 2012), and C. elegans (Weimer et al., 2006; Gracheva et al.,
2008; Stigloher et al., 2011) presynaptic nerve terminals. As part of the ongoing genetic
screen for presynaptic homeostasis molecules in Drosophila (Dickman and Davis, 2009;
Muller et al., 2011), ablation of the gene encoding RIM was shown to perturb short-term
homeostatic potentiation without impairing the homeostatic enhancement of presynaptic
Ca?" influx (Miller et al., 2012). An earlier study correlated an increase in the size of the
RRP with the expression of short-term and long-term homeostatic potentiation at the fly
NMJ (Weyhersmuller et al., 2011). Subsequently, a PhTx-dependent enlargement of the
RRP was found to be blocked in the absence of RIM, indicating that RRP modulation is
also necessary for this subtype of presynaptic homeostasis (Muller et al., 2012). Hence,
homeostatic potentiation may require a greater number of release-ready vesicles than is

docked at baseline to benefit from elevating presynaptic Ca®* influx (Mdiller et al., 2012).
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Based chiefly on the current results from genetic screening (Dickman and Davis,
2009; Muller et al., 2011; Mdller et al., 2012), an emerging model points to the existence
of distinct signaling processes, which act in parallel to carry out homeostatic potentiation
at the Drosophila NMJ (Davis and Muller, 2015). Although RIM is needed for a wild type
amount of synaptic vesicle docking (Han et al., 2011; Su et al., 2012; Muller et al., 2012)
and presynaptic Ca®* influx (Kaeser et al., 2011; Han et al., 2011; Miiller et al., 2012), it
is selectively required for the modulation of the RRP during homeostatic potentiation, at
least in the short-term (Muller et al., 2012). To date, the molecular mechanism by which
RIM modulates RRP size during homeostatic potentiation is unknown (Davis and Muller,
2015). A mutation that deletes the conserved zinc finger domain, which is known to bind
Munc13 in mammals (Schoch et al., 2002; Sudhof, 2012), implies that Munc13 could be
involved in homeostatic potentiation (Muller et al., 2012). A plausible mechanism, which
could be tested through genetic rescue experiments in Drosophila rim’® loss-of-function
mutants (Muller et al., 2012), might depend on reversing Munc13 homodimerization with
RIM (Deng et al., 2011). This model would be supported by the genetic rescue of rim’®
homeostatic potentiation defects through the expression of constitutively active Munc13

monomers, which may promote neurotransmitter release in the absence of RIM activity.

The association of Rab3-GAP with homeostatic potentiation (Mduller et al., 2011)
provides an alternative model for RIM function in homeostatic potentiation (Muller et al.,
2012). Rab3 is a synaptic vesicle protein and small GTPase (Fischer von Mollard et al.,
1990). Rab3-GAP is known to stimulate the GTPase activity of Rab3 and its associated
localization to the synaptic vesicle membrane (Sakane ef al., 2006). Fly loss-of-function

experiments indicate that Rab3-GAP is critical for short-term and long-term homeostatic
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potentiation, whereas Rab3 is dispensable for these phenomena (Mdller et al., 2011). In
follow-up experiments, it was determined that constitutively active Rab3, which does not
hydrolyze GTP (Clabecq et al., 2000) and may have phenocopied the loss-of-function of
Rab3-GAP, did not disrupt homeostatic potentiation (Muller et al., 2011). Furthermore, a
double mutant lacking Rab3 and Rab3-GAP exhibited normal expression of homeostatic
potentiation, consistent with Rab3 acting downstream of Rab3-GAP in this phenomenon
(Muller et al., 2011). These unexpected results implicate a presently unknown repressor
protein in the phenomenology of homeostatic potentiation (Muller et al., 2011; Davis and
Muller, 2015). In this model, a hypothetical repressor protein is recruited to active zones
by Rab3-GTP, perhaps independent of GTPase activity, and is displaced by Rab3-GAP
to allow for homeostatic potentiation (Muller et al., 2011). This model must be reconciled
with other reports, which showed that the loss of Rab3 is associated with a redistribution
of active zone proteins and an accentuated neurotransmitter release probability (Graf et
al., 2009; Peled and Isacoff, 2011). However, Rab3-GAP loss did not affect morphology
of the fly NMJ, suggesting that the influence of Rab3 on active zone redistribution is not
dependent on Rab3-GAP (Muller et al., 2011). Likewise, RIM ablation also did not affect
NMJ morphology, even when examined at a higher resolution via structured illumination
microscopy (Muller et al., 2012). As RIM and Rab3-GAP were later shown to genetically
interact during short-term homeostatic potentiation (Muller et al., 2012), it is conceivable
that RIM and Rab3-GAP act together to modulate the RRP size after disrupting GluRIIA.
This hypothesis could be addressed by testing the RRP size after PhTx exposure, as in
(Weyhersmulller et al., 2011; Muller et al., 2012), at Rab3-GAP-deficient NMJs. Ablating

Rab3 in rim’* mutants (Miiller et al., 2012) to determine if homeostatic potentiation can
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be expressed, as in (Muller et al., 2011), could further test this hypothesis. It might also
be important to verify that active zone size is concomitantly enlarged with the RRP size
during homeostatic potentiation, as was indicated by structured illumination microscopy
(Weyhersmulller et al., 2011), and to determine the effects of a hypothetical Rab3-GAP/
RIM signaling axis on these covert structural alterations to the NMJ. This analysis could
also further elucidate evolutionary links between the homeostatic modulation of synaptic

form and physiology (Davis and Goodman, 1998; Murthy et al., 2001; Keck et al., 2013).

Despite a significant involvement of presynaptic homeostasis molecules, such as
CaV2.1 (Frank et al., 2006), multiplexin (Wang et al., 2014), Rab3, Rab3-GAP (Mduller et
al., 2011), and RIM (Muller et al., 2012), in basal synaptic transmission, there is growing
evidence for a distinction between baseline function and homeostatic potentiation at the
molecular level. In a genetic analysis of cysteine string protein (CSP) and syntaxin, both
canonically required for normal amounts of neurotransmitter release through roles in the
presynaptic SNARE complex (Fernandez-Chacon et al., 2004; Sharma et al., 2011), the
expression of homeostatic potentiation in response to PhTx treatment occurred normally
(Goold and Davis, 2007). PhTx similarly triggered short-term homeostatic potentiation in
the absence of liprin-alpha, miro, endophilin, synaptojanin, and other regulators of basal
neurotransmitter release in the search for presynaptic homeostasis molecules (Dickman
and Davis, 2009; Mdlller et al., 2011). Regardless, a molecular distinction between basal
synaptic transmission and homeostatic potentiation is clearest in the study of multiplexin
(Wang et al., 2014). In dmp“® mutants, which lack the endostatin-containing C-terminus
of multiplexin (Meyer and Moussian, 2009) and had defects in homeostatic potentiation,

quantal content was comparable to wild type controls over a range of extracellular Ca?
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concentrations (Wang et al., 2014). RNA interference against snapin also disrupted the
expression of homeostatic potentiation without interfering with the Ca®* cooperativity or
sensitivity of neurotransmitter release (Dickman et al., 2012). Though, contrary to these
findings, genetic disruptions of Rab3-GAP and the snapin-interacting protein, dysbindin,
coincided with significantly reduced quantal contents in low extracellular Cca* (0.2 mM —
0.3 mM Ca?*), wild type quantal contents in higher extracellular Ca®* (0.4 mM — 0.5 mM
Ca*"), and homeostatic potentiation impairments in higher extracellular Ca®* (0.4 mM —
0.5 mM Ca2+) (Dickman and Davis, 2009; Mduller et al., 2011). Homeostatic potentiation
was blocked by the loss of Rab3-GAP or dysbindin when the recording conditions led to
normal quantal contents (Dickman and Davis, 2009; Mduller et al., 2011), consistent with
a molecular distinction of basal synaptic transmission from homeostatic potentiation, as
suggested earlier (Frank et al., 2006; Goold and Davis, 2007). Yet, the effects of Rab3-
GAP and dysbindin on the Ca?*-dependence of neurotransmitter release and short-term
synaptic plasticity (Dickman and Davis, 2009; Muller et al., 2011) preclude the definitive
separation of these abnormalities from homeostatic potentiation deficits in these reports.
As previously stated (Muller et al., 2011), similarities between Rab3-GAP and dysbindin
function at the fly NMJ do, however, imply a shared role for these proteins in the control
of neurotransmitter release. Such an interaction may also implicate a common signaling
network in clinically distinct neurological diseases at present (Straub et al., 2002; Talbot
et al., 2004; Aligianis et al., 2005; Aligianis et al., 2006; Muller et al., 2011). Investigating
roles of dysbindin or the interactor, snapin (Starcevic et al., 2004; Dickman et al., 2012),
in the homeostatic modulation of RRP size (Weyhersmuller et al., 2011) could clarify the

relationship among these factors and Rab3/RIM (Mduller et al., 2011; Muller et al., 2012).

27



Homeostatic potentiation at the Drosophila NMJ might be orchestrated by parallel
signaling pathways, which regulate either the number of release-ready synaptic vesicles
(Weyhersmuller et al., 2011; Muller et al., 2012) or the amount of presynaptic Ca?* influx
(Frank et al., 2006; Muller and Davis, 2012; Younger et al., 2013; Wang et al., 2014), in
response to perturbed postsynaptic sensitivity to glutamate (Petersen et al., 1997; Davis
and Muller, 2015). However, a continued genetic analysis of a RIM interactor, RBP (Liu
et al., 2011), has suggested that the underlying mechanisms of homeostatic potentiation
are coordinated at the molecular level (Muller et al., 2015). Along with exhibiting severe
impairments in basal neurotransmitter release, wherein evoked responses could not be
detected under usual electrophysiological recording conditions (0.4 mM — 0.5 mM Ca?")
(Liu et al., 2011), an amorphic mutation in the gene encoding RBP abolished short-term
homeostatic potentiation over a wide range of extracellular Ca** concentrations (1 mM —
15 mM Ca2+) (Muller et al., 2015). Consistent with plausible effects on CaV2.1 (Frank et
al., 2006; Muller and Davis, 2012), ENaC channels (Younger et al., 2013), or multiplexin
(Wang et al., 2014), the loss of RBP blocked the homeostatic modulation of presynaptic
Ca?* influx (Muller et al., 2015). In addition, RBP loss similarly impaired the homeostatic
modulation of RRP size, consistent with effects on RIM (Muller et al., 2012; Muller et al.,
2015). Thus, RBP appears to govern both of the physiological processes of homeostatic
potentiation, at least in the short-term (Muller et al., 2015). Interestingly, larvae carrying
heterozygous amorphic mutations in rbp and rim had normal homeostatic potentiation in
PhTx, consequently implying that RBP and RIM might not directly interact in this context
(Muller et al., 2015). Following this strategy with other mutants, doubly heterozygous for

STOP

rbp and a second homeostasis mutant allele, should better define signaling systems
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involved in homeostatic potentiation. Moreover, removing Rab3 in rbp nulls to determine
if homeostatic potentiation can be partially or fully restored, as observed with Rab3-GAP
mutants (Muller et al., 2011), may also better address a potential role of Rab3-GAP/RIM
signaling (Muller et al., 2012) in this phenomenon. If enlargement of active zones during
homeostatic potentiation (Weyhersmuller et al., 2011) can be reproduced, then a strong
candidate for regulating this process is RBP, which has previously been associated with
ultrastructural changes to the active zone at baseline (Liu ef al., 2011). As suggested, it
is plausible that such changes account for the homeostatic elevation of RRP size during
homeostatic potentiation (Weyhersmulller et al., 2011). Altered active zone ultrastructure
in rbp nulls (Liu et al., 2011) or in homeostatic potentiation (Weyhersmuller et al., 2011)
could in theory be related to the effects of Rab3 on active zone redistribution, which are
known to alter neurotransmitter release probability (Graf et al., 2009; Peled and Isacoff,
2011). Taken together, these data may help to develop a parsimonious signaling model

of a homeostat regulating multiple forms of homeostatic plasticity in the nervous system.

By utilizing a suite of electrophysiological, microscopical, and genetic techniques,
the phenomenological basis of homeostatic potentiation at the fly NMJ is largely known
(Davis and Muller, 2015; Muller et al., 2015). Both short-term and long-term homeostatic
potentiation are achieved by a coordinated elevation of presynaptic Ca** influx (Frank et
al., 2006; Muller and Davis, 2012; Younger et al., 2013; Wang et al., 2014) and the RRP
size (Weyhersmuller et al., 2011; Mdller et al., 2012; Muller et al., 2015). These forms of
presynaptic homeostasis also share specific effectors, as all mutations that impair short-
term homeostatic potentiation also impair the long-term form (Dickman and Davis, 2009;

Bergquist et al., 2010; Muller et al., 2011; Younger et al., 2013; Wang et al., 2014) when
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tested. However, the reverse of this statement is not supported by the evidence. That is,
mutations that block long-term homeostatic potentiation do not necessarily impair short-
term homeostatic potentiation (Davis and Muller, 2015). Heterozygous null mutations in
or RNA interference against a fly homolog of pax3/7, termed gooseberry, was shown to
block GIuRIIAS?"®-induced, but not PhTx-induced, homeostatic potentiation (Marie et al.,
2010). Likewise, a postsynaptic signaling network composed of the target of rapamycin
(TOR), elF4E, and S6 kinase (S6K) was found to be required for long-term homeostatic
potentiation (Penney et al., 2012). Conversely, an earlier report demonstrated wild type
short-term homeostatic potentiation in the absence of S6K (Cheng et al., 2011). Hence,
these data further imply that short-term and long-term homeostatic potentiation may be
separable at the molecular level. These differences were attributed to a requirement for
enhanced protein synthesis to maintain the expression of homeostatic potentiation over

an extended time period, as in GIuRIIASF'®

mutants, but not in the short-term (Marie et

al., 2010; Cheng et al., 2011; Penney et al., 2012; Davis and Muller, 2015). Importantly,
these results must not be interpreted to mean translational regulators, as in (Penney et
al., 2012), or transcription factors, as in (Marie et al., 2010), only participate in the long-
term form of homeostatic potentiation. Indeed, activation of the Mad transcription factor
through BMP signaling (Aberle et al., 2002; Marqués et al., 2002) was found to gate the
expression of short-term homeostatic potentiation (Goold and Davis, 2007). The role of
BMP in PhTx-induced homeostatic potentiation may be related to a previously identified
role for CaMKII, which acts in muscles to inhibit a presynaptic BMP receptor-dependent

retrograde signaling system that elevates glutamate release (Haghighi et al., 2003). The

strength of this retrograde signal, probably BMP/glass bottom boat (Gbb) itself (McCabe
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et al., 2003; Goold and Davis, 2007), was inversely correlated with postsynaptic CaMKII
activity and was found to affect the expression of homeostatic potentiation, induced with
a dominant-negative GIuRIIA (Haghighi et al., 2003). A theory to parsimoniously explain
these seemingly disparate results is that synthesis of postsynaptic CaMKIl may depend
on a TOR/elF4E/S6K signaling axis, as seen in dendrites (Bagni et al., 2000; Schratt et
al., 2004). CaMKI!I activity in muscles may also influence the synthesis of a homeostatic
retrograde signal by functioning upstream of the ribosome, as in the cortex (Wang et al.,
2013). However, because short-term homeostatic potentiation apparently requires BMP
signaling (Goold and Davis, 2007), but not S6K function (Cheng et al., 2011), the milieu
of retrograde/trans-synaptic signals might differ in some manner between the two forms
of homeostatic potentiation. Nonetheless, studies also point to a role for CaMKI|I activity
in synaptic scaling at hippocampal synapses (Thiagarajan et al., 2002) and potentially a
form of homeostatic functional plasticity at nematode NMJs (Williams et al., 2004; Locke
et al., 2008). Dendritic TOR activity also directs synthesis of a retrograde signal, BDNF,
in the AMPA receptor-dependent form of hippocampal presynaptic homeostasis (Henry
et al., 2012). Thus, further exploring this emerging model of homeostatic potentiation in
flies could shed light on evolutionarily conserved mechanisms of homeostatic functional
plasticity. Precisely defining the effects of gooseberry/\WWnt signaling (Marie et al., 2010),
TOR/elF4E/S6K signaling (Cheng et al., 2011; Penney et al., 2012), BMP/Gbb signaling
(McCabe et al., 2003; Goold and Davis, 2007), and CaMKII (Haghighi et al., 2003) with
presynaptic Ca* imaging, as in (Muller and Davis, 2012; Younger et al., 2013; Wang et
al., 2014), or estimating RRP size, as in (Weyhersmdller et al., 2011; Muller et al., 2012;

Muller et al., 2015), after acute or chronic GIuRIIA perturbations could facilitate this aim.

31



Acute and sustained forms of homeostatic potentiation can also be separated by
involvement of a presynaptic signaling pathway composed of an Eph receptor, ephexin,
and the Rho-type small GTPase, Cdc42 (Frank et al., 2009). At third instar larval NMJs,
the focus of most studies on presynaptic homeostasis in Drosophila (Frank et al., 2013;
Wondolowski and Dickman, 2013; Davis and Mduller, 2015), this Eph/ephexin-controlled
signaling pathway was found to be essential for only long-term homeostatic potentiation
(Frank et al., 2009). A loss-of-function mutation in the ephexin gene could be genetically
rescued by the presynaptic overexpression of Drosophila CaV2.1, cacophony, indicating
that ephexin somehow controls the function or abundance of this voltage-gated calcium
channel during long-term homeostatic potentiation (Frank et al., 2009). These data may
be consistent with a model in which ephexin governs CaV2.1 expression, either through
transcription or translation, in a homeostatic manner. Yet, this model necessitates more
experimentation, as no direct evidence for an influence of ephexin on the expression of
CaV2.1 was demonstrated. Notably, Cdc42 was found to cooperate with Cdk5, a known
modulator of presynaptic homeostasis (Kim and Ryan, 2010) and biochemical interactor
of voltage-gated calcium channels (Su et al., 2012; Kim and Ryan, 2013), in augmenting
voltage-gated calcium channel expression (Duhr et al., 2014). An Eph receptor has also
been found to direct transcriptional programs through CREB and c-Fos (Sheffler-Collins
and Dalva, 2012), both of which are known to be active at the Drosophila NMJ (Davis et
al., 1996; Sanyal et al., 2002; Collins et al., 2006; Massaro et al., 2009). Accordingly, an
Eph/ephexin-dependent transcriptional mechanism could be employed to maintain long-
term expression of homeostatic potentiation in flies and mammals. In a broader context,

transcriptional or perhaps translational targets modulated by this Eph/ephexin signaling
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network or other diverse signaling pathways (Goold and Davis, 2007; Frank et al., 2009;
Marie et al., 2010; Cheng et al., 2011; Penney et al., 2012) associated with homeostatic
potentiation have not been identified. Thus, a systems biology approach via microarrays
(Schena et al., 1995; Wang et al., 2004; Parrish et al., 2014), RNA-seq (Nagalakshmi et
al., 2008), or ribosome profiling (Ingolia et al., 2009) might be carried out in the absence
of these signaling networks, with and without acute or chronic GluRIIA perturbations, to
identify differentially expressed genes. As pickpocket11 and pickpocket16 mRNA levels

IASF'® mutants (Younger et al., 2013),

were upregulated by approximately 4-fold in GIuRI
these ENaC channel genes are strong candidates for transcriptional control through one
of the aforementioned signaling pathways. After isolating differentially expressed genes,
available mutations (Bellen et al., 2004; Parks et al., 2004; Thibault et al., 2004) in these
candidate genes could be tested for disruption of homeostatic potentiation. This strategy

should complement the ongoing genetic screen (Dickman and Davis, 2009; Muller et al.,

2011) and add to a working model of presynaptic homeostasis (Davis and Muller, 2015).

While homeostatic potentiation is the subject of numerous ongoing and published
(Davis and Mduller, 2015; Muller et al., 2015) investigations, it is thought to be just one of
two subtypes of presynaptic homeostasis at the fly NMJ (Daniels et al., 2004; Gavifio et
al., 2015). In contrast to homeostatic potentiation, the second mechanism of presynaptic
homeostasis, termed homeostatic depression, reduces presynaptic glutamate release in
response to increased quantal size to maintain a set point level of synaptic transmission
(Daniels et al., 2004; Gavifio et al., 2015). This phenomenon can be induced as a result
of presynaptically overexpressing the vesicular glutamate transporter (VGLUT) (Daniels

et al., 2004; Gavino et al., 2015), which fills synaptic vesicles with glutamate (Bellocchio
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et al., 2000; Takamori et al., 2000; Fremeau et al., 2001) as a function of the gene dose
(Fremeau et al., 2004; Wojcik et al., 2004; Wilson et al., 2005; Daniels et al., 2006). The
phenomenology of homeostatic depression has been uncovered and is not the opposite
of homeostatic potentiation (Gavifio et al., 2015). Conversely, homeostatic depression is
driven by decreasing the abundance of presynaptic CaV2.1 channels and concomitantly
decreasing the amount of presynaptic Ca?* influx without altering the number of release-
ready synaptic vesicles in parallel (Gavifo et al., 2015). Likewise, the molecular basis of
homeostatic depression could be distinguished from that of homeostatic potentiation, as
previously assessed loss-of-function mutations in the genes encoding RIM (Muller et al.,
2012; Muller et al., 2015) and CaV2.1 (Frank et al., 2006; Muller and Davis, 2012) failed
to interfere with this phenomenon (Gavifo et al., 2015). Moreover, benzamil application,
which has been shown to erase the expression of homeostatic potentiation (Younger et

al., 2013), did not disrupt the homeostatic response to presynaptic VGLUT upregulation

(Gavino et al., 2015). Investigators also demonstrated that both homeostatic depression
and potentiation can be expressed at the same NMJs after treatment with PhTx, further

implying that the underlying mechanisms differ between these two forms of presynaptic

homeostasis (Gavifio et al., 2015). To date, no mutation has been documented to block

homeostatic depression. Yet, an apparent homeostatic reduction in the levels of CaV2.1
at VGLUT-overexpressing presynaptic nerve terminals likely points to a dependence on

an active signaling process (Gavifio et al., 2015), consistent with a classical definition of
homeostatic synaptic plasticity (Davis, 2006; Davis and Muller, 2015). An acceptance of
homeostatic depression as a biologically relevant process could still be strengthened by

implicating it in a gene network (Davis et al., 1996; Frank et al., 2006; Auer et al., 2015).
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Carrying out a large-scale analysis to identify homeostatic depression genes, like
the ongoing quest for homeostatic potentiation genes (Dickman and Davis, 2009; Muller
et al., 2011), may not be economical. Given a prerequisite for VGLUT overexpression to
trigger homeostatic depression at the fly NMJ, transgenes encoding VGLUT (Daniels et
al., 2004) and a neuronal Gal4 driver (Lin and Goodman, 1994; Mahr and Aberle, 2006)
would need to be crossed into scores of mutant backgrounds (Bellen et al., 2004; Parks
et al., 2004; Thibault et al., 2004), if undertaking a similar strategy as in the homeostatic
potentiation screen (Dickman and Davis, 2009; Muller et al., 2011). Yet, a comparatively
small-scale genetic screen for homeostatic depression factors could be initiated with the
X chromosome, as previously performed (Eberl and Hiliker, 1988; Perrimon et al., 1989;
Yamamoto et al., 2014). Alternatively, a more candidate-based analysis for homeostatic
depression genes could be carried out after identifying differentially expressed genes in
VGLUT overexpressors, relative to wild type, through systems biology (Nagalakshmi et
al., 2008; Ingolia et al., 2009; Parrish et al., 2014). It might also be possible to stimulate
VGLUT function acutely, which could open the door to large-scale genetic screening, as
done with PhTx (Frank et al., 2006; Dickman and Davis, 2009; Muller et al., 2011). Such
technology for a rapid induction of homeostatic depression is not currently available, but
might be engineered pharmacologically (Thompson et al., 2005; Tamura et al., 2014) or
optogenetically (Boyden et al., 2005; Zhang et al., 2006) by altering chloride (Bellocchio
et al., 2000; Gradinaru et al., 2010; Wietek et al., 2014) or proton gradients (Chow et al.,
2010; Ford and Davis, 2014; Preobraschenski et al., 2014) across the membrane of the
synaptic vesicle. Molecular mechanisms underlying homeostatic depression (Daniels et

al., 2004; Gavino et al., 2015), like homeostatic potentiation (Frank et al., 2009; Marie et
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al., 2010; Cheng et al., 2011; Penney et al., 2012), may vary between acute and chronic
forms. Therefore, determining the time course of homeostatic depression at the fly NMJ
may allow for a more comprehensive assessment of potential genetic links between the
two subtypes of presynaptic homeostasis than was feasible before (Gavifio et al., 2015).
Homeostatic depression genes may also be solid candidates to test for roles in a target-
specific form of homeostatic plasticity, in which quantal content is similarly reduced as a
consequence of muscle hyperinnervation at the fly NMJ (Davis and Goodman, 1998). A
link between these seemingly distinct phenomena at the genetic level could further point

to a core homeostat, which controls both homeostatic functional and structural plasticity.

A genetic analysis of presynaptic homeostasis in Drosophila has unearthed much
of what is known about homeostatic plasticity in the nervous system (Frank et al., 2013;
Davis and Muller, 2015). The power of Drosophila genetics (Rubin and Spradling, 1982;
Spradling et al., 1995; Bellen et al., 2004; Parks et al., 2004; Thibault et al., 2004), when
coupled with electrophysiological (Jan and Jan, 1976; Davis et al., 1996; Weyhersmduller
et al., 2011; Mdller et al., 2012), pharmacological (Frank et al. 2006), and microscopical
(Atwood et al., 1993; Liu et al., 2011; Muller and Davis, 2012) techniques, has made the
rapid isolation of presynaptic homeostasis (Petersen et al., 1997) molecules a possibility
(Dickman and Davis, 2009; Mduller et al., 2011). In no more than a decade of pursuing a
molecular and cellular description of homeostatic potentiation at the Drosophila NMJ, as
many as two dozen genes are now associated with this phenomenon (Davis and Muller,
2015; Muller et al., 2015). Other genes, such as dystrophin (van der Plas et al., 2006), a
RhoGAP gene and regulator of dystrophin, called crossveinless-c (Pilgram et al., 2011),

and importin 13 (Giagtzoglou et al., 2009), were found to impede basal neurotransmitter

36



release and hypothetically also participate in the underlying mechanisms of homeostatic
potentiation (Davis and Muller, 2015). A subset of genes, including cacophony (Frank et
al., 2006; Muller and Davis, 2012), multiplexin (Wang et al., 2014), pickpocket11, and/or
pickpocket16 (Younger et al., 2013), was found to regulate the homeostatic elevation of
presynaptic Ca?" influx during homeostatic potentiation. The gene, rim, appears to affect
only the homeostatic enlargement of the RRP during homeostatic potentiation (Muller et
al., 2012). The gene, rbp, was shown to orchestrate both of these compensatory cellular
processes during homeostatic potentiation (Muller et al., 2015), while a subset of genes,
consisting of dysbindin (Dickman and Davis, 2009), snapin (Dickman et al., 2012), rab3-
GAP (Mlller et al., 2011), and other unnamed factors (Dickman and Davis, 2009; Muller
et al., 2011) have not yet been linked to a specific phenomenological role in presynaptic
homeostasis. Hence, future investigations will be required to elucidate how these genes
interact in a homeostatic manner. Moreover, in light of the commonalities of homeostatic
potentiation in fly NMJ (Davis and Muller, 2015) and mammalian synapses (Jakawich et
al., 2010; Kim and Ryan, 2010; Henry et al., 2012; Kim and Ryan, 2013), it is seemingly
plausible that the signaling networks underlying this phenomenon have been conserved
across metazoan evolution. Similarly, relationships among presynaptic homeostasis and
the homeostatic modulation of ion channels (Bergquist et al., 2010; Parrish et al., 2014),
synaptic scaling (Thiagarajan et al., 2002; Haghighi et al., 2003), and structural plasticity
(Davis and Goodman, 1998; Murthy et al., 2001; Weyhersmuller et al., 2011) may imply
that a single regulatory network directs all forms of homeostatic plasticity in the nervous
system. The search for homeostatic plasticity factors could shed light on human disease

(Davis, 2006; Wondolowski and Dickman, 2013) and may only be at its commencement.
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Chapter 2

Synaptotagmin 12 Modulates Growth
and Constrains Neurotransmitter
Release at the Drosophila
Neuromuscular Junction
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Summary

Synaptotagmin 12 (Syt12) is a neuronally-expressed and calcium-independent
member of the synaptotagmin family of membrane proteins. Syt12 expression increases
during brain development in vertebrate and invertebrate species, indicating a plausible
role in the growth and maturation of the nervous system. However, the effects of Syt12
loss on the structure of the nervous system have not been evaluated. A loss-of-function
study in mice revealed a contributory function for Syt12 in a presynaptic form of synaptic
plasticity in the hippocampus. Yet, the effects of Syt12 loss in mammals are likely to be
tempered by functional redundancy among synaptotagmin isoforms. By generating and
characterizing loss-of-function alleles of Syt12 in Drosophila, we provide evidence for a
Syt12-dependent component of neuromuscular junction morphogenesis. In addition, we
found that the readily-releasable pool of synaptic vesicles is enlarged in the absence of
Syt12. We also determined that Syt12 functions in the presynaptic motor neuron, where
it precisely colocalizes with Synaptotagmin 1, a marker of synaptic vesicles and physical
interactor of Syt12 in mammalian neurons. Our results suggest that Syt72 is also critical
for the expression of homeostatic presynaptic structural plasticity, which offsets synaptic
undergrowth by increasing the number of active zones. Conversely, we show that Syt12
is dispensable for short-term and long-term forms of homeostatic potentiation, wherein a
postsynaptic decrease in glutamate sensitivity is countered by a presynaptic increase in
glutamate release. These results distinguish homeostatic potentiation from hippocampal
mossy fiber long-term potentiation and presynaptic structural plasticity. Moreover, these
results further implicate calcium-independent synaptotagmins in the etiology of nervous

system disorders and in an evolutionary conservation of synaptic structure and function.
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Introduction

Synaptotagmins (Syts) are evolutionarily conserved membrane proteins that are
localized to various intracellular organelles, including synaptic vesicles (Adolfsen et al.,
2004; Hui et al., 2005; Dean et al., 2012). The most characterized Syt, Synaptotagmin 1
(Syt1), is localized to presynaptic terminals (Matthew et al.,1981), where it functions as
the calcium sensor for fast synchronous neurotransmitter release (Littleton et al., 1993;
Geppert et al., 1994; Yoshihara and Littleton, 2002). Syt1 has also been demonstrated
to regulate synaptic vesicle endocytosis (Jorgensen et al., 1995; Poskanzer et al., 2003;
Nicholson-Tomishima and Ryan, 2004) and docking (de Wit et al., 2009). Of seventeen
vertebrate Syts (Adolfsen et al., 2004; Bhalla et al., 2008), eight Syts catalyzed SNARE-
dependent membrane fusion in the presence of Ca" in vitro, consistent with these Syts
functioning as calcium sensors (Hui et al., 2005). The Drosophila melanogaster genome
encodes seven Syt isoforms, including a minimum of three calcium sensors (Adolfsen et
al., 2004). In addition to Syt1, flies express a second presynaptic calcium sensor, Syt7
(Adolfsen et al., 2004; Sugita et al., 2001; Bacaj et al., 2013; Liu et al., 2014), as well as
a postsynaptic calcium sensor, Syt4, which stimulates the release of growth-promoting
retrograde signals at the neuromuscular junction (NMJ) (Yoshihara et al., 2005; Barber
et al., 2009). Drosophila and rat Syt4 isoforms were shown to have opposite effects on
SNARE-dependent membrane fusion in an in vitro study (Wang and Chapman, 2010).
Regardless, this pioneering work on fly Syt4 led to the discovery of similar postsynaptic
(Mendez et al., 2011) and presynaptic functions of Syt4 in mammals (Dean et al., 2009)

and underscores the utility of Drosophila in elucidating roles of central synaptic proteins.

62



Although Ca**-binding is required for the functionality of a subset of Syt isoforms,
two evolutionarily conserved Drosophila Syt isoforms, Syt12 and Syt14, are predicted to
not bind Ca®* (Adolfsen et al., 2004). Like their putative vertebrate orthologs, these Syts
lack a sufficient number of consensus Ca?*-binding aspartate and glutamate residues to
coordinate Ca?*, presumably rendering these isoforms “calcium-independent” (Adolfsen
et al., 2004; Bhalla et al., 2008). Consistent with these predictions, Syt12 failed to bind
phospholipids or SNAREs in a Ca?*-dependent manner, unlike Syt1 and other “calcium-
dependent” Syts, in multiple studies (Hui et al., 2005; Maximov et al., 2007; Bhalla et al.,
2008). Conversely, Syt12 did bind phospholipids and SNAREs (Bhalla et al., 2008), as
well as Syt1 (Maximov et al., 2007), in a Ca**-independent manner. As Syt1 was shown
to have Ca**-independent effects on synaptic vesicle docking (Reist et al., 1998; de Wit
et al., 2009), fusion (Mahal et al., 2002), endocytosis (Poskanzer et al., 2006; Loewen et
al., 2006), and positioning near Ca®* channels (Young and Neher, 2009), and calcium-
independent Syts are evolutionarily conserved from Drosophila to humans (Adolfsen et

al., 2004), it is plausible that calcium-independent Syts have adaptive roles in the brain.

Indeed, there is emerging evidence that calcium-independent Syts contribute to
normal brain function. For example, a missense mutation in Syt14 has been implicated
in a human neurodegenerative disorder, termed autosomal-recessive cerebellar ataxia
(ARCA) with psychomotor retardation (Doi et al., 2011). Syt14 has also been associated
with cerebral atrophy, seizures, and developmental delay in humans (Quintero-Rivera et
al., 2007). Syt12 was shown to be essential for the full expression of presynaptic mossy
fiber long-term potentiation in the mouse hippocampus (Kaeser-Woo et al., 2013), thus

pointing to a likely influence of this calcium-independent Syt on learning and memory
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(Kandel, 2012). Thyroid hormone has also been found to promote Syt12 expression in
neonatal rodent brains, implying that Syt12, like Syt14 (Quintero-Rivera et al., 2007; Doi
et al., 2011), may shape some aspects of brain development (Potter et al., 2001; Itoh et
al., 2001). Accordingly, neuronal Syt12 expression is increased during development in a
diversity of model organisms, including rats (Thompson, 1996; Potter et al., 2001), mice
(Itoh et al., 2001; Maximov et al., 2007), and flies (Adolfsen et al., 2004; modENCODE
Consortium et al., 2010; Robinson et al., 2013). Provided these key discoveries, and the
recognized significance of calcium-dependent Syts in human physiology and medicine

(Malenka, 2013; Sudhof, 2013), calcium-independent Syts are assuredly understudied.

In the tradition of harnessing the power of Drosophila genetics to discover roles
for Syts (DiAntonio et al., 1993; Littleton et al., 1993; Poskanzer et al., 2003; Yoshihara
and Littleton, 2002) and other genes with human disease implications (Nusslein-Volhard
and Wieschaus, 1980; Yamamoto ef al., 2014), we sought to characterize the Syt72 null
phenotype at the fly NMJ. Via distinct transposon mutagenesis techniques (Bellen et al.,
2004; Parks et al., 2004), we have generated two loss-of-function alleles of the calcium-
independent Syt gene, Syt12. Using microscopy, electrophysiology, and pharmacology,
we have uncovered a contributory role for Syt12 in the growth and elaboration of NMJs,
as well as an apparently inhibitory role in limiting the size of the readily-releasable pool
(RRP) of synaptic vesicles. Our data imply that the mechanisms underlying homeostatic
potentiation, a rapid and precise form of adaptive plasticity that maintains normal levels
of muscle depolarization (Petersen et al., 1997; Frank et al., 2006; Dickman et al., 2007;
Davis and Muller, 2015), are genetically separable from those of presynaptic structural

plasticity at the fly NMJ (Stewart et al., 1996; Davis and Goodman, 1998) and of mossy

64



fiber long-term potentiation in the mouse hippocampus (Kaeser-Woo et al., 2013). This
examination of Syt12 likely overcomes complications arising from functional redundancy
in mammals (Kaeser-Woo et al., 2013) and may enhance our understanding of calcium-

independent Syts, homeostatic plasticity, and the limits of synaptic growth and function.
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Results

Generation of Syt12 loss-of-function alleles

Syt12 encodes a calcium-independent synaptotagmin, Synaptotagmin-12, which
has been evolutionarily conserved from Drosophila to humans (Adolfsen et al., 2004).
Despite the presence of this gene in diverse species, relatively little is known about the
molecular and cellular functions of Syt712 or other calcium-independent synaptotagmins
(Adolfsen et al., 2004; Kaeser-Woo et al., 2013). From generation and characterization
of a Syt12 knock-out mouse, Syt12 was found to play a contributory role in hippocampal
mossy fiber long-term potentiation (MfLTP) (Kaeser-Woo et al., 2013). This result is the
first demonstration of an endogenous function for Syt12. However, the effect of Syt12
loss in mice was mild, as the magnitude of mfLTP was reduced by merely half, and no
significant changes in baseline synaptic transmission, short-term plasticity, long-term

depression of inhibition, viability, or fertility were observed (Kaeser-Woo et al., 2013).

As a caveat to these experiments, genes encoding other calcium-independent
synaptotagmins may act redundantly with Syt72 in mice (Kaeser-Woo et al., 2013). To
circumvent possible functional redundancies among synaptotagmin isoforms, we sought
to characterize the null phenotype of Syt12 in Drosophila. Unlike the mouse, which has
genes encoding seventeen synaptotagmin isoforms (Adolfsen et al., 2004; Bhalla et al.,
2008), Drosophila carries genes for only seven synaptotagmin isoforms (Adolfsen et al.,
2004). Moreover, Drosophila lacks genes encoding Syt13 and Syt16, which are likely
candidates for functional redundancy with Syt12 in mice (Kaeser-Woo et al., 2013).

Drosophila Syt12 shows substantial homology to human Syt12, as the C2A and C2B
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domains are 59% and 74% similar by amino acid sequence, respectively (Fig. 1B).
Thus, deletion of Syt712 in flies has the potential to uniquely uncover evolutionarily

conserved roles for Syt12 and possibly other calcium-independent synaptotagmins.

To investigate the consequences of Syt12 deletion in Drosophila, we carried out
transposon mutagenesis of the Syt12 gene locus using two distinct approaches. The
Syt12 gene locus is found on the X chromosome (X: 13,359,248..13,368,179) and
comprises five exons in the coding region (dos Santos et al., 2015) (Fig. 1A). In
P{EPgy2}EY11113 mutants, an “EY” P element (EY11113) (Bellen et al., 2004) was
inserted 4.9 kilobases upstream of the Syt12 start codon (Fig. 1A). In PBac{WH}f07791
and PBac{WH}f06896 mutants, piggyBac transposons (Thibault et al., 2004) were
inserted 13.5 kilobases upstream (f07791) and 4.0 kilobases downstream (f06896) of
the Syt12 start codon, respectively (Fig. 1A). According to standard procedures (Bellen
et al., 2004; Thibault et al., 2004), this collection of transposons was used to generate

two loss-of-function alleles: Syt12°¢ and a bona fide null allele, Syt12™" (Fig. 1A).

Imprecise excision of the EY element, EY11113, with A2-3 transposase (Bellen
et al., 2004) resulted in deletion of 2.3 kilobases, including the first 1.5 kilobases of the
Syt12 gene locus (Fig. 1A, C). The resultant deletion, termed Syt12de’, was verified by
PCR amplification and DNA sequencing with primers to genomic regions starting 200
base pairs upstream and ending 2.5 kilobases downstream of the EY11113 insertion
site (Fig. 1C, E; Methods). Heat shock-driven FLP-FRT recombination between
piggyBac transposons (Parks et al., 2004), {07791 and f06896, resulted in deletion of
17.6 kilobases, including the entire 2.7-kilobase Syt12 coding region (Fig.1A, C). The

2n ull

resultant deletion, termed Syt12™", was verified by PCR amplification with three pairs of

67



primers to genomic regions starting 500 base pairs upstream of the f07791 insertion site
and ending 400 to 700 base pairs downstream of the f06896 insertion site (Fig. 1D;
Methods), as recommended for “final confirmation” (Parks et al., 2004). PCR with each
primer pair amplified bands of roughly 8 kilobases (Fig. 1D), instead of 18-kilobase
bands expected from w’’"®flies, consistent with Syt12 deletion. One of these 8-kilobase
products was sequenced at each end to define deletion breakpoints, which are located
precisely at annotated (dos Santos ef al., 2015; Thibault et al., 2004) {07791 and f06896

2" deletion,

piggyBac insertion sites (Fig. 1A, H). For additional verification of the Syt1
PCR amplification with genomic primers used to confirm Syt12°®/ produced no bands
from Syt12”“” genomic DNA, but yielded strong bands from wild type, PBac{WH}f07791,
and PBac{WH}f06896 genomic DNA (Fig. 1C; Methods). Furthermore, two-sided PCR
with a genomic primer and a piggyBac transposon-specific primer for each end of the

transposon (Methods) was also used to confirm Syt12"™"

, as recommended (Parks et
al., 2004). Products from two-sided PCRs had sequences that we demonstrated to be

identical to those obtained from PCR amplification across the transposon (Fig. 1G, H).

Previous investigation in Drosophila suggests that Syt12 is expressed at “very
low” levels throughout embryonic development and at “low” levels in adults, in which
Syt12 mRNA was enriched in heads (Adolfsen et al., 2004). These data are consistent
with reports by the Drosophila modENCODE Project (modENCODE Consortium et al.,
2010), FlyAtlas (Robinson et al., 2013), and the FlyLight Project (Li et al., 2014), likely
indicating a selective role for Syt12 in the nervous system. To validate the expression of
Syt12 in the Drosophila central nervous system, we employed quantitative RT-PCR with

brains from wild type and Syt12de’ third instar larvae. Through this technique, we reliably
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detected Syt712 mRNA in wild type larvae with two different primer/probe sets (Fig. 1E;
Methods). Conversely, we determined that Syt72 mRNA levels were reduced to 3.66%
1+ 1.79% (SEM) the amount of Syt72 mRNA found in wild type controls (Fig. 1E). As an
additional control, we also tested third instar larvae heterozygous for Df(1)Exel6245, a
deficiency uncovering the Syt12 locus, which expressed 53.5% + 7.06% (SEM) the wild
type amount of Syt72 mRNA (Fig. 1E). Moreover, we tested third instar larvae carrying
the piggyBac transposon, f06896, or an adjacent piggyBac, f00785, and observed Syt12
MRNA expression that was similar to wild type (90.4% % 2.89% and 132.4% + 2.86%,
respectively). These results suggest that Syt12% is a strong hypomorphic or amorphic

allele and that Syt712 is a common component of the Drosophila neuronal transcriptome.
Syt12 influences growth of the Drosophila larval neuromuscular junction

Studies in mammalian systems demonstrate that neuronal Syt72 expression
increases during development (Potter et al., 2001; Maximov et al., 2007). Expression of
Syt12, initially termed synaptotagmin-related gene 1 (Srg1), was shown to increase in
developing rodent brains in a thyroid hormone-dependent manner (Thompson, 1996;
Potter et al., 2001; Itoh et al., 2001). Syt12 expression was also restricted to postnatal
brains and increased during development in mice (Maximov et al., 2007). These data
are in agreement with multiple studies in Drosophila, which report similar changes in
Syt12 expression during development (Adolfsen et al., 2004; modENCODE Consortium
et al., 2010; Robinson et al., 2013). Given these consistencies across diverse species,
we wondered if Syt12 might influence neuronal growth and, accordingly, examined the

well-characterized Drosophila NMJ (Atwood et al., 1993; Jan and Jan, 1976) in Syt12™".
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Muscles of Drosophila third instar larvae have characteristic innervation patterns,
which can be assessed to identify genes contributing to neuronal growth (Johansen et
al., 1989; Atwood et al., 1993; Schuster et al., 1996). Synaptic terminals on muscles 6
and 7 of third instar larvae are called “type I” and can be subdivided into two classes: Ib,
which has relatively large boutons and subsynaptic reticula, and Is, which has relatively
small boutons and subsynaptic reticula (Atwood et al., 1993; Schuster et al., 1996). To
determine if Syt12 affects neuronal growth, we analyzed type Ib and type Is boutons at
muscles 6 and 7 of Syt12™" third instar larvae. We distinguished type Ib and type Is
boutons by intensity of Discs large (DIg) staining at subsynaptic reticula and bouton size
(Bhogal et al., 2011). NMJs of Syt12™" larvae had significantly fewer type Ib boutons,
compared to wild type (p < 0.01) (Fig. 2A-C). Conversely, the number of type Is boutons
for Syt12™" NMJs was similar to wild type (p = 0.88) (Fig. 2A-C). These data show a
35.4% decrease and 1.95% decrease in Syt712™" type Ib and type Is bouton numbers,
respectively. Because muscle size has been shown to correlate with the size of NMJs
(Schuster et al., 1996), we also normalized bouton numbers to muscle areas, which
were decreased by 12.3% in Syt712™" (p < 0.01). However, we found similar differences

between Syt12"™"

and wild type for type Ib (p < 0.01) and type Is (p = 0.60) after this
correction. NMJ areas of Syt12™" larvae showed comparable trends to bouton numbers,
as type Ib NMJ areas were significantly decreased in Syt72™" (p < 0.01), while type Is
NMJ areas in Syt12”“” were similar to wild type (p = 0.70) (Fig. 2E). Our data implicate

Syt12 in the selective growth and elaboration of type Ib boutons at the Drosophila NMJ.

NMJ growth-related parameters, including bouton number, NMJ area, and active

zone number, are often, but not always, correlated (Cheng et al., 2011; Kissler et al.,
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2009). Therefore, along with characterizing the gross morphology of muscle 6/7 NMJs,
we used an antibody against Bruchpilot (Brp; nc82) to visualize and count active zones
of type Ib and type Is boutons (Kittel et al., 2006) in Syt12™" third instar larvae. Type Ib
boutons of Syt12™" larvae had significantly fewer active zones (nc82 puncta), compared
to wild type (p < 0.01) (Fig. 2D). Likewise, type Is boutons of Syt12™" larvae showed a
strong, but insignificant, trend toward fewer active zones by manual counting (p = 0.10)
(Fig. 2D) and a significant decrease in active zone number using graylevel watershed
(http://bigwww.epfl.ch/sage/soft/watershed) (p < 0.01). After nc82 puncta numbers were
normalized to muscle areas, Syt12™" larvae had significantly fewer active zones in type
Ib boutons than wild type (p < 0.01), but were not significantly different from wild type for
active zone numbers in type Is boutons (p = 0.30). When calculating active zone density
(nc82 puncta number/NMJ area), we uncovered slight, but significant, decreases in type
Ib and type Is boutons of Syt12"™" larvae (p < 0.01 and < 0.01) (Fig. 2F). These findings

suggest that Syt12 affects multiple NMJ growth-related parameters at distinct synapses.

To determine if the various effects on NMJ morphology in Syt12™" larvae may be
attributed to loss of Syt712 function in motor neurons, we drove expression of UAS-Syt12
in motor neurons of Syt12™" larvae with 0k377-Gal4 (Mahr and Aberle, 2006). NMJs of
Syt12™" larvae expressing UAS-Syt12 were similar to wild type for bouton numbers (p =
0.95) and active zone densities (p = 0.29) of type Ib boutons (Fig. 2C, F). Furthermore,
NMJ areas and nc82 puncta numbers of type Ib boutons in these rescued larvae were
slightly, but significantly, larger than wild type (p < 0.01 and = 0.03) (Fig. 2D, E). When
compared to these rescued larvae, Syt12™" larvae had smaller bouton numbers, NMJ

areas, nc82 puncta numbers, and nc82 puncta densities of type Ib boutons (p < 0.01)

71



(Fig. 2C-F). Therefore, we conclude that Syt12 expression in motor neurons is required
for the normal growth of type Ib boutons. Moreover, the increased NMJ areas and nc82
densities seen in rescued larvae indicate that type Ib bouton growth may be limited by

endogenous Syt12 levels and, thus, may be stimulated by elevating presynaptic Syt12.

The loss of Syt12 had a strong effect on several NMJ growth-related parameters
in type Ib boutons at muscle 6/7 (Fig. 2). Conversely, the effects of Syt72 loss on type Is
boutons were insignificant (Fig. 2C-E) or weak (Fig. 2F), when comparing Syt12””” and
wild type NMJs. Nonetheless, we analyzed type Is boutons from wild type, Syt12”“”, and
rescued Syt12™" |arvae in parallel. From our analysis, we discovered that type Is bouton
numbers, NMJ areas, and nc82 puncta numbers were significantly increased in rescued
Syt12™" larvae, compared to wild type (p < 0.01) and Syt12™" (p < 0.01) (Fig. 2C-E).
Likewise, active zone density in type Is boutons was significantly decreased in Syt12"™"
larvae, compared to rescued Syt12™" larvae expressing UAS-Syt12 in motor neurons (p
< 0.01) (Fig. 2F). These results argue for an influence of Syt712 on type Is boutons, in
addition to the aforementioned effects of Syt72 on type Ib boutons. Thus, Syt72 may be
generally necessary for normal growth and sufficient to enhance growth at muscle 6/7.
Taking into account a cyclic AMP-dependent function for Syt712 in mfLTP (Kaeser-Woo
et al., 2013) and a role for cyclic AMP (cAMP) in Drosophila NMJ growth (Zhong et al.,

1992; Yoshihara et al., 200%5), it is tempting to speculate that our noted effects of Syt12

on NMJ growth and elaboration are somehow associated with altered cAMP signaling.

Notably, our investigation of NMJ morphology in Syt12™" mutants has seemingly
revealed a more subtle phenotype. In earlier examinations of a hypomorphic fasciclin 11

allele, Fasll®”® muscle 6/7 NMJs had 30-50% fewer boutons than wild type (Schuster et
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al., 1996; Stewart et al., 1996). Surprisingly, electrophysiological recordings from these
mutant NMJs determined that synaptic strength was not altered, compared to wild type,
and that the apparently normal synaptic strength could be attributed to a compensatory
increase in active zone number (Stewart et al., 1996; Davis and Goodman, 1998). Yet,

despite a similar reduction in bouton number, Syt12™" muscle 6/7 NMJs did not show a
compensatory increase in active zone number. This inconsistency between Fas//?”® and
Syt12™" suggests that Syt72 may participate in the mechanisms underlying presynaptic
structural plasticity. Alternatively, an effect of Syt712 loss on synaptic transmission might
offset the NMJ growth deficits observed in Syt12™" mutants, thereby negating induction

of presynaptic structural plasticity due to an indirect reestablishment of a set point value.
Effects of Syt12 on the structure of active zones at the Drosophila larval NMJ

The number and density of active zones at fly NMJs are not always correlated
with the morphology of individual active zones (Liu et al., 2011). Therefore, a change in
nc82 puncta number or density in Syt12 loss-of-function mutants might not be coupled
with a change in active zone structure. To determine whether Syt12 also affects active
zone morphology, we used structured illumination microscopy (SIM) to examine nc82
puncta in boutons at muscles 6/7 and 4 of Syt12% third instar larvae. With SIM, nc82-
labeled Brp appears as rings, instead of the spots seen with deconvolution microscopy,
at planar active zones (Weyhersmuller et al., 2011; Muller et al., 2012). We measured
the diameters of planar Brp rings in Syt12%’ and a control for the genetic background,
“Syt12 revertant” (Fig. 3; Methods), as previously described (Muller et al., 2012). Brp

2del

ring diameters were similar between Syt72™ and control at muscles 6/7 and 4, when

computed as the diameter at half-maximum (Fig. 3C, D) or as the distance between two
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peaks (p = 0.48 and = 0.92) (Fig. 3E, F) of fluorescence intensity line profiles. The Brp
ring diameters shown here are similar to those of wild type NMJs, examined in parallel
and previously reported (Muller et al., 2012). Our findings suggest that Syt12 does not

regulate active zone morphology, despite influencing active zone number and density.
Effects of Syt12 on synaptic Fasciclin Il abundance at the Drosophila larval NMJ

Fasciclin Il (Fasll) is the Drosophila ortholog of Neural Cell Adhesion Molecule
(NCAM) and influences synaptic growth in a dose-dependent manner (Schuster et al.,
1996; Stewart et al., 1996; Beck et al., 2012). A decrease in the expression of two Fasl|
isoforms, known as Fasll-A-PEST+ and Fasll-A-PEST-, was specifically found to result
in NMJ undergrowth (Beck et al., 2012). Since we observed similar NMJ growth deficits
in Syt12™" mutants, we asked if the synaptic abundance of these Fasll isoforms may be
affected by the loss of Syt12. Using a previously characterized antibody (Van Vactor et
al., 1993; Beck et al., 2012), we quantified levels of these two Fasll isoforms at Syt12""
NMJs and identified a 36.5% reduction, compared to wild type (n = 22; p < 0.01). This
decrease in Fasll levels at Syt12™" NMJs is comparable to reductions (26% and 42%)
seen at the NMJs of Fasll splicing factor mutants, which also showed a similar amount
of NMJ undergrowth (39% and 30%) (Beck et al., 2012). Therefore, our findings suggest
that the NMJ undergrowth in Syt712™" mutants can be attributed to decreased levels of
synaptic Fasll. Furthermore, the loss of synaptic Fasll was shown to induce presynaptic
structural plasticity (Stewart et al., 1996; Davis and Goodman, 1998), which we did not
detect at Syt12™" NMJs. Since synaptic Fasll levels are decreased in Syt12™" our data

imply that the parallel reductions in bouton number and active zone number at Syt72™"
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NMJs are not due to the lack of Fasll-independent compensation. Instead, this defect in

presynaptic structural plasticity is likely due to a failure in a Fasll-associated homeostat.

Fasll expression was also found to be modified in response to elevated cAMP
levels at fly NMJs (Schuster et al., 1996). As Syt12 activity is influenced by cAMP levels
in the hippocampus (Kaeser-Woo et al., 2013), these findings raise questions about an
evolutionary conservation of Syt12 activity downstream of cCAMP signaling. In opposition
to our findings, however, elevated cAMP concentrations were correlated with decreased
synaptic Fasll levels and increased synaptic growth at the Drosophila NMJ (Schuster et
al., 1996) and in Aplysia (Bailey et al., 1992; Mayford et al., 1992). Hence, a relationship
among Syt12, Fasll, and cAMP signaling is almost certainly complex, perhaps involving

positive and negative feedback (Song et al., 2007), and will require further investigation.
Effects of Syt12 on synaptic vesicle protein levels at the Drosophila larval NMJ

Components of active zones, such as Brp, and synaptic vesicle proteins, such as
Syt1, are recruited to nascent synapses as they mature (Zhen and Jin, 1999; Patel et
al., 2006; Pack-Chung et al., 2007). This maturation process occurs at the Drosophila
NMJ and defines the number and density of active zones, as well as the composition of
synaptic vesicles, through partially overlapping mechanisms (Pack-Chung et al., 2007).
To determine if Syt12 contributes generally to synaptic maturation or more specifically
to active zone development, we estimated the levels of representative synaptic vesicle
proteins in Syt12™" presynaptic terminals, according to standard methods (Heckscher et
al., 2007; Dickman et al., 2009). The levels of cysteine string protein (CSP) (Fig. 4A-C)
and Syt1 (Fig. 4A, B, D) at muscle 6/7 NMJs did not differ between Syt12”“” and wild

type third instar larvae (p = 0.32 and 0.07). Similarly, CSP levels did not differ between
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Syt12de’ and yw controls (n = 21; p = 0.77), and Syt1 levels were not different between
Syt12° and Syt12 revertant (n = 20; p = 0.10). We conclude that the role of Syt12 in

synaptogenesis is not widespread and could be restricted to active zone development.
Syt12 localizes to synaptic vesicles in Drosophila motor neuron terminals

Syt12 expression has previously been detected in the brains of rats (Potter et al.,
2001; Itoh et al., 2001) and mice (Maximov et al., 2007; Kaeser-Woo et al., 2013). As
described, we (Fig. 1F) and others (Adolfsen et al., 2004; modENCODE Consortium et
al., 2010; Robinson et al., 2013; Li et al., 2014) have also detected Syt712 expression in

2" mutants

the brains of Drosophila. Our genetic rescue of NMJ growth defects in Syt1
with UAS-Syt12 expression in motor neurons (Fig. 2) implies a function for Syt12 in the
nervous system, perhaps directly at synapses. To determine the localization pattern of
Syt12, we used an antibody against green fluorescent protein (GFP, 3E6, Invitrogen) to
visualize Venus-tagged (Nagai et al., 2002) Syt12, which we drove in motor neurons of
wild type larvae with 0k371-Gal4 (Mahr and Aberle, 2006). Syt12-Venus trafficked to the
presynaptic nerve terminals at NMJs, where it precisely colocalized with Syt1 (Fig. 5A).
We detected Syt1 with a previously described antibody (Littleton et al., 1993), which has
been shown to specifically recognize Syt1 in wild type Drosophila larvae (Yoshihara et
al., 2002). Nonetheless, it is formally possible that this Syt1 antisera could also detect
Syt12, as some antisera cross-reacts with multiple synaptotagmin isoforms (Littleton et
al., 1999; Adolfsen et al., 2004). To rule out cross-reactivity between Syt1 and Syt12 in
this experiment, we used BG57-Gal4 (Budnik et al., 1996) to overexpress Syt12-Venus

in muscles and stained with anti-Syt1 (Littleton et al., 1993). We found Syt12-Venus in

large puncta throughout these muscles, which do not normally express Syt1 (Littleton et
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al., 1993), but did not observe anti-Syt1 signal at these sites (Fig. 5B). Because Syt12-
Venus expression was sufficient to rescue NMJ growth defects in Syt12™" (Fig. 2), and
we find no evidence for Syt1 and Syt12 cross-reactivity (Fig. 5B), we conclude that this
presynaptic localization pattern of Syt12-Venus likely reflects the site of endogenous

Syt12 function (Dickman et al., 2009). Consistent with these findings, Syt12 has been

isolated from synaptic vesicles in rats (Takamori et al., 2006) and mice, in which it was
shown to biochemically interact with Syt1 (Maximov et al., 2007). In light of this precise

colocalization between Syt12 and Syt1, fly Syt12 may also reside on synaptic vesicles.
Syt12 is dispensable for synaptic transmission at the Drosophila larval NMJ

Based on our observations that Syt72 supports NMJ growth (Fig. 2) and encodes
a presynaptic protein, which colocalizes with Syt1-positive synaptic vesicles (Fig. 5), we
asked if Syt12 influences functional properties of the NMJ. From electrophysiological
recordings in current-clamp mode and 0.4 mM extracellular Ca?* (Methods), we saw no
significant differences between Syt72™" and wild type larval NMJs for mean amplitudes
of spontaneous miniature excitatory junctional potentials (MEJPs) (p = 0.57) (Fig. 6A, E)
or quantal contents (p = 0.45) (Fig. 6C), even with correction for nonlinear summation (p
=0.16) (Fig. 6F). Yet, Syt12”“” mutants exhibited a slight, but significant, increase in the
mean amplitude of evoked EJPs (p = 0.04) (Fig. 6B, E) and a slight, but insignificant,
trend toward a decrease in the mean frequency of mEJPs (p = 0.06) (Fig. 6D, E). This
small (9.9%) increase in Syt12™" EJP amplitudes can be explained by a slight, albeit
insignificant, increase (5.1%) in mEJP amplitudes. Accordingly, EJP amplitudes (n = 12;
p = 1.00) and quantal contents with (n = 12; p = 0.26) or without correction for nonlinear

summation (n = 12; p = 0.18) in Syt12° mutants were comparable to wild type under
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the same experimental conditions. Finally, the moderate (18.5%) decrease in Syt12™"

mEJP frequencies can be attributed to a decrease in the number of active zones (Fig.
2D) (Cheng et al., 2011), as the loss of Syt12 also resulted in no significant effects on

spontaneous release or other baseline parameters in mice (Kaeser-Woo et al., 2013).

Given the precise presynaptic colocalization (Fig. 5) and canonical biochemical
interaction between Syt12 and Syt1 (Bhalla et al., 2007; Maximov et al., 2007), we also
assessed the ability of Ca?* to trigger neurotransmitter release at Syt72"™" NMJs. Since
Syt1 is commonly essential for the Ca®* cooperativity of synchronous neurotransmitter
release (Yoshihara et al., 2002; Sun et al., 2007), Syt12 could hypothetically control this
phenomenon through an interaction with Syt1. Nonetheless, Syt12”“” and wild type EJP
amplitudes were also similar at 0.2 mM extracellular Ca** (n = 17; p = 0.87) and 0.3 mM
extracellular Ca®* (n = 19; p = 0.20). Likewise, Syt12™" NMJs exhibited wild type quantal
contents with (n = 17; p = 0.34) or without correction for nonlinear summation (n = 17; p
= 0.33) at 0.2 mM extracellular Ca®* and only slightly, albeit significantly, larger quantal
contents with or without correction for nonlinear summation (n = 19; p < 0.01) at 0.3 mM
extracellular Ca®* (Fig. 6F). The modest increases in uncorrected and corrected quantal
contents (26.8% and 36.5%, respectively) at Syt12™" NMJs at 0.3 mM extracellular Ca**
can be attributed to a marginal, but significant, decrease (13.8%) in mEJP amplitude (n
=19; p = 0.01). Here, we find no compelling evidence for a role of Syt712 in determining
the Ca®" cooperativity of synchronous release. Thus, biochemical or genetic interactions

between Syt12 and Syt1 may occur without altering Ca?*-dependence of release in vivo.

Overall, these results, which we obtained from electrophysiological recordings in

subphysiological Ca?* (Stewart et al.,1994), were somewhat unexpected. A decrease in
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the number of active zones, which we have observed in Syt12™"

mutants (Fig. 2), often
correlates with smaller EJP amplitudes and quantal contents (Cheng et al., 2011; Keller
et al., 2011). This lack of any reproducible electrophysiological defect in Syt12™" NMJs,
across a range of extracellular Ca®* concentrations, cannot be explained by presynaptic
structural plasticity or by compensatory enhancement of quantal size at hypo-innervated
muscles, both of which have been discovered by manipulating Fasll levels (Schuster et
al., 1996; Stewart et al., 1996; Davis and Goodman, 1998). Instead, the normal synaptic

strength in Syt12™"

could result from the general “robustness” (Davis, 2006) of synaptic
transmission at Drosophila NMJs or, perhaps more interestingly, may arise from a more

specific compensatory mechanism, which is inherently linked to the elimination of Syt72.
Syt12 is dispensable for homeostatic potentiation at the Drosophila larval NMJ

Homeostatic potentiation at the Drosophila larval NMJ is a phenomenon in which
neurotransmitter release from presynaptic terminals is enhanced to offset decreases in
the sensitivity of postsynaptic muscles to glutamate (Petersen et al., 1997; Frank et al.,
2006; Gavino et al., 2015). This phenomenon has also been observed at rodent (Plomp
et al., 1992; Plomp et al., 1995; Sandrock et al., 1997) and human myasthenic (Cull-
Candy et al., 1980; Plomp et al., 1995) NMJs, suggesting evolutionary conservation of
underlying mechanisms (Davis, 2006; Davis, 2013; Davis and Muller, 2015). As seen
with homeostatic potentiation, long-term potentiation at mossy fiber synapses in the
CAS3 region of the hippocampus also depends upon the enhancement of presynaptic
neurotransmitter release (Weisskopf and Nicoll, 1995). Syt12 was shown to contribute
to the latter process, termed mfLTP (Kaeser-Woo et al., 2013), and, accordingly, may

reasonably contribute to homeostatic potentiation. To determine if Syt12 participates in
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homeostatic potentiation, we performed electrophysiology, pharmacology, and genetics,

as previously described (Frank et al., 2006), in two loss-of-function mutants (Methods).

A short-term form of homeostatic potentiation can be induced pharmacologically
at fly NMJs through bath application of a glutamate receptor antagonist, philanthotoxin-
433 (PhTx) (Frank et al., 2006). This acute induction of homeostatic potentiation is rapid
and precisely restores normal muscle depolarization within ten minutes of exposure to
PhTx (Frank et al., 2006; Dickman et al., 2007) by way of enhancements in presynaptic
Ca* influx (Miiller and Davis, 2012) and the size of the readily-releasable pool (RRP) of
synaptic vesicles (Weyhersmuller et al., 2011; Muller et al., 2012). We asked if Syt12is
required for this form of homeostatic potentiation by assaying Syt72™" and Syt12° loss-
of-function mutants. In both mutants and wild type controls, PhTx application caused an
approximately 50% reduction in mEJP amplitudes (p < 0.01) (Fig. 7A, C, G, E), as usual
(Frank et al., 2006). Consistent with accurate short-term homeostatic potentiation, mean
EJP amplitudes following PhTx application decreased by only 5.1% in wild type (n = 16),
10.0% in Syt12™" (n =19), and 0.03% in Syt12%' (n =9), compared to baseline values in
the absence of PhTx (n = 22, 18, and 12, respectively) (Fig. 7A, C, G, E). Mean quantal
contents after PhTx application concomitantly increased by 81.6% in wild type (n = 16),
89.9% in Syt12™" (n =19), and 68.2% in Syt12% (n =9), as above (Fig. 7A). These data

indicate that short-term homeostatic potentiation is not dependent on Syt712 expression.

A long-term form of homeostatic potentiation can be induced genetically at the fly
NMJ with a null mutation, GIuRIIASP"® which eliminates a subset of glutamate receptors
from postsynaptic muscles (Petersen et al., 1997). This form of homeostatic potentiation

shares common mechanisms with short-term, PhTx-induced homeostasis (Davis, 2013;
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Frank, 2014; Davis and Muller, 2015). However, short-term and long-term homeostatic
potentiation differ in their requirements for small GTPase signaling (Frank et al., 2009),
Whnt signaling (Marie et al., 2010), S6K/TOR signaling (Cheng et al., 2011; Penney et
al., 2012), and presumably other mechanisms. Hence, Syt12 could regulate long-term
homeostatic potentiation, despite having no measurable effects with PhTx. Accordingly,

IASP?6 mutation and

we generated and recorded from double mutants carrying the GIuRI
either Syt12™" or Syt12°?"_ In both double mutants and GIuRIIAS"'® controls, the loss of
GIuRIIA led to an approximately 65% reduction in mEJP amplitudes (p < 0.01) (Fig. 7B,
D, F, H), as usual (Petersen et al., 1997; Frank et al., 2006). Consistent with long-term
homeostatic potentiation, average quantal contents increased by 77.3% in GIuRIIAS"™®
single mutant controls (n = 14), 128.8% in Syt12™"- GIuRIIASF'® double mutants (n =15),
and 117.5% in Syt12°°: GIuRIIAS""® double mutants (n =9), when comparing “baseline”

values in GIURIIA* larvae (n = 22 for wild type, 18 for Syt12™" and 12 for Syt12°¢) (Fig.

7B). These data show that Syt72 is not required for long-term homeostatic potentiation.

Our search to identify a role for Syt712 in homeostatic potentiation has brought us
to three notable conclusions. First, our results indicate that homeostatic potentiation can
proceed normally at NMJs with impaired growth, including decreases in the number and
density of active zones (Fig. 2). This conclusion is buttressed by a discovery that short-
term homeostatic potentiation was not disrupted by alterations in BMP signaling, despite
decreased bouton numbers (Goold and Davis, 2007). Second, our findings suggest that
homeostatic potentiation and presynaptic structural plasticity, which may be disrupted in
Syt12™" mutants, are carried out via different mechanisms. This conclusion is supported

by complementary studies, which determined that other forms of homeostatic regulation
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at the Drosophila NMJ are separable (Frank et al., 2009; Bergquist et al., 2010; Gavifio
et al., 2015) Third, our data indicate that the mechanisms of homeostatic potentiation at
the Drosophila NMJ and mfLTP in the hippocampus can be distinguished by the lack of
a requirement for Syt12. Although, these two forms of synaptic plasticity probably share
some evolutionarily conserved mechanisms, as Rab3 (Castillo et al., 1997; Muller et al.,

2011) and RIM (Castillo et al., 2002; Muller et al., 2012) are implicated in each process.
Effects of Syt12 overexpression on neurotransmitter release at Drosophila NMJs

In addition to investigating the effects of Syt712 loss, we asked if overexpression
of Syt12 influences electrophysiological properties of the NMJ. Since rescued Syt12™"
larvae expressing UAS-Syt12 in motor neurons showed enhanced NMJ growth (Fig. 2),
one might have expected to observe concomitantly enhanced neurotransmitter release
(Cheng et al., 2011; Keller et al., 2011). In contrast, these transgenic larvae had a mean
EJP amplitude of 29.9 + 1.78 (SEM) mV (n = 11), which was significantly lower than wild
type (n = 22; p < 0.01) and Syt12™" (n = 18; p < 0.01) mean EJPs by 22.3% and 29.3%,
respectively. This decrease in synaptic strength, although subtle, probably results from
decreased quantal size, as these rescued larvae had a mean mEJP amplitude of 0.52 +
0.03 (SEM) mV (n = 11). This mean mEJP amplitude was also significantly smaller than
wild type (n = 22; p < 0.01) and Syt12™" (n = 18; p < 0.01) mean mEJPs by 35.6% and
38.7%, respectively. Therefore, the average quantal content in Syt12™": ok371>UAS-
Syt12 trended toward an increase over wild type (n = 22; p = 0.11) and Syt12™" (n = 18;
p = 0.26), but was not significantly different in either case. These findings indicate that

the stimulation of NMJ growth by Syt12 expression counterintuitively does not lead to

increased neurotransmitter release. Instead, our results argue for a possible inhibitory
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function of Syt12 in synaptic transmission, which has not been previously demonstrated.
Notably, our data are also consistent with presumably cell autonomous (Schuster et al.,
1996) and target-specific (Davis and Goodman, 1998) regulatory mechanisms, which

seem to compensate for muscle hyperinnervation by inhibiting neurotransmitter release.

As the molecular mechanisms underlying homeostatic potentiation and baseline
synaptic transmission at the fly NMJ are separable (Goold and Davis, 2007; Dickman et
al., 2009), we applied PhTx to Syt12"“”; 0k371>UAS-Syt12 larvae to test for the normal
induction of synaptic homeostasis. PhTx treatment in these rescued larvae reduced the
mean mEJP amplitude to 0.26 + 0.02 (SEM) mV (n = 10), which was a 51.0% reduction
from baseline (n = 11; p < 0.01), as expected (Frank et al., 2006). Mean EJP amplitude
in these larvae after PhTx treatment was 28.2 £ 1.48 (SEM) mV (n = 10), which was a
5.7% reduction from baseline (n = 11; p = 0.47). Moreover, mean quantal content after
PhTx treatment was strongly enhanced to 115.97 + 9.97 (SEM) (n = 10) by 97.4% over
baseline (n = 11; p < 0.01). We conclude that Syt712 overexpression and, by extension
from other results (Fig. 2), enlargement of NMJs do not impair homeostatic potentiation.
Moreover, these data imply that the mechanisms underlying a target-specific (Davis and
Goodman, 1998) or a cell autonomous (Schuster et al., 1996) downregulation of quantal

content at hyperinnervated muscles are distinct from those of homeostatic potentiation.
Syt12 limits the size of the readily-releasable pool of synaptic vesicles at fly NMJs

Intracellular recordings in current-clamp mode are widely used to determine the
electrophysiological properties of synapses (Zhang and Stewart, 2010). Yet, differences
in neurotransmitter release can be masked by variations in resting membrane potentials

and nonlinear summation, especially under conditions of high release probability (Zhang
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and Stewart, 2010; Muller et al., 2012). Consequently, we studied baseline transmission
at Syt12-deficient synapses more directly by performing two-electrode voltage-clamp at
Syt12™" larval NMJs, as described (Milller et al., 2012). From our recordings, which we
carried out at a physiological Ca** concentration (Stewart et al.,1994), we observed that
mean initial excitatory junctional currents (EJCs) in 60-Hz stimulus trains were larger at
Syt12””” NMJs, compared to wild type (p = 0.02) (Fig. 8B, E, F, G). Likewise, cumulative
EJCs, which we calculated by the “backextrapolation method” (Schneggenburger et al.,
1999; Weyhersmuller et al., 2011; Muller et al., 2012), were also significantly enhanced
at Syt12™" NMJs, compared to wild type (p < 0.01) (Fig. 8C, E, F). By dividing the mean
cumulative EJC amplitude by the mean mEJP amplitude, acquired in current-clamp, we
were able to estimate RRP sizes at each NMJ (Weyhersmiller et al., 2011; Muller et al.,
2012). Our RRP size estimations at Syt12”“” NMJs were 63.7% larger than wild type (p
= 0.02) (Fig. 8D). This difference in RRP sizes might be exaggerated by a slightly, albeit
not significantly, decreased mean mEJP amplitude in Syt12”“” (p=0.74) (Fig. 8A), since
homeostatic potentiation occurs normally in the absence of Syt12 (Fig. 7), and RRP size
is enlarged by homeostatic potentiation (Weyhersmdller et al., 2011; Muller et al., 2012).
Regardless, an enlargement of the RRP is consistent with the larger initial EJCs seen in

Syt12™" as first elegantly described by the quantal theory (del Castillo and Katz, 1954).

Along with measuring synaptic strength and RRP size, our recordings in voltage-
clamp allowed us to more closely investigate short-term plasticity (Weyhersmiller et al.,
2011; Muller et al., 2012; Gavifio et al., 2015). Through analysis of thirty stimuli from 60-
Hz trains, we found that synaptic depression over the first ten stimuli of the 60-Hz trains

did not differ between wild type and Syt12™" (p = 0.25) (Fig. 8E-H). Conversely, Syt12™"
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mutants showed significantly enhanced depression at the ends (EJCsina/EJCinitia) Of our
trains, compared to wild type (p = 0.02) (Fig. 8E-H). However, this amount of depression
(21.7%) is modest, despite its significance, and is largely consistent with the absence of
an effect on short-term plasticity in Syt72 knock-out mice (Kaeser-Woo et al., 2013). As
an estimate of release probability (Pain), we calculated the fraction of the RRP released
by the first action potential in our 60-Hz trains, as previously done (Schneggenburger et
al., 1999; Gavifio et al., 2015). We determined Pyain at Syt12™" NMJs to be 0.32 + 0.01
(SEM) (n = 20) and Pyain at wild type NMJs to be 0.36 + 0.02 (SEM) (n = 13). This small
(13.3%) difference in Piain Values was significant (p < 0.04) and points to a slightly lower

2null

release probability in Syt712™". This decrease in release probability may explain why the

Syt12””” mean RRP size increase is more pronounced than that of the mean initial EJC.

Based on the decreased number of active zones at muscle 6/7 NMJs of Syt12™",
we would have expected a correlated decrease in the estimated RRP size (Cheng et al.,

2" motor

2011; Keller et al., 2011). Contrary to these expectations, we found that Syt1
neurons have an increased number of release-ready vesicles and, thus, corresponding
increases in initial and cumulative EJC amplitudes from high-frequency stimulus trains.
These voltage-clamp data are consistent with our intracellular recordings (Fig. 6), which
also uncovered no substantial impairments in baseline synaptic transmission at Syt12™"
NMJs. These results are also consistent with our Syt12 overexpression data, which may

point to a previously undetected role for Syt712 in limiting neurotransmitter release, albeit

perhaps only under physiological conditions or in the absence of functional redundancy.
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Discussion

Genes encoding calcium-independent synaptotagmins, such as Syt12 and Syt14,
are present in vertebrates, as well as Drosophila and other invertebrates (Fukuda, 2003;
Adolfsen et al., 2004; Craxton, 2010). This degree of evolutionary conservation points to
a significant role for these synaptotagmin isoforms in metazoan biology (Craxton, 2010).
In support of this hypothesis, mutations in Syt14 have been linked to neurodegenerative
and neurodevelopmental disorders in humans (Quintero-Rivera et al., 2007; Doi et al.,
2011). Syt12 expression is also regulated by thyroid hormone in the developing brain
(Potter et al., 2001; Itoh et al., 2001) and is necessary for a component of hippocampal
mfLTP (Kaeser-Woo et al., 2013). Despite the importance of these findings, it remains
unclear how calcium-independent synaptotagmins function at a molecular level in vivo.
Additionally, mammalian genomes encode seventeen synaptotagmin isoforms, as many
as nine of which are thought to be calcium-independent (Hui et al., 2005; Bhalla et al.,
2008) and may have redundant functions (Kaeser-Woo et al., 2013). In contrast, the C.
elegans genome does not seem to encode calcium-independent synaptotagmins at all
(Nonet et al., 2003; Adolfsen et al., 2004), thereby occluding a genetic analysis in this
simpler model organism (Brenner, 1974). Further complicating the genetic analysis of
calcium-independent synaptotagmins, Syt1 was shown to perform calcium-independent
functions in various aspects of neurotransmitter release, including docking (Reist et al.,
1998; Rickman et al., 2006; de Wit et al., 2009), fusion (Mahal et al., 2002), endocytosis
(Poskanzer et al., 2006; Loewen et al., 2006), and positioning (Young and Neher, 2009)
of synaptic vesicles. Thus, complementary approaches are required to fully understand

the mysterious roles of calcium-independent synaptotagmins in the evolution of animals.
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In this study, we have generated two loss-of-function alleles of Drosophila Syt12
via transposon mutagenesis (Bellen et al., 2004; Thibault et al., 2004) to determine the
contributions of this calcium-independent synaptotagmin to the structural and functional
properties of the fly NMJ (Atwood et al., 1993; Jan and Jan, 1976). Genetic analysis of
calcium-independent synaptotagmins is simplified by using Drosophila, which has only
two of these synaptotagmin isoforms: Syt12 and Syt14 (Adolfsen et al., 2004). We have
chosen to examine Syt12 based on the availability of transposon insertions, which could
be utilized to specifically delete Syt12 (Bellen et al., 2004; Parks et al., 2004; Thibault et
al., 2004). In the future, using other methods of genome engineering (Jinek et al., 2012;
Cong et al., 2013; Gratz et al., 2013) to delete Syt714 should enhance our knowledge of
calcium-independent synaptotagmins. Here, we have revealed functions for Syt712 in the
structure and function of the Drosophila nervous system. Our results build upon in vitro
studies (Hui et al., 2005; Bhalla et al., 2008) and genetic analyses in rodents (Potter et
al., 2001; Itoh et al., 2001; Maximov et al., 2007; Kaeser-Woo et al., 2013) and suggest

that Syt12 promotes synaptic growth and limits neurotransmitter release at the fly NMJ.

Syt12 was originally identified as one of the first genes to be directly regulated by
thyroid hormone in the developing mammalian brain (Thompson, 1996). Hypothyroidism
has deleterious effects on developing brains, often resulting in ataxia, spasticity, mental
retardation, and deafness (Thompson and Potter, 2000). These thyroid hormone-related
abnormalities are correlated with a reduction in the densities of axons (Eayrs, 1953) and
dendrites (Ruiz-Marcos et al., 1979; Gould and Butcher, 1989), as well as a decrease in
Syt12 expression (Thompson, 1996; Potter et al., 2001; Itoh et al., 2001). These results,

as well as synaptic localization of Syt12 protein (Thompson and Potter, 2000; Maximov
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et al., 2007; Kaeser-Woo et al., 2013), indicate that Syt12 deficiency may have a causal
role in the aberrant neurite growth of the hypothyroid brain. To date, this hypothesis has
not been tested in mammals. However, we have found that NMJs of Syt12™" third instar
larvae are undergrown and have significantly decreased numbers of boutons and active
zones. We can attribute these NMJ growth-related deficits to the loss of neuronal Syt712

expression, as resupplying Syt12™"

presynaptic motor neurons with Gal4-driven (Mahr
and Aberle, 2006) Syt12 rescued the mutant phenotype. Therefore, our findings provide
the first evidence for a Syt12-dependent modulation of synaptic growth and further imply

a contribution of Syt712 in brain development and disease (Thompson and Potter, 2000).

Given the availability of a Syt712 knockout mouse (Kaeser-Woo et al., 2013), it is
possible to characterize the Syt712 null phenotype in mammals. An electrophysiological
analysis of this Syt12 knockout revealed a specific defect in the long-term maintenance
of cAMP-dependent mfLTP in the hippocampus (Kaeser-Woo et al., 2013). Although a
requirement for cAMP signaling in mfLTP was established in earlier reports (Huang et
al., 1994; Weisskopf et al., 1994), Syt12 is seemingly the first phosphorylation target of
cAMP signaling to affect mfLTP (Kaeser et al., 2008; Yang and Calakos, 2010; Kaeser-
Woo et al., 2013). Nonetheless, the molecular mechanism through which Syt12 controls
mfLTP has not been illuminated. Changes in synaptic morphology were correlated with
expression of CAMP-dependent forms of synaptic plasticity in Aplysia (Bailey and Chen,
1988) and Drosophila (Davis et al., 1996; Schuster et al., 1996; Yoshihara et al., 2005).
Our discovery that the loss of Syt12 leads to synaptic undergrowth at Drosophila NMJs
is reminiscent of another study, which reports a similar degree of synaptic undergrowth

in cAMP signaling mutants (Chen and Ganetzky, 2012). Hence, our discovery hints at a
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plausible mechanism, which may explain the failure of Syt12 knockout mice to maintain
cAMP-dependent hippocampal mfLTP (Kaeser-Woo et al., 2013). As activity-dependent
growth of synapses was hypothesized to stabilize long-term potentiation (Kandel, 2012),

a form of structural plasticity may depend upon the regulation of Syt12 activity in mfLTP.

The exact mechanisms underlying mfLTP in the hippocampus are not fully known
(Castillo, 2012) and may involve presynaptic (Weisskopf and Nicoll, 1995; Ben-Simon et
al., 2015) and postsynaptic processes (Yeckel et al., 1999). Regardless, some evidence
indicates that mfLTP is triggered by an increase in presynaptic Ca** influx (Zalutsky and
Nicoll, 1990; Mellor and Nicoll, 2001). Homeostatic potentiation at the fly NMJ (Petersen
et al., 1997; Frank et al., 2006) is also correlated with enhancement of presynaptic Ca*
influx (Mdller and Davis, 2012). Moreover, Drosophila homeostatic potentiation depends
upon regulation of presynaptic Rab3-associated molecules (Muller et al., 2011; Muller et
al., 2012), which are necessary for hippocampal mfLTP (Castillo et al., 1997; Castillo et
al., 2002). Despite the similarities between homeostatic potentiation at Drosophila NMJs
and mfLTP at hippocampal synapses, both short-term (Frank et al., 2006) and long-term
(Petersen et al., 1997) forms of homeostatic potentiation could be fully expressed in the
absence of Syt12. Therefore, we conclude that homeostatic potentiation and mfLTP are
separable phenomena. Future studies will be required to determine if relationships exist
between Syt12 and presynaptic Ca?* influx in mfLTP or other kinds of synaptic plasticity,

though we can report no evidence for such a relationship in fly homeostatic potentiation.

Homeostatic synaptic plasticity at Drosophila NMJs has been studied extensively
(Davis, 2006; Davis, 2013; Davis and Muller, 2015) and can be employed to upregulate

(Petersen et al., 1997; Frank et al., 2006) or downregulate (Gavifio et al., 2015) release
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of glutamate to counteract alterations in postsynaptic glutamate receptor sensitivity. The
modulation of neurotransmitter release in either case does not depend on morphological
changes to NMJs (Petersen et al., 1997; Frank et al., 2006; Gavifio et al., 2015), at least
at the level of deconvolution microscopy (Weyhersmiller et al., 2011). However, there is
evidence that Drosophila express homeostatic structural plasticity to offset undergrowth

(Stewart et al., 1996) or overgrowth (Davis et al., 1996; Schuster et al., 1996; Davis and
Goodman, 1998) of NMJs. An undergrowth of Drosophila NMJs in hypomorphic fasciclin
Il mutants was inversely correlated with the number of active zones, thereby pointing to

the existence of presynaptic homeostatic structural plasticity (Stewart et al., 1996; Davis
and Goodman, 1998). A similar effect on NMJ-growth related parameters was also seen
in splicing factor mutants with impaired fasciclin Il expression (Beck et al., 2012). Unlike

2" mutant exhibited reduced numbers of

these Fasciclin Il signaling mutants, the Syt1
boutons and active zones, implying that presynaptic structural plasticity is not accurately
expressed in the absence of Syt72. Importantly, cAMP signaling mutants were shown to
have fewer boutons and active zones in a different study with flies (Chen and Ganetzky,
2012). In contrast to these cAMP signaling mutants, which showed parallel reductions in

2null

synaptic strength, we show that Syt1 synaptic strengths are comparable to wild type.

In light of evidence for presynaptic structural plasticity at fly NMJs (Stewart et al.,
1996; Davis and Goodman, 1998), our findings raise ideas to consider. Full expression
of homeostatic potentiation at Syt12™" NMJs, which are undergrown on average, imply
that this form of synaptic plasticity is distinct from presynaptic structural plasticity at the
molecular level. In addition, the apparent lack of presynaptic structural plasticity in both

Syt12™" and cAMP signaling mutants (Chen and Ganetzky, 2012) suggests that a role
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for Syt12 in cAMP signaling may be more ancient than previously recognized (Maximov
et al., 2007; Kaeser-Woo et al., 2013). Altered cAMP signaling has also been shown to
interfere with a compensatory downregulation of neurotransmitter release in response to
NMJ overgrowth in flies (Davis et al., 1996). Consequently, when viewed in a broader
context, our findings and those of others (Davis et al., 1996; Chen and Ganetzky, 2012)
indicate that cAMP signaling may be required for the bidirectional control of presynaptic
structural plasticity at the Drosophila NMJ. Moreover, shedding light on mechanisms of
presynaptic structural plasticity in flies could have implications for understanding mfLTP
and other cAMP-dependent forms of synaptic plasticity in mammalian nervous systems.
Along with these ideas, yet another consideration is pertinent to our discussion. Syt12™"
NMJs are undergrown and have fewer active zones, but show relatively normal synaptic
strength. Hence, it is plausible that alterations to functional properties of Syt12””” NMJs

mask or offset a concomitant weakening of synaptic strength, which would be expected

from this degree of NMJ undergrowth (Stewart et al., 1996; Chen and Ganetzky, 2012).

From current-clamp recordings in subphysiological extracellular Ca** (Stewart et
al., 1994), we determined that synaptic strengths and quantal contents at Syt12””” NMJs
were comparable to wild type. These results are largely consistent with recordings from
Syt12 knockout mice, which also exhibited no significant perturbations to basal synaptic
transmission (Kaeser-Woo et al., 2013). Nonetheless, the apparently normal amount of
neurotransmitter release at Syt12™" NMJs is unexpected, as a reduction in the number
of active zones should lead to a concomitant decrease in quantal content (Stewart et al.,
1996; Kittel et al., 2006; Wagh et al., 2006; Keller et al., 2011). Yet, a reduction in active

2I7U//

zone numbers at Syt1 NMJs might not result in impaired neurotransmitter release, if
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a wild type amount of release machinery is distributed throughout fewer active zones. In
support of this hypothesis, we estimated RRP sizes at Syt12””” NMJs from recordings in
voltage-clamp in physiological (1.5 mM) Ca** (Stewart et al., 1994) with high-frequency
(60-Hz) stimulation (Weyhersmiller et al., 2011; Mdller et al., 2012; Gavifio et al., 2015)
and found no reduction in release-ready vesicles, as compared to wild type. In fact, we

2" NMJs, relative to wild

detected a 63.7% increase in the estimated RRP size at Syt1
type. This enlargement of the RRP size at Syt12™" NMJs cannot be attributed to either
homeostatic potentiation (Petersen et al., 1997; Frank et al., 2006) or homeostatic

depression (Daniels et al., 2004; Gavifo et al., 2015), since cumulative EJCs were also

significantly increased by 39.9% on average (Muller et al., 2015). Based on our data, it

seems reasonable to conclude that Syt712 limits neurotransmitter release at the fly NMJ.

By characterizing the null phenotype of Syt12 in Drosophila, we have uncovered
functions for a calcium-independent synaptotagmin in NMJ morphogenesis and limiting
synaptic transmission under physiological conditions (Stewart et al., 1994; Younger et
al., 2013). Our results are also consistent with a role for Syt12 in presynaptic structural
plasticity (Stewart ef al., 1996; Davis and Goodman, 1998) and likely indicate that this
form of homeostatic regulation is distinguishable from long-term (Petersen et al., 1997)
and short-term (Frank et al., 2006) homeostatic potentiation. Yet, since the mechanisms
of mfLTP in the hippocampus (Huang et al., 1994; Weisskopf et al., 1994; Kaeser-Woo
et al., 2013) and presynaptic structural plasticity at Drosophila NMJs (Davis et al., 1996;
Chen and Ganetzky, 2012) share common regulatory proteins, perhaps including Syt12,
our findings might have implications for learning and memory (Kandel, 2012). Moreover,

an increased number of release-ready vesicles at Syt12-deficient Drosophila NMJs may
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evoke an alternate explanation for a disruption of cAMP-dependent hippocampal mfLTP
in Syt12 knockout mice (Kaeser-Woo et al., 2013). The loss of Syt12 could occlude, not

block, mfLTP, as seen following stimulation of cAMP signaling (Huang et al., 1994). This
occlusion of cAMP-dependent hippocampal mfLTP may occur due to an enlargement of
the baseline RRP size, which is directly correlated with the degree of presynaptic cAMP
signaling (Goussakov et al., 2000; Nagy et al., 2004). Buttressing this hypothesis, Syt12
has been shown to interfere with Syt1 in vitro and could limit neurotransmitter release in
this manner (Maximov et al., 2007; Bhalla et al., 2008). However, functional redundancy
may conceal effects of Syt12 activity in mammals (Maximov et al., 2007; Kaeser-Woo et
al., 2013). Our results imply that this prediction is accurate. Accordingly, a simultaneous
disruption of multiple calcium-independent synaptotagmins in the mammalian brain may
unearth evolutionarily conserved functions for Syt12. Ultimately, the effects of Syf72 on

the structure and function of the Drosophila NMJ underscores the probable significance

of calcium-independent synaptotagmins in metazoan evolution (Craxton, 2010) and may

be relevant to human health and disease (Quintero-Rivera et al., 2007; Doi et al., 2011).
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Materials and Methods

Fly stocks and genetics

Fly stocks were maintained at 22-25° C on normal food. The Syt12™" line was
generated according to heat-shock driven FLP-recombinase methodology (Parks et al.,
2004), using PBac{WH}f07791 and PBac{WH}f06896. Syt12"" is a 17.6-kilobase
deletion, which removes the Syt12 gene locus. The Syt12%' line was generated by
imprecise excision of the P{EPgy2}EY 11113 element with A2-3 transposase according
to standard genetic procedures (Bellen et al., 2004). Syt12° is a 2.3-kilobase deletion,
which removes the first 1.5 kilobases of the Syt12 gene locus. A precise excision of
P{EPgy2}EY11113, which we call “Syt12 revertant”, was also created to control for
genetic background, and the integrity of the Syt12 locus was confirmed by sequencing.
Where indicated, yw, instead of Syt12 revertant, was used as a control for Syt12%®. For
transgene expression in motor neurons, we used ok371-Gal4 on the second
chromosome, as previously described (Mahr and Aberle, 2006). For transgene
expression in muscles, we used BG57-Gal4 on the third chromosome (Budnik et al.,
1996). For long-term homeostatic potentiation experiments, we used GIuRIIAS"®
(Petersen et al., 1997). Fly stocks not generated by our laboratory were obtained from
the Bloomington Drosophila Stock Center at Indiana University (Bloomington, IN), the
Exelixis Collection at the Harvard Medical School (Boston, MA), or the laboratory of Lily
and Yuh-Nung Jan at the University of California, San Francisco (San Francisco, CA).
Standard first (X), second, and third chromosome balancers and genetic strategies were

used for crosses and for maintaining mutant lines. “Wild type” refers to w'"*®.
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Molecular biology

Drosophila genomic DNA was extracted from adult flies according to the Quick Fly
Genomic DNA Prep provided by E. Jay Rehm of the Berkeley Drosophila Genome

Project (http://www.fruitfly.org/about/methods/inverse.pcr.html).

A genomic region containing the 5’ end of the Syt12 gene locus was PCR-amplified
from w'"'8, Syt12% PBac{WH}f07791, PBac{WH}f06896, and Syt12"™" genomic DNA

and sequenced using the following genome-specific primers:
Forward primer:

5 CGA GAG GAG TGACGG AAG G 3

Reverse primer:

5 GAT AGG AAT GGT TAG TATCG 3’

Regions of DNA containing a 7.2-kilobase piggyBac transposon were PCR-amplified

from Syt12™" genomic DNA using the following three pairs of genome-specific primers:
Forward primer for pair #1:

5 CGATTG ATT GGT ATT AAGCG ¥

Reverse primer for pairs #1 and #2:

5 GGA TAT GTAATC GAACTT ACC 3

Forward primer for pairs #2 and #3:

5 CCACTG CAATCCATT GAG 3
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Reverse primer for pair #3:
5 CGTTTC ATT AGC TAATAGTAC G 3’

A PCR product containing a 7.2-kilobase piggyBac transposon and flanking genomic
DNA from Syt12™" which we generated using the primers for pair #2 above, was

sequenced on each end with the following piggyBac transposon-specific primers:
Transposon-specific primer for upstream end of piggyBac:

5 ACG GAT TCG CGC TAT TTA GAA AGA GAG 3’

Transposon-specific primer for downstream end of piggyBac:

5 CGA TAT ACA GAC CGATAAAACACATGC G 3

For additional confirmation of Syt12™" two-sided PCR from Syt12™" genomic DNA was

carried out using the following two pairs of genomic and transposon-specific primers:
Genomic primer for upstream end of piggyBac:

5 CGATTG ATT GGT ATT AAGCG ¥

Transposon-specific primer for upstream end of piggyBac:

5 ACG GAT TCG CGC TAT TTA GAA AGA GAG 3’

Transposon-specific primer for downstream end of piggyBac:

5 CGA TAT ACA GAC CGATAAAACACATGC G ¥

Genomic primer for downstream end of piggyBac:

5 CGT TTC ATT AGC TAATAG TAC G 3’
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Drosophila Syt12 cDNA was obtained from the Drosophila Genomics Resource Center
(DGRC; Bloomington, IN) as an expressed sequence tag (RE01517). The Syt12 open
reading frame was amplified by PCR and cloned into the pENTR/D-TOPO vector

(Gateway Technology, Invitrogen) using the following primers:

Forward primer for pUASt-Syt12-venus:

5" CAC CAT GAT GAG CTT CAC CAT TACCTT GGC 3’

Reverse primer for pUASt-Syt12-venus:

5 GAC GAT GCT GTT CCG CTT GG 3’

All vectors were sequenced to confirm the absence of mutations. The Syt72 cDNA was
then cloned into proper destination vectors, obtained from the Drosophila Gateway
Vector Collection (Carnegie Institution, Baltimore, MD). Transgenic lines were

generated by BestGene Inc. (Chino Hills, CA) and mapped using standard methods.

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described (Bergquist et al., 2010).
Primer/probe sets were designed and made by Applied Biosystems. Dm01838550_g1
and Dm01838550_g2 probes were used for quantification of Syt12 mRNA abundance.
Dm02151827_g1 (RpL32) and a custom primer/probe set to quantify futsch mRNA were
used as controls. Neural-specific futsch (Hummel et al., 2000; Lepicard et al., 2014)

mMRNA quantification was carried out using the following primers and probe:

Forward primer:

5 GCATCT GCT CAAGGGATTCC 3’
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Reverse primer:

5 CCGTTC GCC GTGACGAG 3

Probe for futsch:

5 CAC GTC GAC TTG GAAGAG GAG CTC ¥

The CNS was removed from 25 wandering third instar larvae per sample (three samples
per genotype). Total RNA was isolated from each sample using an RNeasy Mini Kit
(Qiagen). A DNase digestion was performed to remove potential DNA contamination
(RQ1 RNase-free DNase; Promega). RT was performed (TagMan; Applied Biosystems)
using random hexamers and 1 ug of total RNA. A no-RT control was performed for each
sample. Purified cDNA was used as a template in 30-yL PCR reactions (TagMan
Universal PCR Master Mix; Applied Biosystems). Each 30-uL reaction was divided into
three 10-pL triplicates. In addition, one 10-pL no-RT reaction was used for each sample.
The ABI Prism 7900 was used for all RT-PCRs. Cycle threshold (Ct) was determined by
automated threshold analysis using SDS2.3 software according to instructions from the
manufacturer (Applied Biosystems). Comparative levels of mMRNA expression between
control and experimental samples were determined using the AACt method (Applied
Biosystems User Bulletin 2). Briefly, the AACt method is as follows. ACt (Ct of
experimental gene - Ct of reference gene) values from experimental samples were
subtracted from those of control samples to calculate the AAC+. Using the equation 2
AACT* 100, the percentage expression of each gene in experimental versus control

animals was calculated. Each experimental sample was compared to each wild type
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sample (Applied Biosystems User Bulletin 2). For Syt12°¢ mutants, Syt72 mRNA levels

were determined from three runs, each using different combinations of TagMan probes:
Probe combination for run #1:

DmO01838550_g1 (Syt12)

Dm02151827_g1 (RpL32 control)

Probe combination for run #2:

DmO01838550_g2 (Syt12)

Dm02151827_g1 (RpL32 control)

Probe combination for run #3:

DmO01838550_g2 (Syt12)

5 CAC GTC GAC TTG GAA GAG GAG CTC 3’ (futsch control)

Relative Syt12 mRNA levels in Syt12% compared to wild type, were similarly reduced
in each run (99.7%, 95.7%, and 93.6%, respectively). Consequently, these data were
treated as replicates and averaged for Figure 1. For Df(1)Exel6245/+, Syt12 mRNA
levels were determined from one run using the probe combination from run #1 above.
For PBac{WH}f06896 and PBac{WH}f00785, Syt12 mRNA levels were determined from
three runs, each using the same combinations of TagMan probes as for Syt12de’ above.
Relative Syt12 mRNA levels in each of these pBac lines, compared to wild type, were
similar in each run (85.2%, 95.2%, and 91.0% for PBac{WH}f06896, respectively;
135.8%, 126.7%, and 134.7% for PBac{WH}f00785, respectively). Thus, as for Syt12%

mutants, these data were treated as replicates and averaged for inclusion in the text.
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Electrophysiology

Recordings were obtained from muscle 6 in abdominal segment 2 or 3 of wandering
third instar larvae with an AxoPatch 200B (for current-clamp recordings) or an Axoclamp
2B (for two-electrode voltage-clamp recordings), as previously described (Muller et al.,
2012). Recordings were made in modified HL3 saline at specified calcium
concentrations (see figures and text) with the following components (and
concentrations): NaCl (70 mM), KCI (5 mM), MgCl, (10 mM), NaHCO3 (10 mM), sucrose
(115 mM), trehalose (5 mM), HEPES pH 7.2 (5 mM), and CaCl; (0.4 mM for current-
clamp recordings and 1.5 mM for two-electrode voltage-clamp recordings). For acute
homeostatic challenge, semi-intact preparations with the CNS, fat, and gut intact were
perfused with philanthotoxin-433 (PhTx; Sigma-Aldrich). PhTx was prepared as a stock
solution (5 mM in ddH20) and diluted in HL3 saline to 15 yM. Following a ten-minute
incubation period, the dissections were completed, and the preparations were rinsed
and assayed. Muscle input resistance (Rin) was monitored at the beginning and end of
each recording. Recordings were excluded if R, changed by more than 20%. The
average single action potential-evoked EJP amplitude (stimulus duration, 3 ms) or EJC
amplitude (stimulus duration, 1 ms) for each recording is based on the mean peak EJP
amplitudes or EJC amplitudes in response to thirty presynaptic stimuli. Quantal content
was estimated for each current-clamp recording by calculating the average
EJP/average mEJP, corrected for nonlinear summation (Martin, 1955) when noted, and
subsequently averaging across all NMJs for a given genotype. To determine the
apparent size of the readily-releasable pool (RRP), we applied the method of cumulative

EJC amplitudes (Muller et al., 2012; Schneggenburger et al., 1999; Weyhersmuller et
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al., 2011). Muscles were clamped to -65 mV, and EJC amplitudes during a stimulus
train (60 Hz, thirty stimuli) were calculated as the difference between peak and baseline
before stimulus onset of a given EJC, as previously described (Muller et al., 2012). The
number of release-ready vesicles was obtained by back-extrapolating a line fit to the
linear phase of the cumulative EJC plot (the last 200 ms of a train) to time zero and
dividing the cumulative EJC amplitude at time zero by the mean mEJP amplitude
recorded in the same cell (Muller et al., 2012). All data for the homeostatic challenge
experiments (with PhTx or GIuRIIAS ") were collected, analyzed, and submitted with

the experimenter blind to genotype.
Immunocytochemistry

Wandering third instar larvae were dissected in 0 Ca®* HL3 saline and fixed. For
deconvolution microscopy, fixation was performed with Bouin’s fixative (Sigma-Aldrich)
for two minutes or with paraformaldehyde (USB Corporation) for fifteen minutes. For
structured illumination microscopy, fixation was performed with ice-cold 100% ethanol
(Gold Shield) for five minutes. Larvae were washed briefly and incubated overnight at 4°
C in primary antibody, washed the next day, and incubated in fluorescently conjugated
secondary antibodies for two hours at room temperature. The following primary
antibodies were used at the indicated dilutions: mouse anti-Brp (nc82): 1:100 (Wagh et
al., 2006); rabbit anti-Dlg: 1:10,000 (Lahey et al., 1994); mouse anti-Fasll (1D4): 1:10
(Van Vactor et al., 1993); mouse anti-CSP (DCSP-2): 1:250 (Zinsmaier et al., 1994);
rabbit anti-Synaptotagmin 1: 1:1000 (Littleton et al., 1993); mouse anti-GFP: 1:400
(3E6, Invitrogen). Antibodies against CSP, Synaptotagmin 1, and GFP were used with

paraformaldehyde fixation. Alexa-conjugated secondary antibodies and directly
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conjugated goat anti-HRP (Jackson Immunoresearch Laboratories, Molecular Probes)
were used at 1:400. Larval preparations were mounted in Vectashield (Vector). For
deconvolution microscopy, larval preparations were imaged at room temperature using
an Axiovert 200 (Zeiss) inverted microscope, a 100x Plan Apochromat objective
(aperture 1.4), and a cooled CCD camera (Coolsnap HQ, Roper). Intelligent Imaging
Innovations (3i) SlideBook 5 software was used to capture, deconvolve, and analyze
images. NMJ areas were defined by overlapping regions of Discs large (Dlg) and
horseradish peroxidase (HRP) staining. Type Ib and type Is boutons were distinguished
by intensity of Dlg staining and bouton size (Bhogal et al., 2011). Muscles areas were
calculated by using the ruler function in SlideBook 5 on images acquired with a 40x
objective. Areas for muscle 6 and muscle 7 were summed. Antibody
immunofluorescence levels were quantified as previously described (Heckscher et al.,
2007). Synaptic levels of Fasll were quantified at type 1b boutons of muscle 4 NMJs.
For structured illumination microscopy, larval preparations were imaged at room
temperature using an ELYRA PS.1 system with an inverted LSM-710 microscope, a 63x
(1.4 NA) Plan-Apochromat objective (Carl Zeiss), and an Andor iXon 885 EMCCD
camera. Lateral resolution was ~ 110 nm, and axial resolution was ~300 nm. Z-stacks of
whole NMJs at muscle 4 and muscle 6/7 were acquired and analyzed using Fiji and
Igor, as previously described (Muller et al., 2012). For characterizations of NMJ
morphology, all data were collected with the experimenter blind to genotype and
analyzed partially blind to genotype. Specifically, all type Ib bouton numbers were
determined blind. Type Is bouton numbers and NMJ areas, as well as type Ib NMJ

areas, were determined blind to genotype for 14 of 29 Syt12™" NMJs and 13 of 26
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Syt12™": 0k371>UAS-Syt12 rescue NMJs. Active zone (nc82 puncta) numbers in type
Ib boutons were determined blind to genotype for 16 of 16 w'’’® NMJs, 14 of 28 Syt12™"
NMJs, and 13 of 26 Syt12™"- 0k371>UAS-Syt12 rescue NMJs. Active zone numbers for
type Ib and type Is boutons were initially counted by manually editing empty masks with
pencil tools in SlideBook 5 and were later recounted blind using graylevel watershed
(http://bigwww.epfl.ch/sage/soft/watershed) in Fiji. As shown in Results, recounting of
active zones with graylevel watershed did not change our interpretation of findings,

despite a 10% decrease in total puncta for each genotype.
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Figures

Figure 1. Characterization of the Syt72 gene locus and generated mutations. (A)
Diagram of the Drosophila Syt12 gene locus indicating the site of transposon insertions
(yellow triangles), deletions (white bars), untranslated regions (gray bars), and exons
(blue bars). (B) Comparison of Drosophila and human Syt12 proteins indicating percent
amino acid similarity in conserved domains. (C) DNA bands from PCR amplification of a
genomic region, which includes the 5’ end of the Syt12 gene locus. PCR with genome-
specific primers produced bands of the expected size, 2.7 kilobases, from wild type
(lane 2), PBac{WH}f07791 (lane 4), and PBac{WH}f06896 (lane 5) flies. Conversely,
PCR with these primers yielded a band of approximately 370 base pairs from Syt12%
flies (lane 3) and no band from Syt12””” flies (lane 6). A 1 kb plus DNA ladder (lane 1)
was used to estimate band sizes. (D) DNA bands from PCR amplification across a 7.2-
kilobase piggyBac transposon, generated after deletion of the Syt712 gene locus by FLP-
FRT recombination in Syt12”“”, using three pairs of genome-specific primers. Primer
pair #1 (lanes 3-5), #2 (lanes 6-7), and #3 (lanes 8-10) produced bands of the expected
size, roughly 8 kilobases, from Syt12™" flies. PCR with these primers should yield
bands over 18 kilobases from w’'"®flies. A 1 kb plus DNA ladder (lane 1) was used to
estimate band sizes. (E) DNA sequences of a genomic region, which includes the 5’
end of the Syt12 gene locus, from wild type and Syt12% flies. The wild type sequence
on the top shows the genomic region from base pairs 13,358,383 to 13,358,431 on the
X chromosome. The wild type sequence in the middle panel shows the genomic region
from base pairs 13,360,659 to 13,360,707 on X. The Syt12? sequence on the bottom

was determined using the same genomic primers as in wild type and reveals
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breakpoints after base pair 13,358,399 and before base pair 13,360,694 on X.
Breakpoints are indicated by black arrowheads. The sequence between breakpoints in
Syt12° are derived from the P{EPgy2} transposon used to generate the deletion. (F)
Quantification of Syt72 mRNA levels in Syt12% by quantitative RT-PCR. The third instar
larval Syt12%/ CNS expressed 3.66% + 1.79% (SEM) the amount of Syt72 mRNA found
in wild type (control). Brains from third instar larvae heterozygous for Df(1)Exel6245, a
deficiency uncovering the Syt12 locus, expressed 53.5% £ 7.06% (SEM) the amount of
Syt12 mRNA found in wild type. (G) DNA sequences from two-sided PCR with a
genomic primer and a piggyBac transposon-specific primer for each end of a piggyBac
transposon, generated after FLP-FRT recombination between f07791 and f06896, in
Syt12™" The mutant sequence on the left shows the genomic region from base pairs
13,349,721 to the f07791 insertion site on X. The mutant sequence on the right shows
DNA from the f06896 insertion site to a genomic region ending at base pairs 13,367,372
on X. Breakpoints are indicated by black arrowheads. (H) DNA sequences from PCR
amplification with genomic primers across a piggyBac transposon, generated after FLP-
FRT recombination between f07791 and f06896, in Syt12™". The mutant sequence on
the left shows the genomic region from base pairs 13,349,724 to the piggyBac insertion
site on X. The mutant sequence on the right shows DNA from the piggyBac insertion
site to a genomic region ending at base pairs 13,367,372 on X. Note the similarity with

the truncated DNA sequences in (G). Breakpoints are indicated by black arrowheads.
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Figure 2. Effects of Syt12 on NMJ morphology. (A-B) Wild type (A) and Syt12”“” (B)
NMJs costained with antibodies to Discs large (purple; DLG) and Bruchpilot (green;
nc82). Scale bars = 5 ym. (C) Quantification of type |Ib and type Is bouton numbers at
muscle 6/7 comparing w''’® (n = 16 and 16), Syt12™" (n = 29 and 29) (p < 0.01 and =
0.88, Student’s t test), and Syt12™": 0k371>UAS-Syt12 (n = 26 and 26) (p = 0.95 and <
0.01, Student’s t test). (D) Quantification of nc82 puncta per NMJ in type |b and type Is
boutons at muscle 6/7 comparing w''’® (n = 16 and 16), Syt12™" (n = 28 and 28) (p <
0.01 and = 0.10, Student’s t test), and Syt12™"- 0k371>UAS-Syt12 n = 26 and 26) (p =
0.03 and < 0.01, Student’s t test). (E) Quantification of NMJ area in type Ib and type Is
boutons at muscle 6/7 comparing w''’® (n = 16 and 16), Syt12™" (n = 28 and 28) (p <
0.01 and = 0.70, Student’s t test), and Syt12™"- 0k371>UAS-Syt12 (n = 26 and 26) (p =
0.29 and = 0.07, Student’s t test). (F) Quantification of nc82 puncta density (nc82
puncta/NMJ area) in type Ib and type Is boutons at muscle 6/7 comparing w''’® (n = 16
and 16), Syt12™" (n = 28 and 28) (p < 0.01 and < 0.01, Student’s t test), and Syt12™":
ok371>UAS-Syt12 (n = 26 and 26) (p = 0.29 and = 0.07, Student’s t test). All data

represent mean + SEM.
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Figure 3. Effects of Syt12 on active zone morphology. (A-B) Structured illumination
images of control (revertant) (A) and Syt12de’ (B) NMJs (muscle 4) stained with anti-
Bruchpilot (green; nc82). Scale bars = 0.5 ym. (C) Fluorescence intensity line profiles
through all planar Brp puncta of a representative Syt12de’NMJ. Individual line profiles
and the average line profile are shown in gray and black, respectively. (D) Cumulative
frequency plot of Brp ring diameters at half maximum, the distance between two points
at 50% of peak fluorescence intensity, as determined by structured illumination
microscopy. (E) Fluorescence intensity line profiles through all planar Brp puncta of a
representative Syt12de’NMJ. Individual line profiles are shown in gray and are
normalized to the respective peak fluorescence. Diameter at half maximum is the
distance between two points at 50% of the peak fluorescence (black crosses). Peak-to-
peak diameter of a line profile was calculated as the distance between the two peaks of
the intensity profile (black circles). (F) Average of average peak-to-peak diameters of
Brp puncta at muscles 6/7 and 4 of Syt12 revertant (n = 5 and 6) and Syt712° mutant (n

=7 and 7; p = 0.48 and = 0.92, Student’s ¢ test) NMJs. All data represent mean £ SEM.
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Figure 4. Effects of Syt12 on synaptic vesicle protein levels. (A-B) Syt1 (green) and
CSP (purple) in presynaptic nerve terminals of w''’® (A) and Syt12™" (B) at muscle 6/7.
Scale bar = 5 ym. (C) Average synaptic fluorescence intensity of cysteine string protein
(CSP) at muscle 6/7 of w'""® (n = 12) and Syt12™" (n = 14; p = 0.32, Student’s t test).

(D) Average synaptic fluorescence intensity of Synaptotagmin 1 (Syt1) at muscle 6/7 of
w8 (n = 12) and Sy12™" (n = 14; p = 0.07, Student’s t test). All data represent mean +

SEM.
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Figure 5. Syt12 colocalizes with Syt1 in presynaptic terminals of motor neurons.
(A) Syt12-Venus (green; SYT12) co-localizes with Syt1 (purple; SYT1) presynaptically.
(B) Syt12-Venus (green; SYT12), overexpressed in muscles (BG57-GAL4), was not
detected by a polyclonal antibody to presynaptic Syt1 (purple; SYT1). Scale bars =5

um.
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Figure 6. Syt12 is dispensable for synaptic transmission. (A-D) Average mEJP
amplitude (A), EJP amplitude (B), quantal content (C), and mEJP frequency (D) for wild
type (n = 22) and Syt12™" (n = 18). Syt12™" mEJP amplitudes (p = 0.57) (A), quantal
contents (p = 0.45) (C), and mEJP frequencies (p = 0.06) (D) were similar to wild type.
(B) EJP amplitudes differed slightly between wild type and Syt12”“” (p =0.04). All data
represent mean + SEM. (E) Sample traces showing EJP and mEJP amplitudes for wild
type and Syt12™". Scale bars for EJPs = 5 mV, vertical, and 50 ms, horizontal. Scale
bars for mEJPs = 2 mV, vertical, and 1 s, horizontal. (F) Quantal content in wild type
and Syt12™" (black and red, respectively) as a function of extracellular Ca?*

concentration. Data are corrected for nonlinear summation.
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Figure 7. Syt12 is dispensable for short- and long-term homeostatic potentiation.
(A) Average mEJP amplitudes (black), EJP amplitudes (gray), and quantal contents
(white) normalized to each indicated genotype in the absence of PhTx. w'’"8 (- PhTx), n
= 22; w8 (+ PhTx), n = 16; Syt12™" (- PhTx), n = 18; Syt12™" (+ PhTx), n = 19;
Syt12% (- PhTx), n = 12; Syt12%' (+ PhTx), n = 9. PhTx treatment significantly reduced
mEJP amplitudes, compared to baseline, in all genotypes (p < 0.01). EJP amplitudes of
PhTx and control group were similar in wild type (p = 0.33) and Syt12%° (p = 0.29), but
differed slightly in Syt12””” (p = 0.03). PhTx treatment induced an increase in quantal
content, compared to baseline, in all genotypes (p < 0.01). All data represent mean +
SEM. (B) Average mEJP amplitudes (black), EJP amplitudes (gray), and quantal
contents (white) normalized to each indicated genotype with or without a null mutation in
GIURIIA (GIuRIAST'®). w8 (GIURIIA*Y), n = 22; GIURIIA", n = 14; Syt12™" (GIuRIIA"), n
= 18; Syt12™": GIURIIA", n = 15; Syt12° (GIURIIA*), n = 12; Syt12%': GIuRIIA", n = 9.
Genetic ablation of GIuRIIA significantly reduced mEJP amplitudes, compared to
baseline, in both genotypes (p < 0.01). EJP amplitudes of GIuRIIA" and control group
were significantly different in all genotypes (p < 0.01). GIuRIIA" strongly enhanced
quantal content, compared to baseline, in all genotypes (p < 0.01). All data represent
mean + SEM. (C) Sample traces showing EJP and mEJP amplitudes for wild type in the
presence and absence of PhTx (red and black, respectively). (D) Sample traces
showing EJP and mEJP amplitudes for wild type (GIuRIIA™) and GIuRIIA (black and
red, respectively). (E) Sample traces for Syt12™" as in (C). (F) Sample traces for

Syt12™" as in (D). (G) Sample traces for Syt12% as in (C). (H) Sample traces for
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Syt12% as in (D). Scale bars for EJPs = 5 mV, vertical, and 50 ms, horizontal. Scale

bars for mEJPs =2 mV, vertical, and 1 s, horizontal.
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Figure 8. Syt12 limits RRP size in physiological calcium. (A-D) Average mEJP
amplitude (A), initial EJC amplitude (B), cumulative (cum.) EJC amplitude (C), and
estimated RRP size (D) for wild type (n = 13) and Syt12™" (n = 20). (A) Syt12™"mEJP
amplitudes (p = 0.74) were similar to wild type. Syt12”“”initia| EJC amplitudes (p = 0.02)
(B), cumulative EJC amplitudes (p < 0.01) (C), and estimated RRP sizes (p = 0.02) (D)
were significantly increased, compared to wild type. (E) Sample traces showing EJC
amplitudes, evoked by 60-Hz stimulation in 1.5 mM Ca**, for wild type. (F) Sample
traces for Syt12™" as in (E). Scale bars = 100 nA, vertical, and 50 ms, horizontal. (G)
Average amplitudes of the final (30”‘) EJCs in 60-Hz trains did not differ between wild
type and Syt12™" (p = 0.80). (H) Depression over the first ten stimuli of the 60-Hz trains
did not differ between wild type and Syt12™" (p = 0.25). However, Syt12™" mutants
showed significantly enhanced depression at the ends (EJCyina/EJCinitial) Of 60-Hz trains,

compared to wild type (p = 0.02). All data represent mean + SEM.
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Chapter 3

Cdk5 Activity Does Not Control
Homeostatic Potentiation at the
Drosophila Neuromuscular Junction
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Summary

Cyclin-dependent kinase 5 (Cdk5) signaling controls a diversity of developmental
and functional processes in the nervous system. These processes include the migration
of neurons, targeting of axons, morphogenesis of synapses, recruitment of presynaptic
and postsynaptic proteins, and regulation of neurotransmitter release. As Cdk5 activity
is implicated in numerous aspects of synaptic structure and function, it is unclear which
of these processes are directly regulated by Cdk5 signaling and which are secondarily
affected by Cdk5 signaling. Here, we have simplified an investigation of Cdk5 signaling
by combining electrophysiology and imaging in a genetic analysis of amorphic alleles in
Drosophila. We demonstrate that Cdk5 signaling contributes to neurotransmitter release
by evaluating synaptic transmission in a range of extracellular Ca?* concentrations with
low-frequency and high-frequency action potential stimulation. Moreover, we confirmed
that the loss of Cdk5 signaling results in overgrowth of neuromuscular junctions and an
apparently compensatory decrease in the density of active zones. Despite these effects
of Cdk5 signaling ablation, we found that short-term and long-term forms of homeostatic
potentiation, in which postsynaptic reductions in glutamate sensitivity are countered by
presynaptic enhancements in glutamate exocytosis, were accurately expressed. These
results distinguish homeostatic potentiation from a Cdk5-dependent form of homeostatic
synaptic plasticity, referred to as presynaptic homeostatic scaling, in the hippocampus.
Likewise, our findings suggest that a form of homeostatic structural plasticity, which is
responsive to synaptic overgrowth, does not occlude homeostatic potentiation. Our data
facilitate an understanding of Cdk5 signaling and homeostatic regulation in the evolution

of nervous systems and may have significant implications in human health and disease.
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Introduction

Homeostatic regulatory mechanisms counteract electrochemical perturbations in
the nervous system by altering synaptic transmission to stabilize function (Davis, 2006;
Turrigiano, 2008). The disruption of homeostatic synaptic plasticity may underlie several
neurological disorders, including Alzheimer’s disease (Kamenetz et al., 2003), epilepsy
(Houweling et al., 2005), and schizophrenia (Dickman and Davis, 2009). To uncover the
molecular signaling processes that control homeostatic plasticity, we have employed the
Drosophila neuromuscular junction (NMJ). This model synapse homeostatically boosts
glutamate release from presynaptic motor neurons within ten minutes after application
of philanthotoxin-433 (PhTx), an antagonist of glutamate receptors (Frank et al., 2006).
This characteristic of fly NMJs has allowed us to conduct rapid electrophysiology-based
screens to identify genes that participate in this form of homeostatic plasticity (Dickman
and Davis, 2009; Muller et al., 2011), which we call short-term homeostatic potentiation.
Moreover, a long-term form of homeostatic potentiation at the fly NMJ can be induced

by the genetic ablation of a glutamate receptor subunit, GIuRIIA (Petersen et al., 1997).

These short-term and long-term forms of homeostatic potentiation at Drosophila
NMJs are achieved by increases in presynaptic Ca?* influx (Muller and Davis, 2012) and
the size of the readily-releasable pool (RRP) of synaptic vesicles (Weyhersmiiller et al.,
2011; Muller et al., 2012). Although impairment of RIM-binding protein (RBP) has been
shown to disrupt the homeostatic modulation of Ca?* influx and RRP size (Mdiller et al.,
2015), these processes may also be affected independently of each other (Muller et al.,
2012). Similar to the fly NMJ, hippocampal synapses respond homeostatically to long-
term silencing (Murthy et al., 2001; Thiagarajan et al., 2005; Kim and Ryan, 2010). One

hippocampal form of homeostatic plasticity, termed presynaptic homeostatic scaling, is
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achieved by the conversion of resting pool synaptic vesicles into recycling pool synaptic
vesicles through acute inhibition of cyclin-dependent kinase 5 (Cdk5) signaling (Kim and
Ryan, 2010). Likewise, removal of Cdk5 signaling at hippocampal synapses was shown
to enhance presynaptic Ca?* influx, which could contribute to homeostatic scaling in this
system (Kim and Ryan, 2013). Given the similarities between homeostatic scaling in the
hippocampus and homeostatic potentiation at the Drosophila NMJ, it is conceivable that

these forms of homeostatic plasticity may be linked by a common need for Cdk5 control.

By phosphorylating numerous target proteins, Cdk5 regulates axonal pathfinding
(Kwon et al., 1999; Connell-Crowley et al., 2000), neuronal migration (Chae et al.,1997),
and synaptic vesicle trafficking to active zones (Locke et al., 2006; Ou et al., 2010; Park
et al., 2011) during brain development. In addition to controlling the homeostatic scaling
of neurotransmitter release in the hippocampus (Kim and Ryan, 2010), Cdk5 signaling
has also been implicated in many other forms of synaptic plasticity, including long-term
potentiation (Lai et al., 2012), synaptic scaling of glutamate receptors (Seeburg et al.,
2008), and functional presynaptic silencing (Mitra et al., 2011). Despite these important
findings, the null phenotype of Cdk5 has been elusive (Kissler et al., 2009). Cdk5 null
mice die perinatally (Ohshima et al., 1996), and the common Cdk5 inhibitor, roscovitine,

can exhibit off-target effects (Yan et al., 2002; Mitra et al., 2011; Yazawa et al., 2011).

Although Cdk5 signaling during development is critical for viability in mammals, it
is not essential in Drosophila (Connell-Crowley et al., 2007; Kissler et al., 2009). Hence,
we were able to further characterize the neural function of Cdk5 by examining flies with
amorphic deletions in cdk5 (Kissler et al., 2009) and p35, which encodes an activator of
Cdk5 (Tsai et al., 1994; Connell-Crowley et al., 2007). At cdk5™" and p352°C NMJs, we

observed robust homeostatic increases in glutamate release after acute PhTx exposure,
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consistent with normal short-term homeostatic potentiation. Furthermore, we observed a
similar enhancement in glutamate release at these Cdk5-deficient NMJs following the
chronic reduction of glutamate sensitivity, consistent with normal long-term homeostatic
potentiation. These data demonstrate that the signaling events underlying homeostatic

potentiation at fly NMJs are separable from those of hippocampal homeostatic scaling.

Consistent with an earlier study, we confirmed that cdk5"" mutant NMJs have
synaptic strengths that are generally indistinguishable from those of wild type controls
with single action potential stimulation (Kissler et al., 2009). However, by lowering the
extracellular Ca?* concentration in our recordings, we have revealed an effect of cdk5
loss on the apparent Ca?* cooperativity of neurotransmitter release. Also, by elevating
extracellular Ca?* to a physiological concentration (Stewart et al., 1994) and recording in
voltage-clamp, we assessed the role of Cdk5 in regulation of neurotransmitter release
dynamics by stimulating at a high frequency (60-Hz). Our data indicate that Cdk5 does
not significantly affect RRP size modulation at baseline or in homeostatic potentiation.
On the contrary, we found that Cdk5 signaling significantly affects short-term synaptic

plasticity, synaptic depression, and probability of neurotransmitter release at fly NMJs.

Unexpectedly, we saw that spontaneous miniature EJPs at p352°C mutant NMJs
are roughly half the size recorded at wild type control and cdk5™!" mutant NMJs. This
strong reduction in quantal size correlated with an increased quantal content, pointing to
the expression of long-term homeostatic potentiation and to an intrinsic decrease in
glutamate sensitivity at p352°¢ mutant NMJs. We show evidence that the p352°¢ mutant
has impaired transport of GluRIIA-containing glutamate receptors to postsynaptic sites
in Drosophila muscles. This result is consistent with a previously described role for p35

in glutamate receptor trafficking (Juo et al., 2007). Yet, we also show that the aberrant
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levels of GIURIIA in p352°C cannot be attributed to a p35 deficiency and are presumably
linked to the genetic background. In addition, we present results from deconvolution and
superresolution structured illumination microscopy, which suggest that cdk5 and p35 act

in a common pathway to regulate the growth and elaboration of Drosophila larval NMJs.

With this study, we have determined that Cdk5 is not necessary for homeostatic
potentiation. Furthermore, we provide evidence that Cdk5 signaling does not generally
limit neurotransmitter release (Kim and Ryan, 2010; Mitra et al., 2011; Kim and Ryan,
2013), as cdk5™" and p352°C mutants show reduced release probability at the fly NMJ.
These findings underscore the importance of Cdk5 signaling in the nervous system and

augment our understanding of how homeostatic regulatory mechanisms have evolved.

140



Results

Cdk5 signaling is dispensable for short-term homeostatic potentiation at fly NMJs

When the postsynaptic sensitivity to glutamate is decreased at Drosophila larval
NMJs, homeostatic potentiation enhances glutamate release from presynaptic terminals
to reestablish a set point value of muscle depolarization (Petersen et al., 1997; Frank et
al., 2006; Gavifno et al., 2015). This homeostatic regulatory mechanism can be induced
rapidly by PhTx application (Frank et al., 2006) and is analogous to phenomena seen at
rodent (Plomp et al., 1992; Plomp et al., 1995; Sandrock et al., 1997) and human NMJs
from patients with myasthenia gravis (Cull-Candy et al., 1980; Plomp et al., 1995). The
processes underlying homeostatic potentiation, enhancement of presynaptic Ca?* influx
(Muller and Davis, 2012) and RRP size (Weyhersmiller et al., 2011; Muller et al., 2012),
also share similarities with a form of homeostatic synaptic plasticity in the hippocampus,
called presynaptic homeostatic scaling (Kim and Ryan, 2010). This hippocampal form of
homeostatic plasticity requires attenuation of Cdk5 signaling (Kim and Ryan, 2010; Kim
and Ryan, 2013). Conversely, Cdk5 signaling was shown to enhance the probability of
neurotransmitter release in the hippocampus through effects on presynaptic Ca?* influx
and RIM-facilitated synaptic vesicle docking (Su et al., 2012). Homeostatic potentiation
in flies also depends upon the regulation of a presynaptic calcium channel, Cacophony
(Frank et al., 2006; Muller and Davis, 2012), and modulation of the RRP by RIM (Mduller
et al., 2012). Based on these observations, we asked if the regulation of Cdk5 signaling
is required for homeostatic potentiation in flies. Roles for Cdk5 signaling in homeostatic
plasticity at fly NMJs and in the hippocampus would suggest evolutionary conservation

of these phenomena, whereas the null hypothesis would suggest convergent evolution.
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To determine if Cdk5 signaling is necessary for homeostatic potentiation at the fly
NMJ, we first induced short-term homeostatic potentiation by applying PhTx to amorphic
cdk5M! (Kissler et al., 2009) and p352°C (Connell-Crowley et al., 2007) third instar larvae,
as described (Frank et al., 2006). To minimize genetic background effects in p352°C, we
placed this mutation over a previously described deficiency, Df(p35)©?, which uncovers
the p35 locus (Connell-Crowley et al., 2007). We then recorded in current-clamp mode
using single action potential stimulation at muscle 6, segments A2 and A3 (Jan and Jan,
1976). From these recordings, we observed that PhTx application reduced spontaneous
miniature excitatory junctional potential (mEJP) amplitudes in wild type controls, cdk5™!
and p352°¢/Df by roughly 50% (Fig. 1A, D-F), as usual (Frank et al., 2006). Conversely,
mean EJP amplitudes following PhTx application slightly decreased by 5.1% in wild type
(n = 16), 2.2% in cdk5™" (n =18), and 15.0% in p352°¢/Df (n =13), compared to baseline
values in the absence of PhTx (n = 22, 18, and 15, respectively) (Fig. 1B, D-F). Average
guantal contents after PhTx treatment concomitantly increased by 81.6% in wild type (n
= 16), 72.7% in cdk5™!" (n =18), and 92.4% in p352°¢/Df (n =13), as above (Fig. 1C). Our
results indicate that the absence of Cdk5 signaling during development does not impair

the induction or expression of short-term homeostatic potentiation at the fly larval NMJ.

To rule out developmental compensation induced by the global ablation of Cdk5
signaling, we expressed a previously characterized dominant-negative Cdk5 (Connell-
Crowley et al., 2000) in presynaptic motor neurons using ok371-Gal4 (Mahr and Aberle,
2006). As noted with the amorphic Cdk5 signaling mutants, cdk5™!'and p352°¢, PhTx
exposure in these cdk5PN larvae decreased mean mEJP and EJP amplitudes by 49.5%

and 16.4%, respectively (n = 21) (Fig. 1A, B). The slightly, but insignificantly (p = 0.06),
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decreased EJP amplitude was maintained by a 74.6% increase in quantal content (Fig.
1C), consistent with normal synaptic homeostasis. From these results, we conclude that
CdkS5 signaling is not required for short-term homeostatic potentiation at fly larval NMJs.
Thus, short-term homeostatic potentiation at Drosophila NMJs and homeostatic scaling

in the hippocampus (Kim and Ryan, 2010) do not share a requirement for Cdk5 control.

Notably, when determining values for baseline synaptic transmission in our PhTx
experiments, we found that cdk5" mutants and wild type controls had indistinguishable
average mEJP amplitudes (p = 0.33) (Fig. 1A), EJP amplitudes (p = 0.82) (Fig. 1B), and
guantal contents (p = 0.31) (Fig. 1C), as shown by an earlier study (Kissler et al., 2009).
Here, we have extended those findings by examining baseline synaptic transmission in
p35-deficient (p352°C¢/Df) and cdk5PN larvae. As seen with cdk5™!, p352°¢/Df and cdk5PN
exhibited wild type mean mEJP amplitudes (p = 0.21 and = 0.80) (Fig. 1A) and quantal
contents (p = 0.79 and = 0.09) (Fig. 1C). Furthermore, p352°¢/Df had only slightly larger
(11.3%) mean EJP amplitudes than wild type (p = 0.01), while EJP amplitudes in cdk5PN
were not significantly different from wild type (p = 0.13) (Fig. 1B). These data imply that
CdkS5 signaling is dispensable for baseline synaptic transmission, as suggested (Kissler
et al., 2009). However, our recordings here and those in the earlier study were done in
subphysiological Ca?* concentrations (Stewart et al., 1994) with relatively low-frequency
stimulation (Kissler et al., 2009). Thus, Cdk5 signaling may influence baseline synaptic
transmission under physiological recording conditions, as locomotion defects have been

reported for both cdk5"! (Kissler et al., 2009) and p352°C (Connell-Crowley et al., 2007).

143



Cdk5 signaling is dispensable for long-term homeostatic potentiation at fly NMJs

The earliest evidence for homeostatic enhancement of neurotransmitter release
at Drosophila NMJs was uncovered by recordings from GIuRIIASP16 mutants (Petersen
et al., 1997). These null mutants fail to express GluRIIA-containing glutamate receptors
at postsynaptic muscles and exhibit a concomitant reduction in the average quantal size
(Petersen et al., 1997; Frank et al., 2006). However, as observed with short-term, PhTx-
induced homeostatic potentiation (Frank et al., 2006), this decrease in quantal size can
be offset by homeostatic modulation of presynaptic Ca?* influx (Muller and Davis, 2012)
and RRP size (Weyhersmilller et al., 2011; Muller et al., 2012). Although short-term and
long-term homeostatic potentiation are executed by ostensibly similar processes, these
phenomena differ in their fundamental requirements for small GTPase signaling (Frank
et al., 2009), Wnt signaling (Marie et al., 2010), S6K/TOR signaling (Cheng et al., 2011;
Penney et al., 2012), and presumably other mechanisms. Moreover, the compensatory
removal of Cdk5 signaling, implicated in hippocampal presynaptic homeostatic scaling,
was induced by long-term exposure to tetrodotoxin (Kim and Ryan, 2010). Therefore, a
more chronic perturbation, such as the genetic ablation of GIuRIIA, might be needed to

reveal a requirement for Cdk5 signaling in homeostatic potentiation at Drosophila NMJs.

To determine if Cdk5 signaling is involved in long-term homeostatic potentiation,
we generated and recorded from recombinant double mutants carrying the GIuRII1ASP16
mutation and cdk5"". As with our PhTx recordings, our recordings here were performed
in 0.4 mM extracellular Ca?*, a subphysiological concentration (Stewart et al., 1994), in
current-clamp. In double mutants and GIuRIIASP6 controls, the loss of GIURIIA led to a

roughly 65% decrease in mean mEJP amplitudes (p < 0.01) (Fig. 2A, D, E), as expected
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(Petersen et al., 1997; Frank et al., 2006). Yet, mean EJP amplitudes decreased by only
36.2% in GIuRIIASP6 single mutant controls (n = 14) and by a smaller 29.0% in cdk5™",

GIuRIIASP18 mutant recombinants (n =17), as compared to “baseline” values in GIURIIA*
mutants (n = 22 for wild type, 18 for cdk5™") (Fig. 2B, D, E). As expected from accurate

long-term homeostatic potentiation, the average quantal contents increased by 77.3% in
GIuRIIASP16 single mutant controls (n = 14) and by 95.5% in cdk5™!, GIuRIIASP1¢ double
mutants (n =17), as above (Fig. 2C). We conclude that Cdk5 is not needed for long-term
homeostatic potentiation at fly NMJs, at least in this subphysiological Ca?* concentration

(Stewart et al., 1994; Younger et al., 2013) with mere single action potential stimulation.

In accordance with these results, we discovered an unexpected phenotype in the
well-studied p352°¢ mutant (Connell-Crowley et al., 2007; Trunova et al., 2011; Trunova
and Giniger, 2012). Homozygous p352°C larvae had a mean mEJP amplitude of 0.47 +
0.03 (SEM) mV (n = 14), which was significantly lower than wild type (n = 22; p < 0.01)
and cdk5™!" (n = 18; p < 0.01) mean mEJPs by 41.8% and 49.9%, respectively. Yet, the
mean EJP amplitude in p352°¢ mutants was 39.0 + 1.70 (SEM) mV (n = 14), which was
not significantly different from that of wild type (n = 22; p = 0.80) or cdk5™! (n = 18; p =
0.70). Accordingly, mean quantal content in p352°¢ mutants was 87.6 + 6.84 (SEM) (n =
14), which was significantly larger than that of wild type (n = 22; p < 0.01) and cdk5™" (n
= 18; p < 0.01). Importantly, we cannot attribute the decreased quantal size in p35%°¢ to
the loss of p35, as the mean mEJP amplitude in p352°¢/Df was not significantly different
from wild type (n = 15; p = 0.21) (Fig. 1A). Moreover, expression of a previously studied
UAS-p35 construct (Connell-Crowley et al., 2000; Trunova et al., 2011) in postsynaptic

muscles with MHC-Gal4 or pan-neuronally with elave'*>-Gal4 (Lin and Goodman, 1994)
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did not rescue the quantal size deficit in p352°¢ mutants, as average quantal sizes were
0.56 + 0.04 (SEM) mV (n = 10; p = 0.08) and 0.44 + 0.05 (SEM) mV (n = 12; p = 0.55),
respectively. Regardless, these data suggest that long-term homeostatic potentiation is

expressed in p352°¢ and argue against a role for Cdk5 activity in synaptic homeostasis.
Cdk5 affects the apparent Ca?* cooperativity of neurotransmitter release in flies

From current-clamp recordings in subphysiological (0.4 mM) Ca?* (Stewart et al.,
1994), we failed to detect any significant effects on baseline synaptic transmission from
the loss of Cdk5 (Fig. 1, 2). Nonetheless, synaptic transmission defects can sometimes
be revealed by altering the extracellular Ca?* concentration (Dickman and Davis, 2009;
Miller et al., 2011; Mller et al., 2015). Consequently, we tested the Ca?*-dependence
of neurotransmitter release at cdk5™!' NMJs. Mean EJP amplitudes in cdk5™!" and wild
type controls were also similar at 0.3 mM extracellular Ca?* (n = 15; p = 0.12). Likewise,
cdk5"" NMJs had a wild type average quantal content with (n = 15; p = 0.19) or without
correction for nonlinear summation (n = 15; p = 0.12) at 0.3 mM extracellular Ca?* (Fig.
3A). Conversely, average EJP amplitude in cdk5™! was significantly decreased, when
compared to wild type controls, by 47.3% at 0.2 mM extracellular Ca?* (n = 24; p < 0.01)
(Fig. 3A, C). Moreover, cdk5™" NMJs showed decreased mean quantal contents with or
without correction for nonlinear summation, when compared to wild type controls, at 0.2
mM extracellular Ca?* (n = 24; p < 0.01) (Fig. 3A). Mean mEJP amplitudes did not differ
between cdk5™" and wild type controls at 0.2 mM extracellular Ca%* (n = 24; p = 0.12) or
at 0.3 mM extracellular Ca?* (n = 15; p = 0.80). Hence, we cannot attribute the decrease
in cdk5™!" quantal content to homeostatic depression (Daniels et al., 2004; Gavifio et al.,

2015). Instead, we contend that Cdk5 loss impairs neurotransmitter release in low Ca?*.
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Our discovery of neurotransmitter release deficits in cdk5™!" mutants is consistent
with previously described effects of Cdk5 in presynaptic Ca?* influx and synaptic vesicle
positioning near voltage-gated Ca?* channels (Su et al., 2012). Perturbations in either of
these processes could alter the apparent Ca?* cooperativity of neurotransmitter release
(Dickman and Davis, 2009; Muller et al., 2011). Therefore, our data should not be taken
to mean altered function of the calcium sensor for neurotransmitter release (Petersen et
al., 1997; Pilgram et al., 2011). Although, we cannot rule out this possibility here. These
data may also indicate a Ca?*-dependent reduction in the probability of neurotransmitter
release at cdk5™!' NMJs, as has been seen in dysbindin (Dickman and Davis, 2009) and
Rab3-GAP (Mdller et al., 2011) mutants. Reduced release probabilities in dysbindin and
Rab3-GAP mutants were correlated with impaired short-term and long-term homeostatic
potentiation (Dickman and Davis, 2009; Miller et al., 2011). Based on our evidence that
short-term (Fig. 1) and long-term (Fig. 2) homeostatic potentiation are not compromised
at cdk5™!"' NMJs, we can conclude that defects in either form of homeostatic potentiation

are distinguishable from alterations in the Ca?*-dependence of neurotransmitter release.
Cdk5 localizes to presynaptic nerve terminals of motor neurons at fly larval NMJs

Cdk5 controls the activity of presynaptic voltage-gated Ca?* channels (Tomizawa
et al., 2002; Su et al., 2012; Kim and Ryan, 2013), the kinetics of vesicle endocytosis
(Tomizawa et al., 2003), and the composition of synaptic vesicle pools (Kim and Ryan,
2010). These effects of Cdk5 on synaptic transmission are thought to depend upon the
direct phosphorylation of target proteins, including P/Q-type Ca?* channels (Tomizawa
et al., 2002), N-type Ca?* channels (Su et al., 2012; Kim and Ryan, 2013), dephosphins

(Tomizawa et al., 2003), synapsin (Verstegen et al., 2014), and Munc18 (Shuang et al.,
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1998; Fletcher et al., 1999; Lilja et al., 2004), by presynaptically localized Cdk5. Cdk5 is
also implicated in synaptic vesicle recruitment to active zones (Locke et al., 2006; Ou et
al., 2010; Park et al., 2011) and NMJ morphogenesis (Kissler et al., 2009). Likewise, our
results show a contribution of Cdk5 to the Ca?*-dependence of neurotransmitter release

(Fig. 3A, C). These results strongly imply a role for Cdk5 in presynaptic nerve terminals.

Although Cdk5 has been investigated in the Drosophila nervous system (Connell-
Crowley et al., 2000; Kissler et al., 2009; Trunova et al., 2011), little is known about the
subcellular localization of fly Cdk5. However, a previously described FLAG-tagged Cdk5
(Connell-Crowley et al., 2000) was shown to localize to axonal lobes of y-neurons in the
Drosophila mushroom bodies (Trunova et al., 2011), consistent with a function for Cdk5
in presynaptic nerve terminals. To verify that Cdk5 can localize to presynaptic terminals
at the Drosophila NMJ, we drove this FLAG-tagged Cdk5 (Connell-Crowley et al., 2000;
Trunova et al., 2011) in motor neurons of wild type larvae using ok371-Gal4 (Mahr and
Aberle, 2006) and stained with an antibody against FLAG (Sigma-Aldrich). Cdk5-FLAG
trafficked to the presynaptic nerve terminals at NMJs, where it formed puncta (Fig. 3B).
These Cdk5-FLAG puncta were distributed throughout presynaptic boutons and showed
little overlap with a synaptic vesicle marker, Synaptotagmin 1, which we co-stained with
a previously described antibody (Littleton et al., 1993; Yoshihara et al., 2002) (Fig. 3B).
These results suggest that Cdk5 is unlikely to reside on synaptic vesicles in presynaptic
terminals. Based on these observations and aforementioned effects on neurotransmitter

release (Fig. 3A, C), we conclude that Cdk5 acts presynaptically at the Drosophila NMJ.

148



Cdk5 alters synaptic transmission at physiological Ca?* with repetitive stimulation

Numerous studies in both vertebrate (Tomizawa et al., 2002; Su et al., 2012; Kim
and Ryan, 2013) and invertebrate (Locke et al., 2006; Ou et al., 2010; Park et al., 2011)
model systems point to a role for Cdk5 signaling in synaptic transmission. Thus, the lack
of an obvious effect on synaptic transmission in cdk5" mutant flies (Kissler et al., 2009)
is unexpected. With current-clamp recordings in a lower extracellular Ca?* concentration
(0.2 mM) than was used in the earliest study of cdk5" mutant flies (Kissler et al., 2009),
we uncovered an effect of Cdk5 on neurotransmitter release (Fig. 3A, C). Nevertheless,
our current-clamp recordings with single action potential stimulation in subphysiological
Ca?* concentrations (Stewart et al., 1994) reveal insignificant (Fig. 1, 2) or modest (Fig.
3A, C) effects of cdk5™!" on synaptic transmission and are, therefore, largely consistent
with this previous report (Kissler et al., 2009). Despite this dearth of evidence to support
a role for Drosophila Cdk5 in synaptic transmission, it remains plausible that recordings

under physiological conditions with trains of action potentials could uncover differences.

Accordingly, we reassessed synaptic transmission at cdk5™!' NMJs by employing
two-electrode voltage-clamp, as described (Muller et al., 2012). This method allowed us
to record in a physiological Ca?* concentration (1.5 mM) without confounding influences
from membrane potential variations or nonlinear summation (Zhang and Stewart, 2010;
Muller et al., 2012). From our recordings, we found that mean initial excitatory junctional
currents (EJCs) in 60-Hz stimulus trains were not significantly different at cdk5™" NMJs,
compared to wild type (p = 0.46) (Fig. 4D-G). On the contrary, cumulative EJCs, which
we calculated by “backextrapolation” (Schneggenburger et al., 1999; Weyhersmililler et

al., 2011; Mdller et al., 2012), were significantly increased at cdk5"" NMJs, compared to
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wild type (p < 0.01) (Fig. 4B, D, E). By dividing the mean cumulative EJC amplitude by

the mean mEJP amplitude, acquired in current-clamp, we estimated RRP sizes at each

NMJ (Weyhersmuller et al., 2011; Muller et al., 2012). The mean estimated RRP size at
cdk5™! NMJs was 35.8% larger than wild type, albeit not significantly different (p = 0.20)
(Fig. 4C). This difference in RRP sizes may be underestimated due to a slightly, but not
significantly, increased mean mEJP amplitude in cdk5™" (p = 0.12) (Fig. 4A). We cannot
determine from these data if Cdk5 influences recycling pool or resting pool sizes in flies,
as it does in the hippocampus (Kim and Ryan, 2010). Regardless, our results show that

the loss of Cdk5 at fly NMJs has no significant effects on RRP size or synaptic strength.

Given the enhancement of cumulative EJC amplitudes (Fig. 4B) at cdk5™!' NMJs,
the lack of an effect on initial EJC amplitudes (Fig. 4A) suggested an additional change
in the mechanisms underlying synaptic transmission. For cdk5™! NMJs to exhibit a wild
type synaptic strength, the significant increase in cumulative EJC amplitudes and strong
trend toward an increase in RRP size would presumably be countered by a decrease in
the probability of neurotransmitter release (del Castillo and Katz, 1954; Weyhersmdller
et al., 2011). To estimate the probability of release (Ptain), we calculated the fraction of
the RRP released by the first action potential in our 60-Hz trains, as previously defined
(Schneggenburger et al., 1999; Gavifio et al., 2015). We determined the Piain at cdk5™!
NMJs to be 0.28 + 0.01 (SEM) (n = 16) and the Prain at wild type NMJs to be 0.38 £ 0.02
(SEM) (n =9). This 27.4% difference in Prain Values was significant (p < 0.01) and points
to a lower release probability in cdk5™!. These data are consistent with effects of Cdk5

on presynaptic Ca?* influx and synaptic vesicle docking at voltage-gated Ca?* channels
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(Su et al., 2012). Moreover, these data are consistent with the reduced neurotransmitter

release at cdk5™!" NMJs, which we detected by lowering extracellular Ca?* (Fig. 3A, C).

In addition to measuring synaptic strength, RRP size, and release probability at
cdk5™ NMJs, we were able to more closely examine short-term plasticity with voltage-
clamp (Weyhersmudller et al., 2011; Miller et al., 2012; Gavifio et al., 2015). Challenging
cdk5"!" with thirty stimuli from 60-Hz trains showed no difference in synaptic depression
over the first ten stimuli between wild type and cdk5"", despite a strong trend (p = 0.08)
(Fig. 4D-G). In contrast, cdk5™! mutants exhibited significantly enhanced depression at
the ends (EJCiina/EJCinitiar) Of these high-frequency trains, when compared to wild type
(p < 0.01) (Fig. 4G), such that the final average EJC in cdk5" was 32.9% smaller than

wild type (Fig. 4F). These results suggest an effect of Cdk5 extending beyond the RRP.

Importantly, neurotransmitter release at the end points of our trains is not due to
release from the RRP, which is associated with depression prior to a plateau at steady-
state (Dobrunz and Stevens, 1997; Schneggenburger et al., 1999; Mller et al., 2012).
Instead, the enhanced steady-state depression in cdk5"! may be attributed to abnormal
depletion of the reserve pool of synaptic vesicles, which maintains steady-state synaptic
transmission (Murthy and Stevens, 1998; Gitler et al., 2004). Supporting this hypothesis,
inhibition of Cdk5 was shown to accelerate depletion of recycling pool synaptic vesicles,
which consists of the RRP and reserve pool (Kim and Ryan, 2010). Moreover, this effect
of Cdk5 on the composition of synaptic vesicle pools depended upon phosphorylation of
synapsin (Verstegen et al., 2014), which controls reserve pool size in mammals (Rosahl

et al., 1995; Gitler et al., 2004) and flies (Akbergenova and Bykhovskaia, 2010; Denker
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et al., 2011). Thus, our data provide evidence that Cdk5 regulates synaptic vesicle pool

organization throughout evolution and has a potential to influence homeostatic plasticity.
Reevaluation of a role for Cdk5 in homeostatic potentiation at physiological Ca?*

Through voltage-clamp recordings in physiological Ca?* (Stewart et al., 1994), we
could more thoroughly investigate effects of Cdk5 signaling on homeostatic potentiation
(Petersen et al., 1997; Weyhersmililler et al., 2011; Muiller et al., 2012). Because cdk5"!
mutants showed abnormalities in various parameters of baseline synaptic transmission
(Fig. 4), a reevaluation of these mutants in the context of homeostatic potentiation may
also illuminate previously unrecognized relationships between basal and compensatory
mechanisms of neurotransmitter release. As previously described (Fig. 2), we tested the
effects of Cdk5 ablation on synaptic homeostasis by recording from recombinant double
mutants, which carried the GIuRIIASP1¢ null mutation (Petersen et al., 1997) and cdk5™!
(Kissler et al., 2009). In double mutants and GIuRIIASP16 controls, loss of GIURIIA led to
53.2% (n = 12) and 48.1% (n = 8) decreases in mean mEJP amplitudes, respectively (p
< 0.01) (Fig. 4A). Yet, the mean initial EJC amplitudes from 60-Hz trains of thirty stimuli
decreased by 4.8% in cdk5™!, GIuRIIASP® mutant recombinants to 249.4 + 18.1 (SEM)
nA (n =12; p = 0.55) and by 17.0% in GIuRIIASP® controls to 203.9 + 14.5 (SEM) nA (n
= 8; p = 0.10). As a result, mean initial qguantal contents increased by 93.7% in cdk5™!,
GIuRIIASP18 mutant recombinants to 705.5 + 70.8 (SEM) (n = 12; p < 0.01) and 55.5% in
GIuRIIASP18 controls to 596.2 + 62.5 (SEM) (n = 8; p < 0.01). Based on our findings, we
conclude that Cdk5 is dispensable for homeostatic potentiation in physiological Ca?*, as
it is in low Ca?* (Fig. 2). Our results strongly indicate a mechanistic difference between

homeostatic potentiation and presynaptic scaling in hippocampi (Kim and Ryan, 2010).
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Enlargement of the RRP was shown to underlie homeostatic potentiation at the
Drosophila NMJ (Weyhersmiuiller et al., 2011; Mdller et al., 2012). In accordance with
these results, we determined that mean cumulative EJC amplitude was 12.6% larger in
GIuRIIASP16 mutants, compared to wild type (p = 0.32) (Fig. 4B), and was concomitant
with a 136.1% increase in mean estimated RRP size (p < 0.01) (Fig. 4C). However, it is
unclear if homeostatic potentiation can maintain baseline cumulative EJC amplitudes in
mutants with aberrant synaptic transmission, such as cdk5"!. Indeed, mean cumulative
EJC amplitude in cdk5™", GIuRIIASP1® double mutants was decreased by merely 16.8%,
compared to cdk5™" single mutants, which was not significantly different (p = 0.12) (Fig.
4B). In addition, mean estimated RRP size was increased by 78.2% in double mutants,
as above, which was significantly different from baseline (Fig. 4C). As the cdk5™! mean
cumulative EJC was 48.7% larger than wild type (p < 0.01) (Fig. 4B, D, E), these results
argue against a ceiling effect (Muller et al., 2011), wherein homeostatic potentiation may
fail to return muscle depolarization to a set point value that is significantly higher than in
wild type. Furthermore, as cdk5" mutants exhibited deficits in the probability of release
and steady-state synaptic transmission (Fig. 4F, G), we can more clearly distinguish the
mechanisms of homeostatic potentiation and basal neurotransmitter release (Goold and
Davis, 2007; Dickman et al., 2009). In conclusion, we find that homeostatic potentiation

does not require Cdk5 activity at physiological Ca?* with single or repetitive stimulation.
p35is not essential for long-term homeostatic potentiation at physiological Ca?*

To buttress our findings that Cdk5 contributes to neurotransmitter release, but is
dispensable for homeostatic potentiation, we recorded from amorphic p352°¢ (Connell-

Crowley et al., 2007) larval NMJs in voltage-clamp (Zhang and Stewart, 2010; Mdiller et
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al., 2012) at physiological Ca?* (Stewart et al., 1994). From recordings in current-clamp,
we had previously identified a substantial (41.8%; n = 14; p < 0.01) reduction in quantal
size at p352°¢ mutant NMJs. Unexpectedly, we were unable to attribute this quantal size
decrease to p35 loss, as the average mEJP amplitude in p352°¢/Df was not significantly
different from wild type (n = 15; p = 0.21) (Fig. 1A), and the expression of a well-studied
UAS-p35 construct (Connell-Crowley et al., 2000; Trunova et al., 2011) could not rescue
the mutant phenotype. Nonetheless, we recorded from p352°¢ and cdk5™!" mutant NMJs
in parallel and, consequently, have found notable similarities. We determined that mean
initial EJC amplitude in 60-Hz stimulus trains was slightly decreased by 20.0% in p352°¢
t0 196.6 + 11.9 (SEM) nA, compared to wild type (n = 11; p = 0.05). This modest drop in
synaptic strength was concomitant with a 69.0% increase in average quantal content to
648.1 + 66.7 (SEM) (n = 11; p < 0.01). We also observed a 52.0% decrease in average
guantal size, determined in current-clamp, which was significantly smaller than wild type
(n =11; p <0.01) (Fig. 5A). Consistent with accurate homeostatic potentiation, we found
that mean cumulative EJC amplitude at p35%°¢ NMJs was not significantly different from
wild type (n = 11; p = 0.39) (Fig. 5B), and that the average RRP size estimate in p352°¢
was 134.3% larger than wild type (n = 11; p < 0.01) (Fig. 5C). These results with p352°¢
are similar to data with GIuRIIASP16 null mutants (Petersen et al., 1997), which exhibited
a 48.1% decrease in mean quantal size (n = 8; p < 0.01) (Fig. 5A), a 17.0% decrease in
mean initial EJC amplitude (n = 8; p = 0.10), a 55.5% increase in mean quantal content
(n=8; p<0.01), a12.6% increase in mean cumulative EJC amplitude (n = 8; p = 0.32)
(Fig. 5B), and a 136.1% increase in mean RRP size (n = 8; p < 0.01) (Fig. 5C), relative

to wild type. Accordingly, our findings argue for a p35-independent expression of long-
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term homeostatic potentiation at p352°C null NMJs. In addition, our data confirm the lack

of a requirement for Cdk5 signaling in homeostatic potentiation at the Drosophila NMJ.
p35 affects synaptic transmission at physiological Ca?* with repetitive stimulation

Along with testing the effects of the Cdk5 activator, p35 (Lew et al., 1994; Tsai et
al., 1994), in synaptic homeostasis (Petersen et al., 1997; Frank et al., 2006), we further
assessed a role of Cdk5 signaling in short-term plasticity (Fig. 4F, G) by recording from
p352°C null larvae (Connell-Crowley et al., 2007) in voltage-clamp (Weyhersmiiller et al.,
2011; Miller et al., 2012; Gavifio et al., 2015). By evoking neurotransmitter release with
thirty stimuli from 60-Hz trains, we calculated Pwain as an estimate of release probability
of the RRP (Schneggenburger et al., 1999; Gavifio et al., 2015) in p352°¢ mutants. From
this analysis, we determined the Ptain at p352°¢ NMJs to be 0.28 + 0.01 (SEM) (n = 11).
This Prain value in p352°C was indistinguishable from the previously determined Piain of
0.28 + 0.01 (SEM) (n = 16), which we measured in cdk5™!". This 27.7% decreased Ptrain
value was significantly different from wild type (p < 0.01) and indicates a lower release
probability in p352°C. Although, we calculated Ptrain in GIURIIASP1® mutants to be 0.31 +
0.02 (SEM) (n = 8), which was not significantly different from p352°C (p = 0.31). Hence,
we cannot attribute the decreased release probability at p352°¢ NMJs to the loss of p35,
as this phenotype may be secondary to long-term homeostatic potentiation. Regardless,
this 10.9% reduction in the p352°C Pyain value, compared to GIURIIASP®, is suggestive of
a role for p35 in presynaptic release probability (Gavifio et al., 2015). Additionally, these
data are consistent with impaired neurotransmitter release in cdk5™!" at low extracellular

Ca?* (Fig. 3A, C) and at physiological Ca?* (Stewart et al., 1994), as shown by the Ptain.
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Cdk5 signaling has been associated with the maintenance of the reserve pool of
synaptic vesicles in the hippocampus (Kim and Ryan, 2010; Verstegen et al., 2014). In
line with these findings, we noted an enhancement of steady-state depression at cdk5"!
NMJs (Fig. 4F, G), which could be explained by enhanced depletion of the reserve pool
(Murthy and Stevens, 1998; Gitler et al., 2004; Verstegen et al., 2014). In support of this
hypothesis, p352°C null mutants exhibited significantly enhanced depression at the ends
(EJCiina/EJCinitiar) Of our high-frequency (60-Hz) trains of thirty stimuli, compared to wild
type (p < 0.01) (Fig. 5E), such that the final mean EJC in p35%°C was 64.7% smaller than
wild type (Fig. 5D). Unlike the aforementioned Pain reduction in p352°, this increase in
steady-state depression is not attributable to an indirect effect of long-term homeostatic
potentiation, as p352°¢ had significantly greater depression than GIURIIASP® (p < 0.01)
(Fig. 5D, E). Yet, it should be noted that GIuRIIASP® mutants also exhibited significantly
enhanced depression at the ends (EJCitina/EJCinitiar) Of our stimulus trains, compared to
wild type (p = 0.03), and probably point to an overestimation of the effects of p352°© on
steady-state depression. Furthermore, depression over the first ten stimuli of the 60-Hz
trains was also significantly increased in p352° nulls, compared to wild type (p < 0.01)
and GIuRIIA (p < 0.01) (Fig. 5D, E). These data suggest that p35 may contribute to the
release dynamics of the RRP, which governs synaptic depression until the steady-state
is met (Dobrunz and Stevens, 1997; Schneggenburger et al., 1999; Muller et al., 2012).
However, this effect of p35 on short-term release dynamics may result from the addition
of insignificant trends toward enhanced synaptic depression, which we saw at NMJs of

cdk5™!" (p = 0.08) (Fig. 4G) and GIuRIIASP6 (p = 0.37) (Fig. 5E) larvae. In summary, our
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data regarding steady-state depression in p352°C reinforces similar results from cdk5"!

and further implicates Cdk5 signaling in the evolutionary conservation of reserve pools.
Effects of Cdk5 signaling on postsynaptic glutamate receptor composition in flies

While Cdk5 has been linked to a multitude of presynaptic signaling mechanisms
(Tomizawa et al., 2003; Su et al., 2012; Kim and Ryan, 2013; Verstegen et al., 2014), it
can also signal postsynaptically (Hawasli et al., 2007; Seeburg et al., 2008; Bianchetta
et al., 2011; Lai et al., 2012). Of particular importance here, Cdk5 was found to regulate
AMPA receptor composition (Poore et al., 2010), NMDA receptor degradation (Hawasli
et al., 2007), NMDA receptor-induced endocytosis of AMPA receptors (Bianchetta et al.,
2011), and homeostatic AMPA receptor downscaling (Seeburg et al., 2008), pointing to
diverse effects on glutamate receptors at mammalian synapses. Likewise, Cdk5 and its
activator, p35 (Lew et al., 1994; Tsai et al., 1994), control glutamate receptor trafficking
in C. elegans (Juo et al., 2007), suggesting an evolutionary conservation of postsynaptic
Cdk5 activity. With the availability of amorphic cdk5"! (Kissler et al., 2009) and p352°¢
(Connell-Crowley et al., 2007) mutants, we were able to further investigate postsynaptic

effects of Cdk5 signaling on glutamate receptors by studying the Drosophila larval NMJ.

To examine glutamate receptor trafficking in the absence of Cdk5 signaling, we
imaged the fly NMJs at muscles 6 and 7, from which our electrophysiological recordings
were carried out, as well as NMJs at muscle 4. These NMJs possess “type I” synapses,
which contain dense postsynaptic specializations with two kinds of glutamate receptors:
GluRIIA-containing receptors and GluRIIB-containing receptors (Petersen et al., 1997;
Marrus et al., 2004). As described (Heckscher et al., 2007), we determined the levels of

GIuRIIA and GIuRIIB at these type | synapses of cdk5™! and p352°C mutants by staining
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with previously characterized antibodies to each subunit (Marrus et al., 2004). We found
that muscle 6/7 NMJs in cdk5™! had a significant (24.2%) increase in GIuRIIA levels, as
compared to wild type (p < 0.01) (Fig. 6A, B, D). Likewise, cdk5™" muscle 4 NMJs had a
significant (27.0%) increase in GIuRIIA levels, compared to wild type (p < 0.01) (Fig. 6A,
B, D). These enhanced GIuRIIA levels in cdk5"" were countered by decreased GIuRIIB
levels at muscle 6/7 (15.1%) and muscle 4 (24.1%) (p < 0.01) (Fig. 6A, B, E), consistent
with competition between GIuRIIA and GIuRIIB (Marrus et al., 2004). Conversely, NMJs
at muscle 6/7 in p352°C showed a vast (67.5%) decrease in GIURIIA levels, compared to
wild type (p < 0.01) (Fig. 6A, C, D). Muscle 4 NMJs in p352°C also showed a substantial
decrease (62.3%) in GIuRIIA levels, compared to wild type (p < 0.01) (Fig. 6A, C, D). In
addition, the reduced GIuRIIA levels in p35%°C were concomitant with enhanced GIuRIIB
levels at muscle 6/7 (144.4%) and muscle 4 (130.2%) (p < 0.01) (Fig. 6A, C, E), thereby
also consistent with competition between GIuRIIA and GIuRIIB (Marrus et al., 2004). We
also assayed levels of GIURIIC, which is interdependent with GIuRIIA and GIuRIIB for its
postsynaptic recruitment (Marrus et al., 2004; Qin et al., 2005), in cdk5""' and p352°C, At
cdk5"" muscle 6/7 and muscle 4 NMJs, GIuRIIC levels were comparable to wild type (p
= 0.62 and = 0.88) (Fig. 6F). However, GIURIIC levels in p35%°¢ were significantly, albeit
modestly, decreased by 16.8% and 15.5% at muscles 6/7 and 4, respectively (p < 0.01)
(Fig. 6F). These results point to an evolutionarily conserved influence of Cdk5 signaling
on the trafficking of glutamate receptors in Drosophila. Yet, these data are contradictory,
as the loss of Cdk5 and the loss of p35 generally produce the same phenotype (Su and
Tsai, 2011; Connell-Crowley et al., 2007; Juo et al., 2007; Trunova et al., 2011). Hence,

we have interpreted our data in the context of electrophysiological and genetic methods.
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Overall, our analysis of glutamate receptor levels in cdk5™" and p352°C amorphic
mutants correlates with our electrophysiological recordings from NMJs at muscle 6. The
moderate increase in GIUuRIIA levels at cdk5™" NMJs was accompanied by a moderate
decrease in GIuRIIB levels (Fig. 6). This altered composition of glutamate receptors did
not produce a significant change in cdk5™", as quantal sizes increased over wild type by
merely 16.3% in low (0.4 mM) Ca?* (p = 0.33) (Fig. 1A) and 18.0% in physiological (1.5
mM) Ca?* (p = 0.12) (Fig. 4A). Overexpressing one copy of a UAS-GIURIIA transgene in
muscle 6 was previously shown to increase quantal size by 35% (Petersen et al., 1997).
Moreover, quantal size was not significantly changed in discs large mutants, which lose
GluRIIB-containing receptors from muscle 6 (Chen and Featherstone, 2005). Therefore,

it is unlikely that quantal size would differ at cdk5™!' NMJs in light of these observations.

In contrast, the robust decrease in GIURIIA abundance in p352°¢ (Fig. 6A, C, D)
correlates with 41.8% and 52.0% decreases in quantal size at 0.4 mM extracellular Ca?*
(0.47 + 0.03 mV) and at 1.5 mM extracellular Ca?* (Fig. 5A), compared to wild type (p <
0.01). The deficits in p352°¢ quantal size are phenocopied by GIURIIASP6 null mutants,
which had similar quantal size deficits at these Ca?* concentrations, as above (Fig. 2A,
5A). Nonetheless, it is unlikely that the quantal size deficits or by extension the GIuRIIA
decline in p352°C can be attributed to the loss of p35, as previously discussed. Again, by
placing the p352°C allele over a deficiency uncovering the p35 locus (Connell-Crowley et
al., 2007), we found that loss of p35 did not affect quantal size (Fig. 1A). Also in support
of this hypothesis, expression of UAS-p35 (Connell-Crowley et al., 2000; Trunova et al.,
2011) did not rescue the quantal size impairments in p352°¢. Consequently, we interpret

the selective loss of GIURIIA in p35%°C mutants as a secondary effect of an unidentified
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genetic modifier. Notably, we were able to rescue the quantal size deficits in p352°¢ by
postsynaptic expression of UAS-GIURIIA with BG57-Gal4 (Budnik et al., 1996). Average
mEJP amplitude in these rescued p352°C; BG57-Gal4/UAS-GIURIIA larvae was 0.81 +
0.07 (SEM) mV at 0.4 mM Ca?*, which was not significantly different from wild type (n =
14; p = 1.00). Ultimately, these data buttress our conclusion that long-term homeostatic
potentiation, which is commonly induced through the selective loss of GIuRIIA (Petersen

et al., 1997; Frank et al., 2006), can be expressed independently of p35/Cdk5 signaling.
Effects of Cdk5 signaling on synaptic vesicle trafficking at the Drosophila NMJ

Cdk5 activity has been implicated in the recruitment of synaptic vesicle proteins
to nerve terminals in C. elegans (Locke et al., 2006; Ou et al., 2010; Park et al., 2011)
and in mammals (Easley-Neal et al., 2013). We were able to further assess the role of
Cdk5 activity on synaptic vesicle trafficking by imaging cdk5"! (Kissler et al., 2009) and
p352°¢ (Connell-Crowley et al., 2007) mutant fly NMJs. According to standard methods
(Heckscher et al., 2007; Dickman et al., 2009), we estimated levels of Synaptotagmin 1
(Sytl) and cysteine string protein (CSP) at muscle 6/7 NMJs. Levels of Sytl (Fig. 7A, C,
D) and CSP (Fig. 7B-D) did not differ between cdk5™"!" and wild type third instar larvae (p
= 0.09 and 0.10). Likewise, CSP levels were also similar in p352°¢ and wild type controls
(p = 0.49) (Fig. 7B), whereas Sytl levels were significantly, but marginally, increased in
p352°¢ (p = 0.01) (Fig. 7A). Our results are consistent with a hypothesis, in which Cdk5
signaling is not required for synaptic vesicle transport in all neurons, but is necessary in
subsets (Locke et al., 2006; Ou et al., 2010; Park et al., 2011). Furthermore, these data
indicate that perturbations in neurotransmitter release at cdk5™!" or p352°¢ NMJs (Fig. 3-

5) are not secondary consequences of general synaptic vesicle trafficking abnormalities.
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Effects of Cdk5 signaling on the growth and elaboration of the Drosophila NMJ

An earlier study on Drosophila describes a role for Cdk5 in the morphogenesis of
NMJs (Kissler et al., 2009). In this study, cdk5™! NMJs were found to have an increased
number of boutons and a decreased density of active zones, which were visualized by
antibody labeling against Bruchpilot (Brp; nc82) (Kittel et al., 2006; Wagh et al., 2006),
at muscle 4 (Kissler et al., 2009). The decreased active zone density in cdk5™! mutants
was suggested to arise from a compensatory mechanism, which offset increased NMJ
growth (Kissler et al., 2009). Despite observing no significant changes in basal synaptic
transmission at muscle 6 NMJs of cdk5™! larvae, no quantification of the morphology of
muscle 6 NMJs was reported (Kissler et al., 2009). Hence, the correlation between NMJ
morphology and synaptic transmission in cdk5™"! is difficult to interpret from such results
alone. Also, it is unclear if p35, an evolutionarily conserved activator of Cdk5 (Lew et al.,

1994; Tsai et al., 1994; Connell-Crowley et al., 2007), controls Cdk5 during NMJ growth.

To clarify our understanding of Cdk5 activity in neurotransmitter release and NMJ
morphogenesis, we imaged the NMJs at muscle 4 and muscle 6/7 of cdk5™! (Kissler et
al., 2009) and p352°¢ (Connell-Crowley et al., 2007) mutants. Consistent with the earlier
study (Kissler et al., 2009), we found that the average bouton number at cdk5™!" muscle
4 NMJs was 67.7% larger than wild type (p < 0.01) (Fig. 8A, B, D). We also determined
that the average bouton number at p352°¢ muscle 4 NMJs was 44.9% larger, compared
to wild type (p < 0.01) (Fig. 8A, C, D), thereby indicating dependence of Cdk5 for p35 in
NMJ growth. Upon investigating muscle 6/7 NMJs, however, we observed milder effects
of Cdk5 on growth. The average bouton number at muscle 6/7 NMJs was merely 26.7%

larger in cdk5™!" (p < 0.05) (Fig. 8A, B, D) and just trended toward significance in p352°¢
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(p =0.17) (Fig. 8A, C, D), compared to wild type. These data imply that Cdk5 signaling

plays a more significant role in the growth of subsets of NMJs and may not act globally.

To assess whether Cdk5-dependent changes in bouton numbers were correlated
with changes in the distribution of active zones, we quantified nc82 puncta numbers and
densities in Cdk5 signaling mutants. Similarly consistent with the earlier report (Kissler
et al., 2009), the average active zone (nc82) number and density at muscle 4 NMJs in
cdk5™! were 12.2% larger (Fig. 8E) (p < 0.05) and 26.7% smaller (Fig. 8F) (p < 0.01),
respectively, relative to wild type. Likewise, average nc82 number and density at p352°¢
muscle 4 NMJs were 20.1% larger (Fig. 8E) (p < 0.01) and 6.5% smaller (Fig. 8F) (p <
0.01), respectively, compared to wild type. Loss of Cdk5 signaling had similar effects on
active zone distribution at muscle 6/7 NMJs, as average nc82 number and density were
7.3% (Fig. 8E) (p = 0.35) and 22.6% smaller (Fig. 8F) (p < 0.01) in cdk5"" mutants and
3.0% larger (Fig. 8E) (p = 0.72) and 10.3% smaller (Fig. 8F) (p < 0.01) in p352°C nulls,
compared to wild type. Our findings are in accordance with a current model, wherein the
loss of Cdk5 signaling leads to excessive NMJ elaboration and compensatory reduction

of active zone density to preserve a set point active zone number (Kissler et al., 2009).

Despite the significant and inverse alterations in bouton number and active zone
density at Cdk5-deficient NMJs, it should be noted that Cdk5 is implicated in aspects of
synaptogenesis in C. elegans (Locke et al., 2006; Ou et al., 2010; Park et al., 2011) and
mammalian (Samuels et al., 2007; Easley-Neal et al., 2013) nervous systems. Hence, it
remains formally possible that the aforementioned inverse changes in NMJ morphology
of cdk5™! (Kissler et al., 2009) and p352°C (Connell-Crowley et al., 2007) mutants do not

result from a compensatory mechanism, but are simply a coincidence of opposing Cdk5

162



activities. Yet, in an earlier study of a hypomorphic fasciclin Il allele, Fasl1®8 muscle 6/7

NMJs had 50% more boutons than wild type, but had no apparent difference in synaptic
strength (Schuster et al., 1996). The failure of elevated bouton number to concomitantly
enhance synaptic strength at Fasl®®® NMJs was linked to a compensatory redistribution

of active zones throughout the larger NMJs (Schuster et al., 1996; Davis and Goodman,
1998). Accordingly, it is plausible that a similar or identical form of presynaptic structural
plasticity is expressed in these null Cdk5 signaling mutants and in FaslI®® mutants. This
hypothesis is supported by evidence that either pharmacologic (Prithviraj et al., 2012) or
genetic disruption of Cdk5 signaling altered the localization of Fasll in Drosophila axons
(Trunova et al., 2011). Our data can also be explained by expression of a target-specific
form of homeostatic plasticity, in which muscle hyperinnervation led to a compensatory

decrease in neurotransmitter release per bouton at NMJs (Davis and Goodman, 1998).

By extension from these (Fig. 8) and other data (Fig. 1, 2, 4, 5), we have arrived
at three notable conclusions. First, these data imply that short-term and long-term forms
of homeostatic potentiation are not impaired by enhanced NMJ elaboration or reduced
active zone density. Second, these data argue for the existence of distinct homeostatic
regulatory mechanisms, which act to inhibit neurotransmitter release at hyperinnervated
muscles (Schuster et al., 1996; Davis and Goodman, 1998; Kissler et al., 2009) without
interfering with mechanisms underlying homeostatic potentiation at the Drosophila NMJ.
Third, our observation that nc82 puncta numbers were comparable to wild type at Cdk5-
deficient muscle 6/7 NMJs (Fig. 8) is consistent with estimated RRP sizes from voltage-
clamp recordings (Fig. 4C) and suggests that the number of release-ready vesicles per

active zone at fly NMJs may be maintained at a set point under physiological conditions.
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Effects of Cdk5 signaling on the structure of active zones at the Drosophila NMJ

At the Drosophila NMJ, decreases in the number and density of active zones has
been correlated with ultrastructural changes in the morphology of active zones (Graf et
al., 2009). Yet, these NMJ growth-related parameters are not always correlated with the
active zone structure (Liu et al., 2011). To determine whether Cdk5 signaling influences
active zone structure, in addition to NMJ morphology (Fig. 8), we carried out structured
illumination microscopy (SIM) to examine nc82 puncta in boutons at muscles 6/7 and 4
of cdk5™! (Kissler et al., 2009) and p352°¢ (Connell-Crowley et al., 2007) mutants. With
SIM, nc82-labeled Brp appears as rings, instead of the spots observed in deconvolution
microscopy, at planar active zones (Weyhersmdller et al., 2011; Mdller et al., 2012). We
measured the diameters of planar Brp rings in null Cdk5 signaling third instar larvae, as
previously described (Mdller et al., 2012). Average Brp ring diameters at cdk5™ muscle
6/7 and 4 NMJs differed slightly from wild type, when computed as the diameter at half-
maximum (p = 0.05 and = 0.03) (Fig. 9D, E, |) or as the distance between two peaks (p
= 0.06 and = 0.02) (Fig. 9G, H) of fluorescence intensity line profiles. Likewise, average
Brp ring diameter at p352°C muscle 4 NMJs was significantly increased, relative to wild
type, when calculated as diameter at half-maximum (Fig. 9F, I) (p < 0.01) or as peak-to-
peak diameter (p < 0.01) (Fig. 9H). Conversely, the average Brp ring diameter at p352°¢
muscle 6/7 NMJs was indistinguishable from wild type, when computed in either way (p
=0.87 and = 0.51) (Fig. 9F, H, 1). These results are consistent with only modest effects,

if any, of p35/Cdk5 signaling on the morphology of active zones at the Drosophila NMJ.

Despite statistically significant differences, mean active zone diameters of cdk5!

mutants were only 6-7% different from wild type. Furthermore, p352°¢ null mutant active
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zone diameters were only 1-8% different from wild type. Our findings suggest that Cdk5
has no more than a marginal influence on active zone morphology, despite alterations in
active zone density. Supporting this hypothesis, we examined in parallel and previously
reported that the mean Brp ring diameter was not altered in mutants lacking RIM (Mdller
et al., 2012), which was found to interact with Cdk5 in synaptic vesicle docking at active
zones (Su et al., 2012). Moreover, enlargement of Brp rings has been directly correlated
with an increased probability of neurotransmitter release (Graf et al., 2009; Peled and
Isacoff, 2011), which is in opposition to the reduced probability of release (Ptain) that we
demonstrated at cdk5™!"' and p352°¢ NMJs (Fig. 4, 5). Therefore, we conclude that Brp is

not redistributed into fewer and larger puncta (Graf et al., 2009) in the absence of Cdk5.
Effects of Cdk5 on synaptic Fasciclin Il abundance at the Drosophila larval NMJ

NMJ growth in flies is regulated by Fasciclin Il (Fasll), an ortholog of Neural Cell
Adhesion Molecule (NCAM) (Schuster et al., 1996; Stewart et al., 1996). Reduction of
Fasll expression by 50% led to a roughly 50% increase in the number of boutons at the
Drosophila larval NMJ (Schuster et al., 1996). Because we (Fig. 8) and others (Kissler
et al., 2009) noted a similar degree of NMJ overgrowth in cdk5"" mutants, we asked if
synaptic levels of Fasll are affected by the loss of Cdk5 signaling. By using a previously
characterized antibody (Van Vactor et al., 1993), we measured synaptic Fasll levels at
cdk5™" NMJs and observed a 36.1% reduction, relative to wild type (n = 21; p < 0.01).
Therefore, our data suggest that the NMJ overgrowth in cdk5"!" mutants is attributable
to decreased abundance of synaptic Fasll. Moreover, loss of synaptic Fasll was shown
to induce a homeostatic decrease in active zone density to counteract NMJ overgrowth

(Schuster et al., 1996), which may also occur in cdk5™! (Kissler et al., 2006). Based on
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these findings and others, which link Cdk5 to the neuronal distribution of Fasll (Trunova
et al., 2011, Prithviraj et al., 2012), we hypothesize that a Fasll-associated homeostat is
activated at the Drosophila NMJ in the absence of Cdk5 signaling. Moreover, this FasllI-
associated homeostat must be distinct from the GIuRIIA-dependent homeostat, which is

induced by decreased sensitivity to glutamate (Petersen et al., 1997; Frank et al., 2006).
Effects of acute Cdk5 inhibition on neurotransmitter release at physiological Ca?*

Acute inhibition of Cdk5 has been shown to stimulate neurotransmitter release by
increasing the number of recycling pool synaptic vesicles (Kim and Ryan, 2010) and the
presynaptic influx of Ca?* following action potentials (Kim and Ryan, 2013). The removal
of Cdk5 activity pharmacologically was also found to functionally unsilence synapses in
response to tetrodotoxin-dependent neural activity blockade (Kim and Ryan, 2010; Mitra
et al., 2011). Given some effects of Cdk5 signaling on the development of NMJs (Fig. 6-
9), as well as some reservations about the specificity of common Cdk5 inhibitors (Yan et
al., 2002; Mitra et al., 2011; Yazawa et al., 2011), we employed an alternative approach

to investigate acute effects of Cdk5 signaling on neurotransmitter release at the fly NMJ.

A chemical-genetic approach to inhibit protein kinases (Shah et al., 1997; Bishop
et al., 2000) has been used to elucidate numerous signaling mechanisms in the nervous
system (Choi et al., 2008; Yoshii et al., 2008; Ultanir et al., 2012; Friedel et al., 2015). In
this tradition, we genetically engineered Drosophila Cdk5 to be acutely inactivated by an
ATP analog, which is not recognized by endogenous protein kinases (Shah et al., 1997,
Ultanir et al., 2012). To create this analog-sensitive Cdk5, we mutated an evolutionarily
conserved phenylalanine residue at position 80 to glycine, as described (Krayhbill et al.,

2002; Merrick et al., 2011; Horiuchi et al., 2012). We expressed this transgene, which
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we placed under control of an upstream activation sequence (UAS), in cdk5"" (Kissler
et al., 2009) neurons with elave®>-Gal4 (Lin and Goodman, 1994). Subsequently, we
inhibited Cdk5 in these “cdk52S” mutants by bath applying 1-NM-PP1 (100 uM; Kevan
Shokat lab), an ATP analog that is commonly utilized to inhibit analog-sensitive cyclin-
dependent kinases (Ubersax et al., 2003; Horiuchi et al., 2012; Gravells et al., 2013)
(Methods). We then recorded from cdk54° muscle 6 NMJs in the presence of 1-NM-PP1
(100 pM) with two-electrode voltage-clamp (Muller et al., 2012). As discussed, voltage-
clamp allowed us to record in physiological (1.5 mM) extracellular Ca?* (Stewart et al.,
1994) with repetitive stimulation, while avoiding the confounds of membrane potential

differences and nonlinear summation (Zhang and Stewart, 2010; Muller et al., 2012).

For our analysis of the acute effects of Cdk5 signaling on functional properties of
the Drosophila NMJ, we first considered baseline synaptic transmission. From voltage-
clamp recordings in cdk54S transgenic larvae, we found that mean initial EJC amplitude
in 60-Hz stimulus trains were not significantly different, compared to wild type (p = 0.11)
(Fig. 10D-G). Conversely, mean cumulative EJC amplitude was significantly increased
at cdk5%S NMJs, compared to wild type (p < 0.01) (Fig. 10B, D, E). By dividing the mean
cumulative EJC amplitude by the mean mEJP amplitude, acquired in current-clamp, we
estimated RRP sizes at each NMJ (Weyhersmiller et al., 2011; Muller et al., 2012). The
mean estimated RRP size at cdk5*S NMJs was 56.7% larger than wild type, but was not
significantly different (p = 0.07) (Fig. 10C). The difference in estimated RRP size may be
underestimated due to a slightly, but not significantly, increased mean mEJP amplitude
in cdk5™!" (p = 0.35) (Fig. 10A). These data demonstrate that cdk5S is strikingly similar

to cdk5™!, which also had a wild type mean mEJP amplitude (Fig. 4A), mean initial EJC
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amplitude (Fig. 4D-G), and mean estimated RRP size (Fig. 4C), but had an abnormally
and significantly larger mean cumulative EJC amplitude (Fig. 4B, D, E). Thus, the acute

and chronic loss of Cdk5 signaling has similar effects on baseline synaptic transmission.

The chronic loss of Cdk5 signaling in amorphic cdk5™! mutants also reduced the
probability of neurotransmitter release, as estimated by the Pwain (Schneggenburger et
al., 1999; Gavifo et al., 2015). Accordingly, we asked if the acute loss of Cdk5 signaling
in cdk5”S mutants, treated with 1-NM-PP1, similarly influenced release probability. We
determined the Puain at cdk5”S NMJs to be 0.28 + 0.01 (SEM) (n = 13) and the Pyain at
wild type NMJs to be 0.38 + 0.02 (SEM) (n = 9). This Pain value in cdk5”S was identical
to the previously determined Prain values of 0.28 + 0.01 (SEM) (n = 16) and 0.28 + 0.01
(SEM) (n = 11), which were obtained from cdk5™" and p352°¢ NMJs, respectively. This
26.3% difference in Prain Values was significant (p < 0.01) and indicates a lower release
probability upon acute inhibition of Cdk5. These results suggest that the effects of Cdk5
on presynaptic Ca?* influx and synaptic vesicle docking at voltage-gated Ca?* channels
(Su et al., 2012), which may underlie the decreased release probability in cdk54S (Mller

et al., 2011), are likely independent of a developmental requirement for Cdk5 signaling.

We previously described effects of chronic Cdk5 removal on short-term plasticity
(Fig. 4D-G). Hence, we asked if acute removal of Cdk5 in cdk5%5 mutants, treated with
1-NM-PP1, also altered short-term plasticity. Challenging cdk54S with thirty stimuli from
60-Hz trains showed no change in synaptic depression over the first ten stimuli between
wild type and cdk5S (p = 0.58) (Fig. 10D-G). On the contrary, cdk5”S mutants exhibited
significantly enhanced depression at the ends (EJCiina/EJCinitiat) Of these high-frequency

trains, as compared to wild type (p = 0.02) (Fig. 10G). The final average EJC in cdk5”S
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was 9.0% smaller than wild type, which was not a significant difference (p = 0.47) (Fig.
10F). Synaptic depression prior to the steady-state is associated with release from the
RRP (Dobrunz and Stevens, 1997; Schneggenburger et al., 1999; Mller et al., 2012),
whereas steady-state depression results from depletion of the reserve pool of synaptic
vesicles (Murthy and Stevens, 1998; Gitler et al., 2004). As Cdk5 was implicated in the
control of reserve pool size (Kim and Ryan, 2010; Verstegen et al., 2014), we attributed
an enhancement of steady-state depression in cdk5™" (Fig. 4D-G) and p352°C (Fig. 5D,
E) mutants to an abnormal depletion of the reserve pool. From our recordings in cdk54S
mutants, we can separate the effects of Cdk5 signaling on development from its effects
on the composition of synaptic vesicle pools, which seem to be more acute. Our results
are consistent with those of earlier studies (Kim and Ryan, 2010; Verstegen et al., 2014)

and add more evidence that Cdk5 is a conserved regulator of neurotransmitter release.
Effects of acute Cdk5 inhibition on homeostatic potentiation at physiological Ca?*

Acute loss of Cdk5 signaling was shown to disrupt the expression of presynaptic
homeostatic scaling in the hippocampus (Kim and Ryan, 2010; Verstegen et al., 2014).
We have provided evidence that this hippocampal form of homeostatic plasticity differs
molecularly from homeostatic potentiation at the Drosophila NMJ via chronic removal of
Cdk5 signaling with amorphic alleles: cdk5™! (Kissler et al., 2009) and p352°¢ (Connell-
Crowley et al., 2007) (Fig. 1, 2, 4, 5). Yet, it is formally possible that the chronic loss of
Cdks5 signaling is offset by developmental compensation (Marek and Davis, 2000), as is
seen with other kinase signaling pathways (Madhani and Fink, 1998). Consequently, we

asked if acute loss of Cdk5 signaling via cdk5”S interferes with homeostatic potentiation.
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To investigate the effects of acute Cdk5 removal on homeostatic potentiation, we
recorded from cdk5”S muscle 6 NMJs in the presence of 1-NM-PP1 (100 yM) with two-
electrode voltage-clamp in physiological (1.5 mM) Ca?* (Stewart et al., 1994) with high-
frequency (60-Hz) repetitive stimulation (Muller et al., 2012). We induced homeostatic
potentiation by bath applying PhTx (Frank et al., 2006) ten minutes after treatment with
1-NM-PP1 (Methods). This step was taken to ensure that analog-sensitive Cdk5 would
be inhibited at the earliest stages of homeostatic potentiation. Furthermore, recording in
1-NM-PP1 ensured that analog-sensitive Cdk5 would continue to be inhibited after the
induction of homeostatic potentiation, thus allowing us to test a role for Cdk5 signaling
in the sustained expression of homeostasis. We found that PhTx treatment reduced the
mean mEJP amplitude, measured in current-clamp, by 53.2% (n = 7) in cdk5S and by
55.9% (n = 8) in wild type controls (p < 0.01) (Fig. 10A), compared to baseline values in
the absence of PhTx (n = 13 and 9, respectively). Consistent with accurate short-term
homeostatic potentiation, mean initial EJC amplitudes from 60-Hz trains of thirty stimuli
decreased by 0.1% in cdk5”S to 293.6 + 24.6 (SEM) nA (n = 7; p = 1.00) and by 4.8% in
wild type controls to 234.0 £ 18.1 (SEM) nA (n = 8; p = 0.66), as above. Hence, average
initial quantal contents increased by 90.9% in cdk5*S to 808.3 + 62.8 (SEM) (n=7; p <
0.01) and 105.1% in wild type to 786.5 + 77.3 (SEM) (n = 8; p < 0.01), as above. Upon
considering the effects of acute Cdk5 loss on homeostatic potentiation during repetitive
stimulation, mean cumulative EJC amplitudes decreased by 10.5% in cdk5%S (n=7; p =
0.33) and increased by 26.4% in wild type (n = 8; p = 0.06), when compared to baseline
(Fig. 10B). Accordingly, average estimated RRP sizes increased by 61.6% in cdk5*S (n

=7;p<0.01) and by 170.9% in wild type (n = 8; p < 0.01) over the baselines (Fig. 10C).
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Our findings indicate that the acute loss, like the chronic loss (Fig. 1, 2, 4, 5), of
Cdk5 signaling does not impair homeostatic potentiation, even under physiological (1.5
mM Ca?*) conditions with repetitive stimulation. Our results also provide more evidence
that acute perturbations in neurotransmitter release (Fig. 10) do not necessarily interfere
with homeostatic potentiation, consistent with other discoveries (Goold and Davis, 2007;
Dickman et al., 2009). Perhaps most notably, the abnormal steady-state depression and
enhanced depletion of the reserve pool (Kim and Ryan, 2010; Verstegen et al., 2014) at
cdk54S NMJs did not disrupt homeostatic potentiation. As homeostatic potentiation also
occurred in amorphic Cdk5 signaling mutants with heightened steady-state depression
(Fig. 4D-G, 5D, E), we suggest that homeostatic potentiation and control of reserve pool

size, which can be considered homeostatic, differ in their requirements for Cdk5 activity.
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Discussion

Signaling through the proline-directed serine/threonine kinase, Cdk5, has been
associated with a multitude of functional and developmental processes in the nervous
system (Su and Tsai, 2011). These Cdk5-dependent processes include, but are unlikely
to be restricted to, acute presynaptic (Tomizawa et al., 2002; Su et al., 2012; Kim and
Ryan, 2013; Verstegen et al., 2014) and postsynaptic (Hawasli et al., 2007; Seeburg et
al., 2008; Bianchetta et al., 2011; Lai et al., 2012) mechanisms of synaptic transmission,
as well as developmental control of neuronal migration (Ohshima et al., 1996; Chae et
al., 1997), aging (Patrick et al., 1999; Lin et al., 2007; Trunova and Giniger, 2012), axon
guidance (Kwon et al., 1999; Ledda et al., 2000; Connell-Crowley et al., 2000), synapse
morphogenesis (Kissler et al., 2009), and synaptogenesis from invertebrates (Locke et
al., 2006; Juo et al., 2007; Ou et al., 2010; Park et al., 2011) to vertebrates (Samuels et
al., 2007; Easley-Neal et al., 2013). Cdk5 has also been found to signal in non-neuronal
cells, such as adipocytes (Lalioti et al., 2009; Choi et al., 2010; Choi et al., 2011; Banks
et al., 2015), pancreatic beta-cells (Lilja et al., 2001; Lilja et al., 2004; Wei et al., 2005),
endothelial cells (Liebl et al., 2010; Liebl et al., 2015), and various kinds of cancer cells
(Liang et al., 2013; Pozo et al., 2013; Tripathi et al., 2014; Yu et al., 2015). Accordingly,
the continued investigation of Cdk5 signaling could have myriad implications for human

health and disease and may shed light on evolutionarily conserved biological principles.

Here, we build upon prior reports (Connell-Crowley et al., 2000; Connell-Crowley
et al., 2007; Lin et al., 2007; Kissler et al., 2009; Trunova et al., 2011) to elucidate a role
for Cdk5 signaling at the fly NMJ, for which structural and functional characteristics are
well-described (Atwood et al., 1993; Jan and Jan, 1976). The genetic analysis of Cdk5

signaling is simplified by the use of Drosophila, which encodes only one Cdk5 activator,
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p35 (Connell-Crowley, et al., 2000; Trunova and Giniger, 2012), unlike in mammalian
models (Zheng et al., 1998; Ko et al., 2001). Moreover, null alleles of cdk5 (Kissler et
al., 2009) and p35 (Connell-Crowley et al., 2007), along with a well-studied dominant-
negative Cdk5 (Connell-Crowley et al., 2000), have been generated in Drosophila. As in
mammals (Lew et al., 1994; Tsai et al., 1994), p35 expression is also neural-specific in
Drosophila (Connell-Crowley et al., 2000; Robinson et al., 2013). By taking advantage
of this existing knowledge, we have uncovered roles for Cdk5 signaling in regulating the
apparent Ca?* cooperativity of neurotransmitter release, probability of neurotransmitter
release at physiological Ca?*, and steady-state synaptic transmission at the Drosophila
NMJ. Yet, we found no evidence to support a function for Cdk5 signaling in short-term
(Frank et al., 2006) or long-term (Petersen et al., 1997) homeostatic potentiation, RRP
size modulation (Schneggenburger et al., 1999; Weyhersmililler et al., 2011; Muller et
al., 2012), or synaptic vesicle trafficking (Locke et al., 2006; Ou et al., 2010; Park et al.,
2011). We have also replicated a study of NMJ morphology in cdk5™! mutants (Kissler

et al., 2009) and examined null p352°¢ mutants (Connell-Crowley et al., 2007) in parallel.

As first noted in a previous study of cdk5" mutants (Kissler et al., 2009), genetic
ablation of Cdk5 has no substantial effect on synaptic transmission at Drosophila NMJs
in subphysiological Ca?* (Stewart et al., 1994) with low-frequency stimulation. However,
we discovered a significant impairment of neurotransmitter release at cdk5™!' NMJs from
recordings in low (0.2 mM) extracellular Ca?*, which yielded a shift in the apparent Ca?*
cooperativity of neurotransmitter release. Likewise, we discovered that the loss of Cdk5
in both null mutants, cdk5™!! (Kissler et al., 2009) and p352°¢ mutants (Connell-Crowley
et al., 2007), led to decreased neurotransmitter release probabilities from recordings in

physiological (1.5 mM) extracellular Ca?* (Stewart et al., 1994) with high-frequency (60-
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Hz) stimulation (Weyhersmiller et al., 2011; Muller et al., 2012; Gavifio et al., 2015). We
hypothesize that these changes in the Ca?*-dependence of neurotransmitter release are
due to direct effects of Cdk5 signaling on presynaptic voltage-gated Ca?* channels or to
indirect effects of Cdk5 signaling on the docking of synaptic vesicles near voltage-gated
Ca?* channels, as reported in the mouse hippocampus (Su et al., 2012). Hence, despite
Cdk5 being largely dispensable for synaptic transmission at the Drosophila NMJ (Kissler
et al., 2009), we suggest that Cdk5 influences neurotransmitter release under conditions
of very low release probability and in physiological conditions with repetitive stimulation.

We also provide evidence for presynaptic Cdk5 localization, consistent with these roles.

While more accurately simulating a physiological condition, recordings in voltage-
clamp (Zhang and Stewart, 2010; Miller et al., 2012) with physiological Ca?* (Stewart et
al., 1994) and high-frequency (60-Hz) stimulation allows one to estimate sizes of distinct
pools of synaptic vesicles (Weyhersmuiller et al., 2011; Miller et al., 2012; Gavifio et al.,
2015). Two synaptic vesicle pools, the RRP and reserve pool, underlie neurotransmitter
release at the fly NMJ (Kuromi and Kidokoro, 1998; Verstreken et al., 2005). Equivalent
“recycling” pools of synaptic vesicles have been defined in mammalian systems (Murthy
and Stevens, 1998; Gitler et al., 2004; Kim and Ryan, 2010; Verstegen et al., 2014). In
Drosophila and mammals, neurotransmitters are generally released from the RRP. Yet,
high-frequency stimulation depletes the RRP and unlocks neurotransmitter release from
the reserve pool. A phosphorylation target of Cdk5, synapsin (Matsubara et al., 1996), is
important for regulating reserve pool size in Drosophila (Akbergenova and Bykhovskaia,
2010; Denker et al., 2011) and mammals (Rosahl et al., 1995; Gitler et al., 2004). A role
for Cdk5 signaling in regulation of the reserve pool is implied by studies at hippocampal

synapses, which demonstrate that acute inhibition of Cdk5 enhances the recycling pool
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(the RRP and reserve pool) (Kim and Ryan, 2010) via loss of synapsin phosphorylation
(Verstegen et al., 2014). From our voltage-clamp recordings, we determined that loss of
Cdk5 had no significant effect on the RRP size at the Drosophila NMJ. Conversely, the
removal of Cdk5 or p35 led to a significant defect in steady-state synaptic transmission,
consistent with abnormal depletion of the reserve pool. Provided these data, we suggest

that Cdk5 plays an evolutionarily conserved role in the maintenance of the reserve pool.

It is important to note that our observed effects of Cdk5 signaling on organization
of synaptic vesicle pools at the Drosophila NMJ may be counter to expectations, based
on earlier reports in mammals. The acute inhibition of Cdk5 signaling correlated with an
enhancement of the recycling pool size at hippocampal synapses (Kim and Ryan, 2010;
Verstegen et al., 2014). Because the recycling pool includes the reserve pool, as well as
the RRP, one might have predicted an enlargement of both pools in Cdk5-deficient flies.
Although we saw a trend toward a larger RRP size at cdk5"' NMJs, our data indicate a
relative decrease in the reserve pool size. We also described a similar result from acute
inhibition of ATP analog-sensitive Cdk5 (Shah et al., 1997; Bishop et al., 2000; Krayhill
et al., 2002; Merrick et al., 2011). Hence, recycling pool size is apparently not enhanced
by the loss, chronic or acute, of Cdk5 signaling at fly NMJs. Regardless, it is tempting to
speculate that the altered composition of synaptic vesicle pools at Cdk5-deficient NMJs
is in some way related to the synapsin-dependent effects of Cdk5 signaling in mammals
(Kim and Ryan, 2010; Verstegen et al., 2014). In line with this hypothesis, a single gene
encodes various synapsin isoforms in Drosophila (Klagges et al., 1996). Furthermore, a
mass spectrometric analysis of these fly synapsin isoforms identified seven unique sites
of phosphorylation, two of which may be targeted by Cdk5 (Nuwal et al., 2011). A future

investigation of these synapsin isoforms in the context of Cdk5 signaling may clarify the
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relationship between these factors and the regulation of synaptic vesicle pool dynamics.

At hippocampal synapses, Cdk5 activity does not merely constrain recycling pool
size at baseline (Kim and Ryan, 2010; Verstegen et al., 2014). Instead, chronic activity
blockade with tetrodotoxin results in the degradation of Cdk5 (Kim and Ryan, 2010), a
concomitant decrease in the phosphorylation of synapsin (Verstegen et al., 2014), and a
homeostatic enhancement of recycling pool size. This Cdk5-dependent form of synaptic
plasticity, termed presynaptic homeostatic scaling (Kim and Ryan, 2010), is reminiscent
of homeostatic potentiation in Drosophila (Petersen et al., 1997; Frank et al., 2006), as
both phenomena are associated with enlargement of the recycling pool (Weyhersmuiller
et al., 2011; Muller et al., 2012). Hence, we hypothesized that homeostatic potentiation
in Drosophila would be occluded by the loss of Cdk5 signaling, as the RRP might resist
further modulation in response to decreased glutamate sensitivity. Moreover, removal of
Cdk5 activity was also found to enhance (Kim and Ryan, 2013) or contradictorily reduce
(Su et al., 2012) presynaptic Ca?* influx in the hippocampus. In addition to enlargement
of the RRP (Weyhersmiller et al., 2011; Mdller et al., 2012), homeostatic potentiation at
fly NMJs also depends on an enhancement of presynaptic Ca?* influx (Muller and Dawvis,
2012). Thus, we hypothesized that homeostatic potentiation in Drosophila might also be
occluded or impaired by an inability to modulate presynaptic Ca?* influx in the absence
of Cdk5 signaling. It was also plausible that Cdk5 signaling could be essential for either
short-term homeostatic potentiation, induced by PhTx (Frank et al., 2006; Dickman et
al., 2009), or long-term homeostatic potentiation, induced by genetic ablation of GIuRIIA
(Petersen et al., 1997). However, despite its great potential to participate in homeostatic
potentiation, we demonstrate that Cdk5 signaling is dispensable for both short-term and

long-term forms of this phenomenon under subphysiological or physiological conditions.
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The lack of a requirement for Cdk5 signaling in homeostatic potentiation points to
a more considerable degree of robustness in the homeostat than previously recognized.
With genetic and pharmacological disruption of Cdk5 signaling, we present evidence for
Cdk5-mediated regulation of the Ca?*-dependence of neurotransmitter release, synaptic
depression, and glutamate receptor composition. We have also confirmed that removal
of Cdk5 signaling leads to abnormal NMJ morphogenesis, as first reported in an earlier
study (Kissler et al., 2009). Our results are in accordance with those of previous studies,
which suggest that homeostatic potentiation can occur normally in the presence of NMJ
growth deficits and aberrant synaptic transmission (Goold and Davis, 2007; Dickman et
al., 2009). Yet, our data facilitate these earlier findings by showing that reduced release
probability and weakened steady-state transmission do not necessarily interfere with the
mechanisms of homeostatic potentiation. Notably, an inverse correlation between NMJ
size and active zone density in null Cdk5 signaling mutants may indicate the expression
of hyperinnervation-dependent cell autonomous (Schuster et al., 1996) or target-specific
(Davis and Goodman, 1998) regulatory mechanisms. If so, then our results would imply
that homeostatic potentiation and presynaptic structural plasticity (Schuster et al., 1996;

Davis and Goodman, 1998) may be carried out spatiotemporally at the same synapses.

Upon comparing and contrasting the roles of Cdk5 signaling at Drosophila NMJs
and mammalian synapses, our data raise questions about the evolutionary conservation
of synaptic transmission and homeostatic plasticity. Our noted effects of Cdk5 signaling
loss on the Ca?*-dependence of neurotransmitter release (Tomizawa et al., 2002; Su et
al., 2012), the reorganization of synaptic vesicle pools (Kim and Ryan, 2010; Verstegen
et al., 2014), and the composition of glutamate receptors (Hawasli et al., 2007; Seeburg

et al., 2008; Bianchetta et al., 2011; Lai et al., 2012) are consistent with some degree of
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evolutionary conservation from invertebrates to vertebrates. Reports that Cdk5 signaling
also directs axon guidance in mammals (Kwon et al., 1999; Ledda et al., 2000) and flies
(Connell-Crowley et al., 2000) similarly point to evolutionary conservation in the nervous
system. In contrast, Cdk5 signaling is not necessary for a homeostatic enhancement of
neurotransmitter release at fly NMJs, despite being required in a similar phenomenon at
hippocampal synapses (Kim and Ryan, 2010; Verstegen et al., 2014). Thus, presynaptic
homeostatic scaling (Kim and Ryan, 2010) and fly homeostatic potentiation (Petersen et
al., 1997; Frank et al., 2006) are separable processes. Future studies into the molecular
mechanisms underlying each phenomenon may determine if other components of these
homeostats are shared, or if vertebrate and invertebrate synapses convergently evolved
distinct homeostats with superficially similar characteristics. A more reductionist study of
a compensatory enhancement of acetylcholine release at myasthenic mammalian NMJs
(Cull-Candy et al., 1980; Plomp et al., 1992; Plomp et al., 1995; Sandrock et al., 1997)
may also illuminate shared molecular mechanisms of homeostatic plasticity. Intriguingly,
Munc18, which was shown to be a phosphorylation target of Cdk5 (Shuang et al., 1998;
Fletcher et al., 1999; Lilja et al., 2004), is one of the few synaptic proteins necessary for
homeostatic compensation in response to myasthenia gravis (Sons et al., 2003; Sons et
al., 2006). Perhaps utilizing an ATP analog-sensitive Cdk5 (Shah et al., 1997; Bishop et
al., 2000; Krayhbill et al., 2002; Merrick et al., 2011) in homeostatically regulated neurons
to catalog substrates, as done with other synaptic kinases (Ultanir et al., 2012; Ultanir et
al., 2014), would further an understanding of the evolution of homeostatic plasticity. The
enigmatic nature of Cdk5 signaling in homeostatic plasticity and synaptic transmission is

beginning to be revealed. Our study is one of many steps to come in this critical journey.
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Materials and Methods

Fly stocks and genetics

Fly stocks were maintained at 22-25° C on normal food. For pan-neuronal transgene
expression, we used elave'>>-Gal4 on the first (X) chromosome, as previously described
(Lin and Goodman, 1994). For transgene expression in muscles, we used BG57-Gal4
(Budnik et al., 1996) or MHC-Gal4 (Lin and Goodman, 1994) on the third chromosome.
For long-term homeostatic potentiation experiments, we used GIURIIASP® (Petersen et
al., 1997). The cdk5"" mutant and UAS-cdk5 transgenic line were kindly provided by
Beat Suter (University of Bern, Bern, Switzerland). The p352°¢ mutant, Df(p35)°? (p35
deficiency), UAS-cdk5PN-FLAG transgenic line, and UAS-p35 transgenic line were kind
gifts from Edward Giniger (National Institutes of Health, Bethesda, MD). The UAS-cdk54S
transgenic line, used for acute inhibition of Cdk5 with an ATP analog (1-NM-PP1), was
generated by mutating the phenylalanine residue at position 80 to glycine, as described
(Kraybill et al., 2002; Merrick et al., 2011; Horiuchi et al., 2012). All other fly stocks not
created in our laboratory were obtained from the Bloomington Drosophila Stock Center
at Indiana University (Bloomington, IN). Standard first (X), second, and third balancer
chromosomes and genetic strategies were used for crosses and for maintaining mutant

lines. “Wild type” refers to w1,
Electrophysiology

Recordings were obtained from muscle 6 in abdominal segment 2 or 3 of wandering
third instar larvae with an AxoPatch 200B (for current-clamp recordings) or an Axoclamp

2B (for two-electrode voltage-clamp recordings), as previously described (Mdller et al.,
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2012). Recordings were made in modified HL3 saline at specified calcium
concentrations (see figures and text) with the following components (and
concentrations): NaCl (70 mM), KCI (5 mM), MgClz (10 mM), NaHCOs3 (10 mM), sucrose
(115 mM), trehalose (5 mM), HEPES pH 7.2 (5 mM), and CaClz (0.4 mM for current-
clamp recordings and 1.5 mM for two-electrode voltage-clamp recordings). For acute
homeostatic challenge, semi-intact preparations with the CNS, fat, and gut intact were
perfused with philanthotoxin-433 (PhTx; Sigma-Aldrich). PhTx was prepared as a stock
solution (5 mM in ddH20) and diluted in HL3 saline to 15 pyM. Following a ten-minute
incubation period, the dissections were completed, and the preparations were rinsed
and assayed. For acute inhibition of an analog-sensitive Cdk5, elav®'®>-Gal4; cdk5™!;
UAS-cdk5896/+ (“cdk5”S") semi-intact preparations, as above, were bathed in 100 uM
1-NM-PP1 (Kevan Shokat lab) in the absence or presence of PhTx, as indicated, for ten
minutes. The cdk5S preparations were also treated with 100 uM 1-NM-PP1 prior to
bath application of PhTx to ensure inhibition of the analog-sensitive Cdk5 at the earliest
stages of homeostatic potentiation. As above, dissections were completed after a ten-
minute incubation period in PhTx, and the preparations were rinsed and assayed in the
presence of additional 100 uM 1-NM-PP1 to ensure inhibition of the analog-sensitive
Cdk5 after the induction of homeostatic potentiation. Muscle input resistance (Rin) was
monitored at the beginning and end of each recording. Recordings were excluded if Rin
changed by more than 20%. The average single action potential-evoked EJP amplitude
(stimulus duration, 3 ms) or EJC amplitude (stimulus duration, 1 ms) for each recording
is based on the mean peak EJP amplitudes or EJC amplitudes in response to thirty

presynaptic stimuli. Quantal content was estimated for each current-clamp recording by
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calculating the average EJP/average mEJP, corrected for nonlinear summation (Martin,
1955) when noted, and subsequently averaging across all NMJs for a given genotype.
To determine the apparent size of the readily-releasable pool (RRP), we applied the
method of cumulative EJC amplitudes (Muller et al., 2012; Schneggenburger et al.,
1999; Weyhersmuller et al., 2011). Muscles were clamped to -65 mV, and EJC
amplitudes during a stimulus train (60 Hz, thirty stimuli) were calculated as the
difference between peak and baseline before stimulus onset of a given EJC, as
previously described (Muller et al., 2012). The number of release-ready vesicles was
obtained by back-extrapolating a line fit to the linear phase of the cumulative EJC plot
(the last 200 ms of a train) to time zero and dividing the cumulative EJC amplitude at
time zero by the mean mEJP amplitude recorded in the same cell (Muller et al., 2012).
All data for homeostatic challenge experiments in current-clamp (with PhTx or GIuRIIA")

were collected, analyzed, and submitted with the experimenter blind to genotype.
Immunocytochemistry

Wandering third instar larvae were dissected in 0 Ca?* HL3 saline and fixed. For
deconvolution microscopy, fixation was performed with Bouin’s fixative (Sigma-Aldrich)
for two minutes or with paraformaldehyde (USB Corporation) for fifteen minutes. For
structured illumination microscopy, fixation was performed with ice-cold 100% ethanol
(Gold Shield) for five minutes. Larvae were washed briefly and incubated overnight at 4°
C in primary antibody, washed the next day, and incubated in fluorescently conjugated
secondary antibodies for two hours at room temperature. The following primary
antibodies were used at the indicated dilutions: mouse anti-GluRIIA (8B4D2): 1:100

(Developmental Studies Hybridoma Bank); rabbit anti-GIuRIIB: 1:2,500 (Marrus et al.,
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2004); rabbit anti-GIuRIIC: 1:2,500 (Marrus et al., 2004); mouse anti-Brp (nc82): 1:100
(Wagh et al., 2006); rabbit anti-DIg: 1:10,000 (Lahey et al., 1994); mouse anti-CSP
(DCSP-2): 1:250 (Zinsmaier et al., 1994); rabbit anti-Synaptotagmin 1: 1:1000 (Littleton
et al., 1993); mouse anti-FLAG M2: 1:200 (Sigma-Aldrich); mouse anti-Fasll (1D4): 1:10
(Van Vactor et al., 1993). Antibodies against fly GluRs were used with Bouin’s fixation.
Antibodies against CSP, Synaptotagmin 1, and FLAG were used with paraformaldehyde
fixation. Alexa-conjugated secondary antibodies and directly conjugated goat anti-HRP
(Jackson Immunoresearch Laboratories, Molecular Probes) were used at 1:400. Larval
preparations were mounted in Vectashield (Vector). For deconvolution microscopy,
larval preparations were imaged at room temperature using an Axiovert 200 (Zeiss)
inverted microscope, a 100x Plan Apochromat objective (aperture 1.4), and a cooled
CCD camera (Coolsnap HQ, Roper). Intelligent Imaging Innovations (3i) SlideBook 5
software was used to capture, deconvolve, and analyze images. NMJ areas were
defined by Discs large (DIg) staining. Only type Ib boutons were considered in our
analysis of NMJ-growth parameters, consistent with other studies (Kissler et al., 2009;
Cheng et al., 2011). Type Ib and type Is boutons were distinguished by intensity of Dig
staining and bouton size (Bhogal et al., 2011). Active zone numbers were counted by
manually editing empty masks with pencil tools in SlideBook 5. Antibody
immunofluorescence levels were quantified as previously described (Heckscher et al.,
2007). Synaptic levels of Fasll were quantified at type 1b boutons of muscle 4 NMJs.
For structured illumination microscopy, larval preparations were imaged at room
temperature using an ELYRA PS.1 system with an inverted LSM-710 microscope, a 63x

(1.4 NA) Plan-Apochromat objective (Carl Zeiss), and an Andor iXon 885 EMCCD
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camera. Lateral resolution was ~ 110 nm, and axial resolution was ~300 nm. Z-stacks of
whole NMJs at muscle 4 and muscle 6/7 were acquired and analyzed using Fiji and

Igor, as previously described (Mdller et al., 2012).
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Figures

Figure 1. Cdk5 signaling is dispensable for short-term homeostatic potentiation.
(A) Average mEJP amplitudes for indicated genotypes in saline (black) or saline with
PhTx (white). w18 (- PhTx), n = 22; w18 (+ PhTx), n = 16; cdk5™ (- PhTx), n = 18;
cdk5™! (+ PhTx), n = 18; p352°¢/Df(p35)°? (- PhTx), n = 15; p352°¢/Df(p35)¢2 (+ PhTx), n
= 13; cdk5PN (- PhTx), n = 10; cdk5PN (+ PhTx), n = 21. PhTx treatment significantly
reduced mEJP amplitudes, compared to baseline, in all genotypes (p < 0.01). Baseline
mEJP amplitudes of cdk5™! (p = 0.33), p352°¢/Df(p35)©? (p = 0.21), and cdk5°N (p =
0.80) were similar to wild type. (B) Average EJP amplitude, as in (A). EJP amplitudes of
PhTx and control group were similar in wild type (p = 0.33), cdk5™ (p = 0.80), and
cdk5PN (p = 0.06), but differed slightly in p352°¢/Df(p35)©? (p = 0.01). Baseline EJP
amplitudes of cdk5™!" (p = 0.82) and cdk5PN (p = 0.13) were similar to wild type, but
differed slightly from wild type in p352°¢/Df(p35)°? (p = 0.02). (C) Average quantal
content, as in (A). PhTx treatment induced an increase in quantal content, compared to
baseline, in all genotypes (p < 0.01). Baseline quantal contents of cdk5™ (p = 0.31),
p352°¢/Df(p35)°? (p = 0.79), and cdk5PN (p = 0.09) were similar to wild type. All data
represent mean = SEM. (D) Sample traces showing EJP and mEJP amplitudes for wild
type in the presence and absence of PhTx (red and black, respectively). (E) Sample
traces for cdk5™"!, as in (D). (F) Sample traces for p352°¢/Df(p35)©?, as in (D). Scale
bars for EJPs = 5 mV, vertical, and 50 ms, horizontal. Scale bars for mEJPs =2 mV,

vertical, and 1 s, horizontal.
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Figure 2. Cdk5 signaling is dispensable for long-term homeostatic potentiation.
(A) Average mEJP amplitudes for indicated control (black) or GIURIA- (GIURIIASP6)
genotypes (white). w18 (GIuRIIA*Y), n = 22; GIURIIA", n = 14; cdk5™" (GIuRIIA*), n = 18;
cdk5™! GIURIIA-, n = 17. Genetic ablation of GIuRIIA significantly reduced mEJP
amplitudes, compared to baseline, in both genotypes (p < 0.01). (B) Average EJP
amplitude, as in (A). EJP amplitudes of GluRIIA and control group were slightly different
in wild type (p < 0.01) and in cdk5™" (p < 0.01). (C) Average quantal content, as in (A).
GluRIIA" strongly enhanced quantal content, compared to baseline, in all genotypes (p <
0.01). All data represent mean = SEM. (D) Sample traces showing EJP and mEJP
amplitudes for wild type (GIuRIIA*) and GIuRIIA" (black and red, respectively). (E)
Sample traces for cdk5™!, as in (D). Scale bars for EJPs = 5 mV, vertical, and 50 ms,

horizontal. Scale bars for mEJPs = 2 mV, vertical, and 1 s, horizontal.
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Figure 3. Cdk5 affects the apparent Ca?* cooperativity of neurotransmitter release
and localizes to presynaptic nerve terminals. (A) Quantal content in wild type and
cdk5™!" (black and red, respectively) as a function of extracellular calcium concentration.
Data are corrected for nonlinear summation. (B) FLAG-Cdk5 (CDKS5; green) and
Synaptotagmin 1 (SYTL; purple) in presynaptic nerve terminals of wild type animals,
expressing UAS-cdk5PN-FLAG, at muscle 6/7. Scale bar = 5 ym. (C) Sample traces
showing EJP and mEJP amplitudes for wild type and cdk5™" in 0.2 mM Ca?*. Scale
bars for EJPs = 5 mV, vertical, and 50 ms, horizontal. Scale bars for mEJPs =2 mV,

vertical, and 1 s, horizontal.
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Figure 4. Cdk5 is not required for the modulation of RRP size during homeostatic
potentiation, but contributes to neurotransmitter release at physiological Ca?*. (A)
Average mEJP amplitudes for indicated control (black) or GIURIA- (GIURIIASP6)
genotypes (white). w8 (GIURIIA*), n = 9; GIURIIA", n = 8; cdk5™! (GIURIIA*), n = 16;
cdk5™! GIuRIIA-, n = 12. Genetic ablation of GIuRIIA significantly reduced mEJP
amplitudes, compared to baseline, in both genotypes (p < 0.01). Baseline mEJP
amplitudes of cdk5"" were similar to wild type (p = 0.12). (B) Average cumulative (cum.)
EJC amplitude, as in (A). Cumulative EJC amplitudes of GIuRIIA and control group
were similar in wild type (p = 0.32) and in cdk5™" (p = 0.12). Baseline cumulative EJC
amplitudes of cdk5"" were significantly increased, compared to wild type (p < 0.01). (C)
Average estimated RRP size, as in (A). GIuRIIA  strongly enhanced RRP size,
compared to baseline, in wild type and in cdk5™" (p < 0.01). Baseline RRP sizes of
cdk5™!" were not significantly different from wild type (p = 0.20). (D) Sample traces
showing EJC amplitudes, evoked by 60-Hz stimulation in 1.5 mM Ca?*, for wild type
(GIURIIAY) (top, black) and GIuRIIA- (bottom, red). (E) Sample traces for cdk5™!, as in
(D). Scale bars = 100 nA, vertical, and 50 ms, horizontal. (F) Average amplitudes of the
final (30"") EJCs in 60-Hz trains were significantly smaller in cdk5"", compared to wild
type (p = 0.02). (G) Depression over the first ten stimuli of the 60-Hz trains did not differ
significantly between wild type and cdk5™!' (p = 0.08). However, cdk5™!' mutants showed
significantly enhanced depression at the ends (EJCfina/EJCinitia) Of 60-Hz trains,

compared to wild type (p < 0.01). All data represent mean + SEM.
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Figure 5. p35 is not necessary for the modulation of RRP size during homeostatic
potentiation, but contributes to neurotransmitter release at physiological Ca?*. (A)
Average mEJP amplitudes for indicated wild type, p352°¢, or GIURIIA" (GIuRIIASP16)
genotypes. w18 n = 9; p352°C, n = 11; GIuRIIA", n = 8. Genetic ablation of p35 and
GluRIIA significantly reduced mEJP amplitudes, compared to wild type, in both
genotypes (p < 0.01). (B) Average cumulative (cum.) EJC amplitude, as in (A).
Cumulative EJC amplitudes of p352°C (p = 0.39) and GIuRIIA" (p = 0.32) were similar to
wild type. (C) Average estimated RRP size, as in (A). Estimated RRP sizes of p352°¢
and GIuRIIA- were significantly enhanced, compared to wild type (p < 0.01). (D)
Average amplitudes of the final (30™") EJCs in 60-Hz trains were significantly smaller in
p352°C, compared to wild type (p < 0.01) and GIuRIIA (p < 0.01). (E) Depression over
the first ten stimuli of the 60-Hz trains was significantly enhanced in p352°¢, compared
to wild type (p < 0.01) and GIUuRIIA" (p < 0.01). Similarly, p352°¢ null mutants exhibited
significantly enhanced depression at the ends (EJCiina/EJCinitial) Of 60-Hz trains, relative

to wild type (p < 0.01) and GIuRIIA" (p < 0.01). All data represent mean + SEM.
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Figure 6. Effects of Cdk5 signaling on postsynaptic glutamate receptor
composition. (A-C) Wild type (A), cdk5™! (B), and p352°¢ (C) NMJs (muscle 4)
costained with antibodies to GIuRIIA (green) and GIuRIIB (purple). Scale bars =5 pm.
(D) Quantification of GIuRIIA fluorescence intensity at muscles 6/7 and 4 comparing
w18 (n = 16 and 23), cdk5™" (n = 16 and 24) (p < 0.01 and < 0.01, Student’s t test),
and p352°¢ (n = 15 and 23) (p < 0.01 and < 0.01, Student’s t test). (E) Quantification of
GIuRIIB fluorescence intensity at muscles 6/7 and 4 comparing w'*® (n = 16 and 23),
cdk5™!" (n = 16 and 24) (p < 0.01 and < 0.01, Student’s t test), and p35%°C (n = 15 and
23) (p <0.01 and < 0.01, Student’s t test). (F) Quantification of GIuRIIC fluorescence
intensity at muscles 6/7 and 4 comparing w8 (n = 12 and 16), cdk5™" (n = 12 and 16)
(p = 0.62 and 0.88, Student’s t test), and p352°¢ (n = 16 and 17) (p < 0.01 and < 0.01,

Student’s t test). All data represent mean + SEM.
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Figure 7. Effects of Cdk5 on synaptic vesicle protein levels. (A) Average synaptic
fluorescence intensity of Synaptotagmin 1 (Sytl) at muscle 6/7 of w8 (n = 16), cdk5"!
(n = 15; p = 0.09, Student’s t test), and p352°C (n = 16; p = 0.01, Student’s t test). (B)
Average synaptic fluorescence intensity of cysteine string protein (CSP) at muscle 6/7
of w8 (n = 16), cdk5™!" (n = 15; p = 0.10, Student’s t test), and p35%°¢ (n = 16; p =
0.49, Student’s t test). (C-D) Sytl (green) and CSP (purple) in presynaptic nerve

terminals of w18 (C) and cdk5™!" (D) at muscle 6/7. Scale bar = 5 uym. All data represent

mean = SEM.
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Figure 8. Effects of Cdk5 signaling on NMJ morphology. (A-C) Wild type (A),
cdk5™!" (B), and p352°C (C) NMJs (muscle 4) costained with antibodies to Discs large
(purple; DLG) and Bruchpilot (green; nc82). Scale bars =5 pm. (D) Quantification of
bouton number at muscles 6/7 and 4 comparing w18 (n = 12 and 18), cdk5"" (n = 16
and 23) (p < 0.05 and < 0.01, Student’s t test), and p352°¢ (n = 16 and 24) (p = 0.17 and
< 0.01, Student’s t test). (E) Quantification of nc82 puncta per NMJ at muscles 6/7 and 4
comparing w18 (n = 12 and 18), cdk5™!" (n = 16 and 23) (p = 0.35 and < 0.05,
Student’s t test), and p352°C (n = 16 and 24) (p = 0.72 and < 0.01, Student’s t test). (F)
Quantification of nc82 puncta density per NMJ at muscles 6/7 and 4 comparing w8 (n
=12 and 18), cdk5™" (n = 16 and 23) (p < 0.01 and < 0.01, Student’s t test), and p352°¢

(n =16 and 24) (p < 0.01 and < 0.01, Student’s t test). All data represent mean + SEM.
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Figure 9. Effects of Cdk5 signaling on active zone morphology. (A-C) Structured
illumination images of wild type (A), cdk5™"!" (B), and p352°¢ (C) NMJs (muscle 4)
stained with anti-Bruchpilot (green; nc82). Scale bars = 0.5 ym. (D) Fluorescence
intensity line profiles through all planar Brp puncta of a representative cdk5™! NMJ.
Individual line profiles and the average line profile are shown in gray and black,
respectively. (E-F) Cumulative frequency plot of cdk5™! (E) and p352°C (F) Brp ring
diameters at half maximum, the distance between two points at 50% of peak
fluorescence intensity, as determined by structured illumination microscopy. (G)
Fluorescence intensity line profiles through all planar Brp puncta of a representative
cdk5™"' NMJ. Individual line profiles are shown in gray and are normalized to the
respective peak fluorescence. Diameter at half maximum is the distance between two
points at 50% of the peak fluorescence (black crosses). Peak-to-peak diameter of a line
profile was calculated as the distance between the two peaks of the intensity profile
(black circles). (H) Average of average peak-to-peak diameters of Brp puncta at
muscles 6/7 and 4 of w18 (n = 9 and 9), cdk5"" (n =9 and 11; p = 0.06 and 0.02,
Student’s t test), and p352°C (n =9 and 8; p = 0.51 and < 0.01, Student’s t test) NMJs.
(I) Average of average diameters at half maximum of Brp puncta at muscles 6/7 and 4
of w18 (n =9 and 9), cdk5™" (n = 9 and 11; p = 0.05 and 0.03, Student’s t test), and
p35%°¢ (n =9 and 8; p = 0.87 and < 0.01, Student’s t test) NMJs. All data represent

mean = SEM.
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Figure 10. Acute inhibition of Cdk5 does not affect the modulation of RRP size
during homeostatic potentiation, but perturbs neurotransmitter release at
physiological Ca?*. (A) Average mEJP amplitudes for indicated genotypes in saline
(black) or saline with PhTx (white). Here, “cdk5”S" refers to elave®>-Gal4; cdk5™!": UAS-
cdk589G/+ Wild type (- PhTx), n = 9; wild type (+ PhTx), n = 8; cdk5”S (- PhTx), n = 13;
cdk54S (+ PhTx), n = 7. PhTx treatment significantly reduced mEJP amplitudes,
compared to baseline, in all genotypes (p < 0.01). Baseline mEJP amplitudes of cdk5AS
(p = 0.35) were similar to wild type. (B) Average cumulative (cum.) EJC amplitude, as in
(A). Cumulative EJC amplitudes of PhTx and control group were similar in wild type (p =
0.06) and in cdk5”S (p = 0.33). Baseline cumulative EJC amplitudes of cdk5%S were
significantly increased, compared to wild type (p < 0.01). (C) Average estimated RRP
size, as in (A). PhTx treatment strongly enhanced RRP size, compared to baseline, in
wild type and in cdk5”S (p < 0.01). Baseline RRP sizes of cdk54S were not significantly
different from wild type (p = 0.07). (D) Sample traces showing EJC amplitudes, evoked
by 60-Hz stimulation in 1.5 mM Ca?*, for wild type in the absence (top, black) and
presence of PhTx (bottom, red). (E) Sample traces for cdk5”S, as in (D). Scale bars =
100 nA, vertical, and 50 ms, horizontal. (F) Average amplitudes of the final (30") EJCs
in 60-Hz trains did not differ significantly between wild type and cdk5%S (p = 0.47). (G)
Depression over the first ten stimuli of the 60-Hz trains did not differ significantly
between wild type and cdk5”S (p = 0.58). However, cdk5%S mutants showed significantly
enhanced depression at the ends (EJCfina/EJCinitia) Of 60-Hz trains, compared to wild

type (p = 0.02). All data represent mean + SEM.
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