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Abstract

Homeostatic signaling systems are fundamental forms of biological regulation that maintain stable functionality in a chang-
ing environment. In the nervous system, synapses are crucial substrates for homeostatic modulation, serving to establish,
maintain, and modify the balance of excitation and inhibition. Synapses must be sufficiently flexible to enable the plastic-
ity required for learning and memory but also endowed with the stability to last a lifetime. In response to the processes of
development, growth, remodeling, aging, and disease that challenge synapses, latent forms of adaptive plasticity become
activated to maintain synaptic stability. In recent years, new insights into the homeostatic control of synaptic function have
been achieved using the powerful Drosophila neuromuscular junction (NMJ). This review will focus on work over the past
10 years that has illuminated the cellular and molecular mechanisms of five homeostats that operate at the fly NMJ. These
homeostats adapt to loss of postsynaptic neurotransmitter receptor functionality, glutamate imbalance, axonal injury, as well
as aberrant synaptic growth and target innervation. These diverse homeostats work independently yet can be simultaneously
expressed to balance neurotransmission. Growing evidence from this model glutamatergic synapse suggests these ancient
homeostatic signaling systems emerged early in evolution and are fundamental forms of plasticity that also function to sta-

bilize mammalian cholinergic NMJs and glutamatergic central synapses.
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Introduction

Homeostatic plasticity is a fundamental form of physiologi-
cal regulation that strives to maintain neural activity within
optimal ranges by altering diverse aspects of neuronal struc-
ture and function. Synapses are fundamental units of nerv-
ous system function and as such are major substrates for
homeostatic modulation. Underscoring the importance of
these processes, improper homeostatic regulation of syn-
apses is associated with a variety of neurological, neuropsy-
chiatric, and neurodegenerative diseases [1-4]. Evidence for
the homeostatic control of synaptic function has been dem-
onstrated in the central and peripheral nervous systems of
diverse organisms, from invertebrate flies and crustaceans to
rodents and humans. In these systems, homeostatic synaptic
plasticity operates across temporal scales from seconds to
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days and can target distinct processes in pre- and postsyn-
aptic compartments to enable stable intrinsic, synaptic, and
circuit activity. Although several molecules and pathways
have been identified to function in specific forms of adap-
tive synaptic plasticity, fundamental questions about synap-
tic homeostats remain enigmatic, including how they sense
the state of the system to detect deviations from set point
levels of activity and how intrinsic, anterograde, and retro-
grade homeostatic signaling systems are embedded within
a broader synaptic dialogue.

The Drosophila larval neuromuscular junction (NMJ)
has been established as a premiere model system to illumi-
nate the genes and mechanisms that orchestrate homeostatic
synaptic plasticity (Fig. 1). Beyond the genetic tractability,
advanced electrophysiological methods, and quantitative
imaging approaches that are well known in this system, there
are features of this synapse that render it particularly attrac-
tive for studies of synaptic homeostasis. First, the fly NMJ
is a model glutamatergic synapse, with a high degree of
conservation in the fundamental machinery and challenges
that constitute and confront glutamatergic synapses in the
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Fig. 1 Synaptic structure and function at the Drosophila NMJ. a
Schematic illustrating the third instar Drosophila larvae dissected
to expose the repeated segmented musculature and the brain (top,
black) with motor nerves innervating each muscle hemi-segment.
Inset: schematic of the NMJ at muscles 6 and 7. Note that two dif-
ferent motor neurons, the tonic Ib and phasic Is, each bifurcate to
innervate both muscles. b Schematic of the fly NMJ preparation used
to record electrophysiological signals. Excitatory postsynaptic poten-
tials (EPSPs) are evoked using a stimulating electrode connected to
the motor nerve (above), while a recording electrode connected to
an amplifier detects spontaneous miniature excitatory postsynap-
tic potentials (mEPSPs) and EPSPs. Example traces of EPSP and
mEPSP events are shown to the right. ¢ Confocal image of the muscle
6/7 NMIJ immunostained with a neuronal membrane marker (HRP,
blue) and a postsynaptic density marker (DLG, magenta) that labels
synapses made at Ib NMJs. A transgene expressing the green fluores-
cent protein (GFP, green) is driven specifically in the Is motor neu-
ron. Right: high-resolution confocal image of NMJs immunostained
with the presynaptic active zone scaffold BRP (green), the postsyn-
aptic glutamate receptor subunit GluRIII (magenta), and the neuronal
membrane marker HRP (white)

mammalian central nervous system [5]. Second, because
reliable muscle contraction is central to behavior and sur-
vival, the NM]J is built for stability. Thus, the NMJ has been
engineered by evolution to adapt to a variety of diverse chal-
lenges to ensure robust muscle contraction. Importantly,
these responses can be clearly defined as “homeostatic” and
distinguished from other forms of Hebbian and short-term
plasticity, which can be difficult to cleanly separate at central
synapses. Third, the NMJ is a powerful model for study-
ing neuronal injury and neurodegeneration, where forward
genetic screens have discovered fundamental pathways that
mediate signaling during injury and degeneration. Further,
models for NMJ diseases such as amyotrophic lateral scle-
rosis (ALS) and spinal muscular atrophy (SMA) have been
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developed at the Drosophila NMJ [6-8]. Finally, the stereo-
typical size and structure of presynaptic active zones and
postsynaptic glutamate receptor fields, immense growth, and
diversity of motor inputs make the Drosophila NMJ uniquely
powerful for investigating homeostatic adaptations to syn-
aptic structure and function. One well-established form of
homeostatic plasticity, referred to as presynaptic homeo-
static potentiation, has been studied for over 20 years at the
fly NMJ [9, 10]. However, new homeostats have recently
been revealed that can work in isolation or in combination
to robustly stabilize synaptic strength at the fly NMJ.

This review will focus on recent advances in our under-
standing of the phenomenology, design, and cellular, molec-
ular, and physiological mechanisms of synaptic homeostats
that operate at the Drosophila NMJ. We will focus on high-
lighting key advances, enduring controversies, and outstand-
ing questions in the best understood homeostat at the fly
NMIJ—presynaptic homeostatic potentiation. We will then
introduce and discuss advances made in our understanding
of four additional homeostats that have emerged from work
using the Drosophila NMJ over the past five years. Lastly,
we will briefly discuss how these homeostats operate inde-
pendently and in conjunction to stabilize synaptic function
over both acute and chronic time scales, and end with major
open questions and future targets of investigation that will
continue to drive new insights in this system to illuminate
fundamental principles of relevance to many systems.

Presynaptic homeostatic potentiation (PHP)

A robust model of homeostatic synaptic plasticity has been
established at the Drosophila NMJ over the past 20 years.
Here, genetic and pharmacological manipulations that
reduce postsynaptic glutamate receptor (GluR) functionality
trigger a trans-synaptic, retrograde signal to the presynaptic
neuron. This signal in turn instructs the neuron to precisely
increase presynaptic neurotransmitter release, offsetting
diminished postsynaptic sensitivity and maintaining sta-
ble muscle excitability and synaptic strength (Fig. 2). This
process, referred to as presynaptic homeostatic potentiation
(PHP), parallels similar processes observed at the NMJs of
rodents [11-13] as well as humans [14, 15]. Importantly, this
same phenomenon has recently been demonstrated in the
mammalian central nervous system [16]. PHP was initially
discovered in the course of characterizing the postsynaptic
GluRs that drive muscle contraction at the fly NMJ. These
GluRs show homology to kainate-type excitatory ionotropic
GluRs and consist of two receptor subtypes composed of
the essential GIuRIIC, GIuRIID, and GIuRIIE subunits and
either GIuRIIA (“A type”) or GIuRIIB (“B type”) subunits
[17, 18]. “A type” GluRs drive most of the current during
synaptic transmission at the NMJ, while “B type” GluRs
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Fig.2 Presynaptic homeostatic potentiation at the Drosophila NMJ.
Schematic illustrating presynaptic homeostatic potentiation (PHP)
as modeled at the Drosophila NMJ. Homeostat: baseline synaptic
transmission is shown with representative electrophysiological traces
of miniature excitatory postsynaptic potentials (mEPSPs) and an
evoked excitatory postsynaptic potential (EPSP), a measure of syn-
aptic strength. Stress: when postsynaptic glutamate receptor (GluR)
functionality is diminished following acute pharmacological block-
ade with philanthotoxin-433 (PhTx) or chronic genetic loss of the

rapidly desensitize [19, 20]. In Drosophila mutations of the
GIuRIIA receptor subunit, spontaneous neurotransmission
was reduced, but evoked synaptic strength was maintained
due to what is now referred to as PHP [10]. Over the fol-
lowing two decades, significant insights have been achieved
in identifying key genes and mechanisms involved in PHP
expression in Drosophila [9, 21, 22], where forward genetic
screening approaches have identified ~25 genes, have been
found that function in the presynaptic neuron to be neces-
sary for PHP expression [23, 24]. These genes function to
homeostatically modulate at least two key presynaptic pro-
cesses that enhance neurotransmitter secretion: increases in
(1) presynaptic Ca2* influx and (2) the size of the readily
releasable vesicle pool [25, 26]. This work has established a
strong foundation to understand how presynaptic neurotrans-
mitter release is adaptively increased following the reception
of retrograde signaling from the postsynaptic compartment.
Candidate retrograde signals have also been proposed [27,
28], although much remains to be learned before the nature
of retrograde signaling can be confirmed and integrated into
what is known about PHP. Several recent reviews have more
fully covered these topics [9, 22] and will not be discussed
further here. However, important advances have been made
in understanding four fundamental questions about PHP
signaling: (1) How is PHP signaling itself initiated in the
postsynaptic muscle? (2) Is active zone structure a target for
PHP modulation? (3) Is PHP input, target, and/or synapse
specific? (4) How do acute vs chronic PHP signaling differ?

10 min

Homeostatic increase in
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compensates for reduced
postsynaptic excitation

GIuRIIA subunit, mEPSP amplitude (quantal size) is reduced, with
a corresponding decrease in synaptic strength. Adaptation: how-
ever, over both acute and chronic time scales, EPSP amplitudes are
restored to baseline values despite continued diminishment of GluR
functionality due to a homeostatic increase in presynaptic neurotrans-
mitter release (quantal content). Hence, a reduction in postsynaptic
excitability is sensed in the muscle and transduced into a retrograde
signal that ultimately leads to a precise enhancement in presynaptic
release that maintains stable synaptic strength

Here, we will focus on new insights made into these four
areas of PHP signaling at the NMJ.

Postsynaptic PHP induction requires signal
transduction systems utilizing phosphorylation
and ubiquitination

Our understanding of the expression mechanisms that ulti-
mately enhance glutamate release in the presynaptic terminal
has been significantly enhanced in recent years. In contrast,
far less is known about how loss or pharmacological block-
ade of postsynaptic GluRs is sensed and transduced into
retrograde signaling. It is clear that loss or pharmacologi-
cal blockade of GluRIIA-containing receptors, one of two
GluR subtypes at the fly NMJ, is necessary to initiate retro-
grade PHP signaling. In addition, PHP can be induced and
expressed over rapid timescales (‘“acute PHP”’) by 10 min
incubation in a toxin, philanthotoxin-433 (PhTx) that tar-
gets GluRITA-containing receptors, or over days of larval
development by genetic loss of GIuRIIA (“chronic PHP”).
When PHP was first described in mutants that have lost the
postsynaptic GIuRIIA receptor subunit, it was immediately
speculated that reduced Ca** influx due to loss of GluRs
might be the initiating factor that drives retrograde PHP
signaling. This model was supported by the first insights
into PHP induction reported a few years later, where consti-
tutively active Ca?*/calmodulin kinase II (CaMKII) in the
postsynaptic muscle of GIuRIIA mutants blocked the expres-
sion of PHP [29], a finding recently revisited and confirmed
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[30]. More recently, immunostaining of active (phosphoryl-
ated) CaMKII revealed a reduction in pCaMKII signals at
postsynaptic compartments in GluRIIA mutants [30, 31] and
even after acute pharmacological challenge [32]. Together,
these results may appear to indicate that reduced Ca”* influx
through loss or blockade of GluRIIA-containing receptors
is necessary for PHP induction. However, incubation in
saline lacking Ca?* has no impact on acute PHP induction
or expression [32]. This suggests that either Ca*" influx is
not required for acute PHP induction, or that PHP induction
works differently in pharmacological perturbation vs genetic
loss of postsynaptic GluRIIA-containing receptor function.

Over the past few years, forward genetic approaches have
revealed the first new players involved in postsynaptic induc-
tive PHP signaling. First, a role for postsynaptic transla-
tion in chronic PHP expression through target of rapamycin
(Tor) and associated translational control factors was found
[33-35]. Importantly, postsynaptic overexpression of Tor
was demonstrated to be capable of artificially triggering
instructive PHP retrograde signaling [32, 34], which remains
the only known manipulation capable of inducing PHP
expression in the absence of GluR perturbation. While this
work suggested that translation may play a role in chronic
PHP expression, rapid PHP, triggered by PhTx application,
is translation-independent and can be robustly expressed in
the presence of inhibitors of protein synthesis [32, 36-38].
This finding predicted that posttranslational signaling pro-
cesses may be involved in PHP induction. Indeed, a genetic
screen of all kinases and phosphatases encoded in the Dros-
ophila genome identified a role for postsynaptic phosphoi-
nositide-3-kinase (PI3K) signaling in both acute and chronic
PHP expressions [39]. In particular, genetic evidence sug-
gested that PI3K signaling interfaced with Rab11-dependent
membrane trafficking in the postsynaptic muscle during PHP
signaling [39]. While a postsynaptic role for another kinase
in addition to CaMKII in PHP signaling is intriguing, it
remains unclear how PI3K-mediated signal transduction is
related to GluR loss, CaMKII activity, or retrograde PHP
signaling.

Finally, a forward genetic screen specifically designed
to identify postsynaptic factors required for retrograde PHP
signaling identified the sleep gene insomniac. Specifically,
the ubiquitin ligase Cullin-3 (Cul3) and its putative adaptor
insomniac (inc) were found to be necessary in the postsyn-
aptic muscle to enable both chronic and acute retrograde
PHP signaling [40]. Interestingly, both Inc and Cul3 rap-
idly accumulate at postsynaptic compartments following
pharmacological blockade of GluRs, where they function
to mono-ubiquitinate substrates at the postsynaptic density
[40]. Further, both inc and Cul3 genetically interact with
the extracellular matrix component multiplexin, a candidate
retrograde signal. A secondary candidate screen of Inc/
Cul3 interacting genes led to the discovery of peflin, which
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encodes a Ca>* binding protein with five EF hand domains,
to be required postsynaptically for PHP expression. Intrigu-
ingly, mammalian studies revealed peflin to function as a
Ca’*-sensitive co-adaptor for Cul3 to mono-ubiquitinate
Sec31 in neurons, which ultimately controls membrane traf-
ficking to secrete collagen [41]. One attractive possibility is
that at the Drosophila NMJ, postsynaptic peflin responds to
Ca®* signaling in the postsynaptic compartment to recruit
Inc/Cul3-dependent mono-ubiquitination and target mem-
brane trafficking during PHP. This works provides a founda-
tion from which to understand how rapid changes in Ca**
signaling through diminished GIuR functionality are sensed
to enable ubiquitination of postsynaptic substrates, which
together with CaMKII might drive retrograde PHP signaling.
In addition, this work identifies an intriguing molecular link
between sleep and synaptic homeostasis. In summary, while
emerging evidence suggests a vital role for phosphorylation,
ubiquitination, and perhaps Ca2* signaling in the postsyn-
aptic signal transduction cascade elicited by PHP induction,
a major future challenge for this field will be to generate
a coherent framework connecting these processes with the
elusive retrograde signaling system that instructs a precise
increase in presynaptic neurotransmitter release in response
to diminished GluR function.

PHP expression targets active zone structure
for homeostatic modulation

Several lines of evidence indicate that the presynaptic
active zone cytomatrix is targeted for homeostatic modu-
lation in the context of PHP signaling. First, several genes
encoding active zone components have been found to be
necessary for PHP expression, including the CaV2 Ca?*
channel Cacophony (Cac; [38]) and its auxiliary subu-
nit o,0 [42], the piccolo homolog fife [43], the scaffolds
RIM (Rab3-interacting molecule; [44]), Rbp (Rim bind-
ing protein; [45]), Uncl3A [36], and the kainate receptor
DKaiRID [46, 47]. Second, presynaptic Ca>* levels are
enhanced during PHP [25] and the abundance of Cac is
rapidly increased at active zones following PHP induction
[48, 49]. Third, experiments in which Ca?* is buffered
at presynaptic terminals suggest that synaptic vesicle-
Ca?* coupling is modulated following PHP induction
[50]. Finally, and most provocatively, active zone struc-
ture is rapidly remodeled during PHP, leading to apparent
increases in the abundance and nano-scale organization
of active zone components [26, 32, 36, 48, 49, 51, 52].
The first evidence for PHP-dependent active zone remod-
eling was found in confocal imaging studies in which the
fluorescence intensity of antibodies labeling the active
zone scaffold Bruchpilot (Brp), the Drosophila homolog
of ELKS/Cast, was enhanced after PhTx application or
in GluRIIA mutants [26]. Subsequent studies confirmed
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and extended this work, in which the active zone compo-
nents Brp, Cac, Unc13, and Rbp were rapidly enhanced at
active zones by confocal imaging [32, 36, 48, 49]. Super
resolution imaging using STimulated Emmision Depletion
(STED) microscopy revealed a “nano-modular” increase
in the number of active zone modules at individual active
zones [36, 48]. These structures are thought to correlate
with enhanced presynaptic release [48, 49]. Together,
these insights establish active zone components, and their
nanoscopic arrangement and levels, to be targets for home-
ostatic modulation that may ultimately contribute to the
potentiation of neurotransmitter release.

At present, it remains unclear how exactly active zones
are adaptively remodeled during PHP signaling and how
these changes translate into a precise tuning of neurotrans-
mitter release. Clearly, a posttranslational mechanism must
mediate the homeostatic remodeling of active zone struc-
ture, since PHP can be rapidly expressed in the presence of
translational blockers [32, 38] and active zones are remod-
eled in these conditions [36]. In principle, an increase in
the abundance of Ca®* channels at individual active zones
provides an attractive mechanism to enhance presynaptic
Ca* influx [25, 49], while an expansion in the area and
nano-modular arrangement of active zone scaffolds such
as Brp and Unc13A enables an increase in the number of
synaptic vesicles available for release during PHP [53, 54].
Indeed, both processes are known to contribute to increased
release probability during PHP [25, 26]. Further support for
increased abundance of active zone material comes from the
requirement of axonal motors that transport synaptic cargo.
In particular, the axonal motors aplip-1 (App-like interact-
ing protein), srpk79D (serine-arginine protein at 79D), and
the lysosome adaptor arl-8 (arf-like GTPase-8) were nec-
essary for the rapid remodeling of active zones following
PHP induction [36, 48]. Indeed, Arl-8 transports both active
zone and synaptic vesicle components [55], and synaptic
vesicle markers were also observed to be rapidly enhanced
at presynaptic terminals during PHP [48]. While this evi-
dence is convincing, a recent study leveraging localization
microscopy (dSTORM) proposed that an increase in the
density of active zone components leads to “compaction”
during PHP, with no net change in protein abundance [52].
It remains to be determined how a compaction of the active
zone may promote neurotransmitter release, and how the
nano-modular changes observed using STED microscopy
relate to the reported enhancement in density. Finally, while
the homeostatic remodeling of active zone structure is neces-
sary to sustain potentiated neurotransmission induced by the
chronic loss of GIuRIIA, PHP can still be acutely induced
and expressed even when active zones are not remodeled
[36, 48]. An exciting question for the field in the future will
be to illuminate how active zones are instructed to remodel
following PHP induction and the importance of this process

over both acute and chronic time scales for the expression of
homeostatic plasticity at synapses.

Input, target, and synapse specificity of PHP
expression

The development of quantal Ca’* imaging approaches and
the discovery of input-specific driver lines have enabled the
dissection of how distinct motor inputs contribute to PHP
at the Drosophila NMJ. Most muscles at the fly larval NMJ
are innervated by two motor inputs, a tonic (type Ib) and
phasic (type Is), which differ in morphological and physi-
ological properties [56, 57]. A binary transcriptional control
system has been well established in Drosophila which con-
sists of the yeast transcriptional activator Gal4 and the Gal4-
responsive enhancer UAS (upstream activation sequence)
[58]. Importantly, Gal4-driver lines have been recently dis-
covered that express in a subset of motor neurons, includ-
ing ones specific for Is or Ib motor inputs [59-61]. In vivo
quantal Ca?* imaging in postsynaptic muscles revealed
that PHP is exclusively expressed at tonic type Ib inputs in
GluRIIA mutants [31]. Additional support for input-specific
PHP expression was found through imaging of active zones,
where Brp was demonstrated to be enhanced at Ib termi-
nals in GluRIIA mutants, but no change was observed at Is
inputs [51]. These results were confirmed and extended in a
subsequent study, in which input-specific Gal4 driver lines
[60] were used with optogenetic stimulation to selectively
evoke release at Ib vs Is inputs [62]. This study made two
important findings. First, while loss of GIuRIIA did indeed
drive PHP primarily at Ib boutons, rapid PHP induced by
acute application of PhTx targeted Is inputs for homeo-
static potentiation. Second, under conditions of very high
extracellular Ca** saline conditions, Ib and Is inputs lose
their distinctions and both contribute to enhanced release
in response to PhTx application or loss of GIuRITA. While
these findings are intriguing, however, it is not clear how
physiologically relevant the observed changes are at highly
elevated Ca®* conditions. In addition, large differences in
the strength of spontaneous neurotransmission are known to
exist at Ib vs Is terminals [63], and because the muscle is iso-
potential, this optogenetic approach is unable to accurately
distinguish input-specific baseline miniature transmission
nor quantify the differences in GluRIIA mutants and PhTx
application. New approaches will need to be developed to
silence all evoked and spontaneous transmission at specific
inputs to accurately assess input-specific synaptic function
and homeostatic plasticity.

In addition to input-specific contributions to PHP, there
is now evidence for target and synapse specificity of PHP
expression at the fly NMJ. Specifically, a single Is and Ib
motor neuron bifurcates at the muscle 6/7 NMJ to inner-
vate two adjacent targets (see Fig. 6). Recently, a genetic
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manipulation was developed that enabled the loss of
GIuRIIA selectively at one muscle without impacting GluR
expression at the adjacent target [30]. Remarkably, PHP was
specifically expressed at terminals innervating the target
muscle with reduced GluR expression, while no changes
in presynaptic release or synaptic strength were observed at
terminals shared by the same neuron innervating the adja-
cent target muscle. This provided the first evidence that PHP
can be induced and expressed locally at a subset of synapses
from a single motor neuron without impacting function at
terminals innervating an adjacent target. Not only did this
study demonstrate that PHP can be expressed with target
specificity, but it strongly suggests that PHP can be induced
and expressed with synapse specificity, where individual
active zone-GluR dyads may be the fundamental units that
PHP targets for modulation.

Intriguing differences are apparent between acute
and chronic PHP induction and expression

Although the field has largely described acute and chronic
PHP to be essentially the same phenomenon, recent work
has established these processes exhibit major differences in
both the induction and expression mechanisms, suggesting
they may in fact be distinct processes. First, while some
genes are necessary for both acute and chronic PHP expres-
sions, several genes are needed selectively for chronic PHP
expression and are dispensable for acute PHP [32, 36, 48,
64—66]. Second, although acute PHP is robustly expressed
in the absence of new protein synthesis [32, 38], chronic
PHP appears to require genes and pathways that modulate
and promote new protein synthesis [34, 35]. Third, while
active zone remodeling is necessary to sustain the chronic
expression of PHP, acute PHP can be induced and expressed
in the absence of active zone remodeling or even the scaffold
Brp itself [36, 48]. Finally, chronic PHP targets Ib inputs
for homeostatic potentiation [30, 31], while acute PHP
primarily targets Is motor inputs [62]. These differences
may result from the specific perturbation to postsynaptic
GluRs—a chronic, genetic absence throughout develop-
ment of GluRIIA-containing receptors compared to an acute,
pharmacological disruption of existing GluRIIA-containing
receptors. Distinctions in the postsynaptic structure opposite
Is and Ib terminals may also contribute to the differences
between chronic and acute PHP induction and expression.
Indeed, the postsynaptic compartment opposite Ib inputs is
composed of an elaborate subsynaptic reticulum that is not
apparent at [s terminals. Interestingly, mutations that per-
turb this elaborate SSR structure also disrupt chronic PHP
expression [67]. While it remains unclear how or why acute
and chronic PHP appears to target distinct motor inputs for
homeostatic potentiation, this question is certain to be an
exciting topic for future studies.
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Presynaptic homeostatic depression (PHD)

In contrast to the advances in our mechanistic understand-
ing of PHP, relatively little is known about an inverse
process referred to as presynaptic homeostatic depression
(PHD). The first evidence for this form of presynaptic
homeostatic plasticity, while not appreciated as such, was
found while characterizing mutations in genes involved
in synaptic vesicle endocytosis. In these mutants, defects
in vesicle re-formation resulted in synaptic vesicles with
increased size, leading to a concomitant increase in the
amplitude of spontaneous neurotransmission [68-70].
However, instead of exhibiting a concomitant increase
in evoked amplitude, as would be expected, no change
in EPSP amplitude was observed in these mutants. This
phenomenon, now referred to as PHD (Fig. 3), was clearly
articulated in a seminal study in which overexpression
of the vesicular glutamate transporter in motor neurons
(vGlut-OE) enhanced synaptic vesicle size and miniature
amplitude, but stable synaptic strength was maintained
due to a homeostatic reduction in presynaptic neurotrans-
mitter release [71]. As a result, increased quantal size is
observed, but stable EPSP values are maintained due to
a homeostatic reduction in presynaptic glutamate release
(quantal content). In this initial study, it was considered
that PHD could be an adaptive response to excess gluta-
mate release and may even involve a presynaptic glutamate
autoreceptor. Alternatively, PHD may stabilize synaptic
strength as a response from a retrograde signal emitted by
the muscle, akin to PHP. Although a handful of subsequent
studies have shed some mechanistic insight into PHD, fun-
damental questions about this process remain a mystery,
and not a single gene required for PHD expression has
yet been identified. Here, we will discuss what is known
about the induction and expression mechanisms of PHD
and consider the nature of this homeostat.

PHD induction

On the surface, PHP and PHD appear to be similar in prin-
ciple as synaptic homeostats but simply inverse in direc-
tion. Both forms of adaptive plasticity involve an increase
or decrease in miniature amplitude and a compensatory
change in presynaptic glutamate release that is inverse
in direction and that ultimately results in stable synaptic
strength. However, a deeper examination reveals funda-
mental differences in these presynaptic forms of homeo-
static modulation. It is clear that PHP induction occurs
in the postsynaptic muscle and is initiated by genetic
loss or pharmacological blockade of GluRITA-containing
receptors [10, 38]. Indeed, spontaneous activity alone
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Fig.3 Presynaptic homeostatic depression at the Drosophila NMJ.
Schematic of presynaptic homeostatic depression (PHD) as modeled
at the Drosophila NMJ. Baseline synaptic transmission is shown.
Stress: a homeostatic challenge of excess glutamate release is induced
by overexpression of the vesicular glutamate transporter in motor
neurons (vGlut-OE), which leads to an enlargement in the size of syn-

is sufficient to communicate the information necessary
to induce PHP expression, at least in the case of acute
induction [38]. Ultimately, a retrograde signal from the
postsynaptic compartment, received by the presynaptic
neuron, instructs a precise increase in neurotransmitter
release. In contrast, early studies on GluRs at the fly NMJ
demonstrated that the opposite of GIuRIIA loss, increased
expression of GluRIIA-containing receptors, results in
the opposite effect, enhanced miniature amplitude [10,
19]. However, no change in presynaptic function was
observed, resulting in a non-homeostatic increase in EPSP
amplitude; this finding was subsequently confirmed and
extended [51]. Together, this body of work provided evi-
dence that PHP is a unidirectional phenomenon, increas-
ing neurotransmitter release when postsynaptic GluRs are
reduced, while no inverse plasticity process is apparently
induced when postsynaptic GluRs are enhanced.

These observations lead to two possibilities regard-
ing PHD induction. First, PHD may involve a retrograde
signaling system akin to PHP, a possibility that has been
entertained [72]. If this model were correct, it would need
to be induced through mechanisms that do not depend
on enhanced GIuR functionality in the postsynaptic cell.
However, to date, there is no known postsynaptic manip-
ulation capable of inducing retrograde PHD expression.
Indeed, the only process known to be capable of induc-
ing PHD originates in the presynaptic compartment—an
increase in synaptic vesicle size—caused by vGlut-OE or
defective synaptic vesicle endocytosis, as recently dem-
onstrated in endophilin and minibrain mutants [48, 73].
Thus, an alternative model has been postulated in which
PHD is induced specifically as a response to excess gluta-
mate release from the presynaptic neuron due to enhanced

Stress

(o> C

Adaptation

C_aD

NSNS

i C

Presynaptic inhibition
homeostatically decreases
glutamate release

aptic vesicles. Quantal size (mEPSP amplitude) is increased due to
enhanced glutamate release from individual synaptic vesicles, with
an expected concomitant increase in synaptic strength. Adaptation:
excess presynaptic glutamate release is sensed to induce presynaptic
inhibition and reduce glutamate release (quantal content) to maintain
glutamate balance at the NMJ

synaptic vesicle size [51]. In this study, PHD was shown
by quantal Ca®* imaging to be expressed at both Is and
Ib inputs, not to be induced by increased postsynaptic
GIluRIIA overexpression, and to operate with apparent
obliviousness to the excitability state of the postsynaptic
cell [51]. Therefore, rather than being a homeostat that
stabilizes synaptic strength, PHD may actually be a gluta-
mate homeostat focused on maintaining glutamate balance
in response to excess glutamate release itself.

This is an attractive hypothesis when glutamate clearance
and the biology of the peripheral nervous system of Dros-
ophila larvae are considered. Ambient glutamate is toxic in
the nervous system and can lead to excitotoxicity and neuro-
degeneration [74], and degeneration is actually observed in
the fly brain following vGlut-OE [75]. Nonvesicular release
of glutamate by peripheral glia functions at the Drosophila
larval NMJ to modulate glutamate receptor clustering [76].
However, the major glutamate clearance mechanism in the
brain involves transporters on neurons and glia that seques-
ter excess glutamate, yet in the fly larval periphery, these
transporters are not expressed [77]. Therefore, PHD may
have evolved as a mechanism of synaptic control to maintain
glutamate homeostasis, reducing neurotransmitter release in
response to excess emission. Such a model implies a gluta-
mate autoreceptor that must detect excess glutamate to drive
presynaptic inhibition. The sole metabotropic glutamate
receptor encoded in the Drosophila genome, mGIluRA, is
an attractive candidate, as it is present at presynaptic motor
terminals and can inhibit release in response to excess gluta-
mate released [78]. However, at present, the nature of PHD
induction and of this homeostat remains unclear, and future
studies will be needed to clarify these fundamental questions
about this form of homeostatic plasticity.
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Expression mechanisms of PHD

Although a major outstanding question centers on the nature
of the induction mechanism that drives PHD, some advances
have been made in our understanding of PHD expression
mechanisms. In the original study that defined PHD, it was
shown that vGlut-OE induces a precise reduction in pre-
synaptic release probability without any obvious changes
to synaptic growth or structure [66]. Failure analysis fur-
ther supported a functional decrease in release probability
as the primary adaptation that led to PHD. More recently,
several studies have clearly demonstrated that PHP and PHD
require distinct genetic mechanisms, as mutations in genes
that block PHP expression have no impact on PHD [51,
65, 72]. Like PHP, PHD appears to involve a reduction in
presynaptic Ca** influx without any apparent changes in the
action potential waveform as assessed through voltage imag-
ing [72]. However, in contrast to PHP, no obvious changes
in active zone components, including Brp and endogenously
tagged Ca®* channels, are apparent after PHD induction [48,
49]. Nor is a reduction in the readily releasable pool of syn-
aptic vesicles observed in PHD [51, 72] as an increase is
found in PHP. Thus, if the increased Ca** influx during PHP
results from the apparent increase in Ca®* channel abun-
dance, then the reduced Ca** influx that diminishes release
in PHD likely involves functional changes to Ca** channels
[49]. Thus, while a reduction in presynaptic Ca** influx may
be what ultimately tunes down neurotransmitter release to
achieve PHD, major questions remain about how Ca** influx
is targeted by the still unknown upstream mechanisms con-
trolling PHD induction and signal transduction.

Potentially novel forms of PHD

A phenomenon was recently reported that resembles the
PHD described above but does not rely on enhanced syn-
aptic vesicle size. Here, Drosophila larvae were terminally
arrested at third instar larval stages (ATI) by disrupting
hormonal signaling required for pupariation [79]. As a
result, ATI larvae continue to grow for up to 35 days,
in contrast to the typical 5-day-larval period, before
dying. Remarkably, both pre- and postsynaptic structures
expand, with increased numbers of presynaptic boutons,
active zones, and postsynaptic muscles and receptor fields
observed [79]. Consistent with increased GluR abundance,
an increase in mEPSP amplitude is observed, although no
change in synaptic vesicle size was found. However, EPSP
amplitudes are maintained at levels similar to wild type
throughout the ATI lifespan due to an apparent reduction
in presynaptic neurotransmitter release that parallels PHD
[79]. Indeed, a reduction in presynaptic release probability
was observed without any reductions in the apparent abun-
dance of presynaptic active zone components, consistent
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with a functional reduction. Although ATI NMlJs appear
to mimic PHD electrophysiologically, there is a major
distinction: ATI NMIJs do not have any apparent increase
in synaptic vesicle size [79]. Thus, if the apparent PHD
observed at ATI NMJs is the same process detailed in
vGlut-OE and endocytosis mutants, then this would indi-
cate that excess global release of glutamate, rather than
from individual synaptic vesicles, must be the key induc-
tive event that drives presynaptic homeostatic depres-
sion. This idea would also be consistent with a variety of
Drosophila mutants that, like ATI NMJs, exhibit synap-
tic overgrowth but normal synaptic strength [34, 80, 81].
However, it is also possible that the apparent presynaptic
homeostatic plasticity process observed in ATT NMJs may
actually be a novel form that is mechanistically distinct
from conventional PHD, perhaps coupled to developmen-
tal processes coordinating synaptic growth and muscle
size.

Adaptive changes at NMJs in the context
of injury and disease

A relatively unexplored question is how synapses adapt as
neurons experience injury and disease processes, and to
what extent homeostatic plasticity mechanisms are engaged.
The past 15 years has witnessed a wealth of understanding
about the intrinsic changes and signaling systems in neu-
rons that respond to axonal injury, with key factors such as
DLK (dual leucine zipper kinase), SARM (sterile armadillo/
toll-interleukin receptor homology domain molecule), and
the biosynthetic enzyme NMNAT (nicotinamide mononu-
cleotide adenyltransferase; NMNAT) playing crucial roles
in coordinating and executing regenerative and degenerative
programs in neurons [82, 83]. The fly NMJ has proved to be
an important system in these seminal discoveries and investi-
gations [84—-86]. In addition, the Drosophila NMIJ has served
as a model system to interrogate various neurodegenerative
and neurological diseases, including Huntington’s [87, 88],
Alzheimer’s [89-91], and Parkinson’s diseases [92, 93], as
well as Fragile X Syndrome [94], ALS (Amyotrophic Lateral
Sclerosis; [7, 95, 96]), and SMA (Spinal Muscular Atrophy;
[6, 97, 98]. However, the adjustments and adaptations that
occur at synapses in these conditions are just beginning to be
understood. Of particular importance, synapses are tripartite
nodes of inter-cellular communication, and it is therefore
necessary to understand not only how the intrinsic properties
of neurons change during injury and disease, but also how
uninjured but synaptically connected neurons, muscles, and
glia sense and respond to neuronal injury and disease states.
Here, we will cover recent advances on these questions using
the Drosophila NMJ as a model system.
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Highwire targets presynaptic release sites to reduce
neurotransmitter release

Cellular damage and injury trigger a coordinated and
programmed response in neurons, with one major con-
trol point mediated by the evolutionarily conserved
Phr1/Highwire/Rpm-1 (PHR) protein. In Drosophila, the E3
ubiquitin ligase Highwire (Hiw) coordinates both regenera-
tive and degenerative responses to axonal injury. Following
injury such as a nerve crush, Hiw protein levels are reduced
[99]. This initiates at least two distinct responses. First, one
function of Hiw is to constitutively degrade the mitogen-
activated protein kinase kinase kinase (MAPKKK) Wallenda
(Wnd), the fly homolog of dual leucine zipper kinase (DLK)
[100]. Wnd activates a downstream pathway controlled by
the Jun N-terminal kinase (JNK) and the transcription factor
Activator Protein-1 (AP-1) to enable both regenerative and
degenerative signaling programs [99, 100]. Reduced Hiw
enables Wnd/DLK to execute its downstream signal trans-
duction program through AP-1 to change a large number of
cellular processes; the impacts of this signaling on synaptic
homeostasis are discussed in the following section. Second,
loss of Hiw also has direct, Wnd-independent consequences
on presynaptic function, which therefore enables rapid and
local modulation of neurotransmitter release in response to
early stages of neuronal adaptation to injury.

hiw was identified in a forward genetic screen for mutants
that alter synaptic structure and named for the uncoordi-
nated movement observed in adult flies lacking this gene
[101]. The initial characterization of synaptic function in
hiw mutants revealed two primary defects: a reduction in
quantal size and an additional reduction in presynaptic neu-
rotransmitter release (quantal content; [101]). Subsequent
work revealed that active Wnd signaling is responsible for
the reduced quantal content, while a Wnd-independent func-
tion of Hiw mediates the reduced presynaptic neurotransmit-
ter release [102]. Furthermore, Hiw was shown to regulate
levels of the NAD + biosynthetic enzyme NMNAT, a potent
axonal maintenance factor [103]. Separately, NMNAT was
also shown to be required for maintaining active zone struc-
tural integrity by interacting with the active zone scaffold
Brp [104]. Interestingly, loss of NMNAT results in ubig-
uitination, mislocalization, and aggregation of Brp and
subsequent active zone degeneration [104]. Despite these
advances in our understanding of the roles of Hiw on synap-
tic function, it remained elusive how Hiw modulated presyn-
aptic function through a Wnd-independent mechanism.

The substrate of Hiw that functions to inhibit neuro-
transmitter release at presynaptic terminals was recently
identified to be NMNAT itself [105]. A series of genetic
experiments demonstrated that Hiw serves to degrade local
NMNAT levels, and that enhanced NMNAT levels following
loss of Hiw alter Brp and active zone structure. In particular,

NMNAT overexpression in wild type and in Aiw mutants was
shown to reduce presynaptic release probability, likely due
to the alteration in Brp and active zone structure. Further,
active zone ultrastructure was irregular in hiw mutants, sug-
gesting that local increases in NAD +, due to loss of Hiw,
may depress neurotransmitter release through alteration in
release site structure. How excess NAD + perturbs Brp and
active zone structure is unclear, but one possibility is that
NAD +influences Brp regulatory mechanisms including
acetylation [106—108]. Alternatively, the mechanism could
be less direct and result from metabolic changes in the pre-
synaptic terminal. Together, this work raised the intriguing
possibility that one consequence of loss of Hiw function,
induced by axonal injury, is to reduce presynaptic neuro-
transmission, perhaps as an adaption that promotes neuronal
repair or degeneration.

Neuronal injury homeostatically modulates the set
point of synaptic strength

Although Hiw has Wnd-independent functions as discussed
above, one major role of Hiw is to directly regulate Wnd/
DLK signaling. Normally, Hiw constitutively degrades Wnd/
DLK. However, following axonal injury, this degradation no
longer occurs, leading to increased Wnd protein levels and
activation of an intrinsic signaling system that transforms
the neuron into a state of a persistent programmed response
to injury [86, 99]. A key question is whether uninjured but
synaptically connected cells can detect injury signaling in
neurons and, if so, how they respond.

One crucial clue to this question came from the initial
characterization of Hiw and Wnd mutants. These studies
revealed that the postsynaptic responsiveness to glutamate
(quantal size) was reduced when neuronal Wnd signaling
was activated, suggesting presynaptic Wnd signaling might
provoke reduced postsynaptic sensitivity. A recent study
indeed demonstrated that postsynaptic glutamate receptor
levels were diminished, along with the postsynaptic scaffold
Discs Large, at the fly NMJ in response to acute (hours) or
chronic (days) active Wnd signaling in motor neurons [102].
Because the postsynaptic muscle does not directly experi-
ence Wnd signaling, this suggests it receives an anterograde
signal from the neuron to remodel and reduce the postsynap-
tic apparatus. The identity of this signal remains unknown,
although it appears to be activity independent, since reduced
postsynaptic GluR levels persist in Aiw mutant motor neu-
rons in which evoked activity is blocked [102].

This result raised a conundrum. Typically, a reduction in
postsynaptic GluRs is the key initiating event that induces
retrograde PHP signaling at the fly NMJ, which in turn
increases neurotransmitter release. However, in neurons
with active Wnd signaling, no change in quantal content
was observed despite the reduction in postsynaptic GluR
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levels [102]. Two possibilities could explain this apparent
failure to express PHP. First, the neuron might be incapable
of increasing presynaptic glutamate release despite receiving
retrograde signaling from the postsynaptic cell, perhaps due
to the metabolic changes induced by Wnd signaling. Alter-
natively, the postsynaptic muscle may fail to communicate
the retrograde signal to the neuron. A variety of experiments
showed that a concerted change in the muscle led to the
blockade of retrograde PHP signaling in response to active
neuronal Wnd signaling. When the motor neuron with active
Wnd signaling receives the retrograde PHP signal through a
genetic manipulation in the muscle, it now becomes capable
of robustly increasing neurotransmitter release (Fig. 4). A
final set of experiments found that in response to active neu-
ronal injury-related signaling, GIuR levels become dimin-
ished in the postsynaptic muscle to reduce synaptic strength,
and this new set point is stabilized through a targeted inhibi-
tion of retrograde PHP signaling. One attractive possibility
is that the set point of synaptic strength becomes homeostati-
cally reduced following injury to allow time for the decision
of neuronal repair or degeneration to be adjudicated.

Homeostatic plasticity, neurodegeneration,
and disease at the fly NMJ

The Drosophila NMJ has served as a powerful model to
illuminate fundamental insights into a variety of neurode-
generative diseases. For the NMJ diseases ALS and SMA in
particular, models have been developed that parallel impor-
tant features of disease pathology [6, 7, 95, 97]. However,
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to what extent homeostatic plasticity processes are engaged
in the context of disease pathology, if at all, was not consid-
ered in these initial studies. In principal, adaptive plasticity
such as PHP could be exploited as therapeutic targets to
maintain synaptic function and delay NMJ degeneration and
dysfunction.

Evidence for homeostatic control of the NMJ circuit has
recently emerged from a fly model of SMA. The human
disease SMA is caused by loss of function alleles of the
gene smnl (Survival motor neuronl; [109]). Mutants in
the Drosophila homolog of smnl exhibit many similar fea-
tures of the human disease, with muscle atrophy, defective
locomotion, and altered motor circuit patterns [6, 97, 98].
However, electrophysiological recordings from fly smn
mutant NMJs revealed an unexpected increase in synaptic
strength [98] due to increased quantal content, as no changes
were observed in quantal size. Importantly, smn expression
in either the motor neuron of the muscle failed to rescue
mutant phenotypes; rather, smn expression was required in
pre-motor inputs [98]. Additional work demonstrated the
loss of pre-motor input onto motor neurons themselves,
induced by pre-motor expression of Kir2.1, phenocopied the
enhanced synaptic strength observed in smn mutants. This
phenomenon may be an adaptive form of plasticity similar
to PHP, in which neurotransmitter release is enhanced. How-
ever, in this case, no apparent defects in postsynaptic GluRs
are observed, and increased neurotransmitter release may in
fact be induced through reduced synaptic drive onto motor
neurons. This might indicate that adaptive presynaptic plas-
ticity, akin to PHP, can be induced through manipulations of
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Fig.4 Neuronal injury homeostatically reduces the set point of syn-
aptic strength. Schematic illustrating how the postsynaptic muscle
responds to active injury-related signaling in the presynaptic motor
neuron. Baseline neurotransmission is shown. Stress: following
activation of injury-related signaling in the motor neuron through
Wallenda (Wnd), the fly homolog of the dual leucine zipper kinase
(DLK), the postsynaptic muscle senses this signaling and reduces
GluR abundance at the postsynaptic compartment, which in turn
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decreases synaptic strength. Adaptation: although normally this
reduction in GIuR induces retrograde PHP signaling in the muscle,
this postsynaptic signal transduction pathway is suppressed as the
muscle responds to active presynaptic Wnd signaling. Therefore, the
set point level of synaptic strength is deliberately reduced and stabi-
lized through a suppression of retrograde PHP signaling as the NMJ
acclimates to injury
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activity of inputs onto motor neurons, without any perturba-
tions to the NMJ itself.

In a fly model of another motor neuron disease, ALS,
PHP was shown to be capable of being expressed to restore
NMIJ function [96]. In particular, an expansion of a path-
ological hexanucleotide repeat (Gly-Arg) in the human
C90rf72 gene has been linked to ALS [110]. A fly model
was developed in which a 100xGly-Arg repeat was overex-
pressed in motor neurons, resulting in degeneration of the
NMIJ [8]. Presynaptic terminals and active zone numbers
were severely reduced, and synaptic “footprints”—post-
synaptic specializations lacking a presynaptic input—were
observed at NMlJs expressing the 100xGR repeat [96].
Electrophysiological recordings correspondingly found that
EPSP amplitudes were reduced by over 50% compared to
controls, consistent with reduced active zone number. Next,
the extent to which NMJs undergoing ALS-related degen-
eration retain the capacity to express PHP was examined.
Intriguingly, PHP could be robustly expressed at 100xGR
NMIJs to restore synaptic strength despite the severe degen-
eration [96]. It is important to note that while these ALS
NMIJs have the potential to express PHP, a “trigger” is nec-
essary to activate this dormant plasticity, as PHP does not
appear to be expressed in this model of ALS, despite NMJ
degradation, and is only elicited following GluR perturba-
tion. Interestingly, however, in separate mouse models of
ALS that do not target C9orf72 pathology, PHP was pro-
posed to be expressed at early stages of degeneration and
termed “homeostatic neuroprotection,” which served to
delay disease progression [11].

One major limitation of using the Drosophila NMJ to
study neurodegeneration is the short 4-day stage of the third
instar. This brief temporal window limits its use for inter-
rogating dynamic processes and disease progression over
chronic timescales. This is particularly important in the con-
text of neurodegeneration studies, since the phenotype often
only appears in later disease states. Using a genetic manip-
ulation to delay the onset of pupariation from third instar
stages, it is possible to extend the larval period to~9 days
[111] or to even completely block pupariation to arrest lar-
vae at third instar (ATI) stages for 35 days [79]. Using muta-
tions in the gene stathmin, which encodes a surveillance
factor for axonal damage and degenerative signaling [112,
113], the authors examined degeneration in the ATI back-
ground [79]. Although Drosophila stathmin mutants exhibit
some degree of NMJ degeneration at standard third instar
stages [112], the ATI extension enabled the study of severe
NMIJ degeneration with resolution and detail that was not
apparent when limited to the conventional short larval stage.
Interestingly, a recent study demonstrated that stathmin2 is
reduced in mammalian ALS models and that upregulation of
stathmin2 can be neuroprotective against some ALS-related
neuronal degeneration [114]. Thus, the ATI system has the

potential to serve as a useful tool for assessing and discover-
ing disease phenotypes not possible to examine over conven-
tional larval growth periods.

Homeostatic adaptations to synaptic
overgrowth

Drastic changes in synapse number, morphology, and struc-
ture occur throughout development, maturation, and aging
in the nervous system, enabling the flexibility necessary to
wire the brain and to adjust neurotransmission following
experience and in disease. However, these persistent and
dynamic changes to synapses pose a major challenge to
the stability of neural function. Homeostatic mechanisms
ensure physiologically stable levels of functionality in the
face of ongoing alterations to synapse numbers and struc-
ture. These homeostatic adaptations have been observed
during developmental pruning, sleep/wake behavior, and
experience-dependent plasticity [115-117], and the molecu-
lar mechanisms involved remain an active and exciting area
of investigation.

The Drosophila NMJ has been used to characterize the
integration and coordination of synaptic growth and func-
tion. This NMJ expands over 100-fold during 5 days of larval
development and uses an elaborate program to coordinate
the growth and structure of pre- and postsynaptic structures.
In particular, bouton numbers, containing active zones, are
steadily added while in the muscle, the subsynaptic reticu-
lum (SSR) expands through new membrane addition as post-
synaptic glutamate receptor fields mature [118-120]. Some
of the key molecular mechanisms and signaling pathways
that regulate NMJ growth have been well studied, including
Wnt signaling [121], Bone Morphogenetic Protein (BMP)
signaling [122, 123], and autophagy-related signaling [124,
125]. Further, progress has been made in specifically identi-
fying retrograde and trans-synaptic pathways that coordinate
pre- and postsynaptic scaling during NMJ growth such as
BMP signaling [126], where insulin receptor signaling in
the muscle through the guanine nucleotide exchange fac-
tor dPix was recently demonstrated to coordinate a devel-
opmental coupling of neuronal terminals with their targets
[127]. Finally, it has been observed that the NMJ maintains
robust neurotransmission despite major perturbations to
synaptic growth, morphology, and structure. This is appar-
ent throughout development where stable muscle excitation
is maintained despite immense differences in the volume,
architecture, and passive electrical properties of the muscle
[56, 128-130]. At terminal larval stages, synaptic strength
remains constrained within narrow physiological ranges
despite a broad variation in synaptic growth [23, 24, 80].
Even in manipulations that extend larval stages to permit
continuous growth of NMJs and muscles beyond the typical
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4-day larval period [111], synaptic strength remains stable
throughout 35 days of larval growth [79]. Thus, throughout
normal larval development and even in a novel life stage not
selected for in evolution where NMJs expand beyond typical
growth programs, robust mechanisms exist that maintain sta-
ble functionality. In subsequent sections, we highlight recent
work that has advanced our understanding of how synaptic
function and growth are coordinated.

Active zones are substrates for homeostatic
adaptations to synaptic overgrowth

As synapses that innervate a single target grow and elabo-
rate, synaptic strength should increase if there are no com-
pensatory changes. However, while a large range in the num-
ber of synapses is observed across wild-type NMJs, NMJ
strength, as measured by electrophysiology, is constrained
within far narrower physiological ranges [80]. This implies
that adaptive countermeasures exist that stabilize synaptic
strength while enabling flexibility in NMJ growth. This
question was addressed in a recent study in which extreme
synaptic overgrowth was observed in mutations of endophi-
lin (endo), a key gene involved in synaptic vesicle endocy-
tosis at the Drosophila NMJ [68, 70]. However, despite a
doubling in the number of NMJ boutons and active zones,
synaptic strength in endo mutants remains similar to wild
type [48]. Although endo NMIJs exhibited this increase in the
number of active zones, the area of individual active zones,
as measured by immunofluorescence labeling of active zone
components, was reduced along with their immunofluores-
cence intensity [48]. Further experiments demonstrated that

while the apparent abundance of active zone components
was reduced at individual active zones in endo mutants, the
overall level of active zone material across the entire NMJ
was conserved between endo and wild-type NMJs. Super
resolution imaging with STED microscopy demonstrated a
decrease in the diameter of individual active zones, with a
reduction in the “nano-modular” arrangement of active zone
sub-structures. This suggests that neurons may be endowed
with mechanisms that regulate total neurotransmitter release
per NMJ independent of the total number of release sites,
with pliability of their numbers and size that can inversely
scale to maintain global neurotransmitter output (Fig. 5).
Together, this work suggested that active zone nano-struc-
ture is targeted for homeostatic modulation to maintain sta-
ble neurotransmitter output independently of the number of
synapses established.

There is evidence that this homeostatic scaling of active
zone structure described in endo mutants may be a general
mechanism utilized at NMJs confronting synaptic over-
growth. A morphology-based forward genetic screen iso-
lated Drosophila mutants that displayed extreme synaptic
overgrowth and undergrowth [80]. Interestingly, of the five
overgrowth mutants isolated, all exhibited increased active
zone number that scaled with bouton numbers but normal
synaptic strength [80]. However, in each mutant active zone
area was reduced, phenocopying the scaling phenomenon
observed in endo mutants. This indicates that scaling of
active zone area and structure may be a one mechanism
employed by NMIJs to adaptively adjust neurotransmitter
output in response to increased synapse growth.
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Fig.5 Active zone structure is homeostatically scaled to compensate
for increased synaptic growth. Schematic illustrating how the Dros-
ophila NM]J stabilizes synaptic strength when confronted with syn-
aptic overgrowth. Homeostat: global neurotransmitter release onto
a particular target is shown in the baseline state. Stress: synaptic
overgrowth results in increased bouton and synapse numbers, which
should elevate global neurotransmitter output onto the particular

@ Springer

Increased synapse number
enhances total neurotransmitter
release per NMJ

Diminished active zone
structure maintains global
neurotransmitter output

target and, in turn, enhance synaptic strength. Adaptation: however,
presynaptic active zone structure is remodeled such that an apparent
reduction in the abundance of active zone material (represented by
red triangles) serves to inhibit presynaptic neurotransmitter release
probability. This homeostatic adaptation maintains global neurotrans-
mitter output onto specific targets, stabilizing synaptic strength in
response to presynaptic overgrowth
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Homeostatic adaptations to synaptic undergrowth

It is clear that in many cases, mutants that exhibit synap-
tic undergrowth, defined as NMJs with reduced bouton and
synapse number, NMJ function is similarly reduced [80,
131]. However, mutations in the synaptic vesicle-associated
GTPase rab3 show normal synaptic strength despite having
only about one third the number of active zones compared
to wild type [132]. In these mutants, each individual release
site was increased ~300% in size, as measured by immuno-
fluorescence intensity of the active zone scaffold Brp [132].
This finding immediately suggested an inverse phenom-
enon to the endo mutant NMJs discussed above, in which
increased protein levels at individual active zones served to
increase release probability and compensate for the reduc-
tion in overall number. Indeed, rab3 mutants showed a simi-
lar homeostatic scaling of active zone size and nano-struc-
ture with number [48], similar to endo mutants but inverse
in direction. However, in addition to active zone scaling,
there is evidence that other mechanisms can be utilized to
compensate for synaptic undergrowth and maintain stable
synaptic strength. For example, of the undergrowth mutants
isolated in the screen discussed above [80], each mutant also
showed normal synaptic strength. However, two novel mech-
anisms were found that served to maintain stable neurotrans-
mission: (1) an increase in postsynaptic GluR abundance
offset reduced neurotransmitter output onto the muscle or (2)
a concomitant increase in bouton size accommodated more
active zones per bouton, in effect maintaining stable synapse
number despite reduced bouton number. Although the induc-
tion and signaling mechanisms involved in these forms of
adaptive plasticity remain unclear, these studies highlight
synaptic structure as a target for homeostatic modulation to
offset defects in synaptic growth and maintain stable syn-
aptic strength.

Target-specific homeostatic plasticity
at the Drosophila NMJ

A subset of motor neurons innervates multiple postsynaptic
muscles at the fly NMJ and must maintain sufficient excita-
tion of their targets to enable stable circuit and locomotor
functionality. A unique combination of 35 motor neurons
innervates 30 distinct muscle segments at the larval NMJ
[133], and this stereotypic anatomical arrangement pro-
vides a platform to investigate target-specific mechanisms
that homeostatically maintain synaptic strength. A seminal
study reported over 20 years ago used a manipulation to
bias innervation on one target at the expense of the adja-
cent target [134]. In particular, the cell adhesion factor
Fasciclin Il (Fasll) was overexpressed in a single muscle
to increase innervation on one target, while also causing

reduced innervation on the adjacent target (schematized in
Fig. 6). Remarkably, synaptic strength was maintained at
levels similar to wild type on both targets. This phenomenon
parallels plasticity observed in the mammalian brain where
synaptic strength is adjusted in a target and synapse-specific
way [135-137]. Since this initial study, new insights have
been achieved regarding target- and input-specific plasticity
at the Drosophila NM]J, particularly over the last few years.
Here we will discuss these important studies.

A homeostatic increase in postsynaptic GluR
abundance maintains synaptic strength
at hypo-innervated targets

The first clue as to how NMJ transmission is stabilized at
hypo-innervated targets came from electrophysiological
recordings of spontaneous neurotransmission in the original
Davis and Goodman 1998 study, where an increase in minia-
ture amplitude was observed. One possibility discussed was
that multivesicular release, detected as an apparent increase
in quantal size, could potentially explain the increased quan-
tal size (and reduced quantal content) observed at hypo-
innervated NMJs. Alternatively, a postsynaptic mechanism
may be responsible for the increased quantal size, most
likely due to a change in the abundance, subtype, and/or
functionality of postsynaptic GluRs. More recent studies
have demonstrated that indeed, the abundance of GluRs
was homeostatically enhanced at hypo-innervated targets
[102, 138]. This increase in GluR abundance was similar
in magnitude to the reduction in bouton numbers and tar-
geted both GluRIIA- and GluRIIB-containing receptor sub-
types, while no change in presynaptic function was observed
[138]. Taken together, these studies show that in the case of
biased innervation between two target muscles, a reduction
in innervation is offset by a homeostatic increase in GluR
abundance per postsynaptic receptor field which serves to
compensate for the reduced global neurotransmitter output
to maintain stable muscle excitation (Fig. 6). Like many of
the homeostats described at the NMJ, little is known about
how reduced innervation is sensed as well as the nature of
the downstream inductive signals that lead to the adaptive
increase in GluR abundance.

A target-specific reduction in the number
and structure of presynaptic active zones maintains
synaptic strength at hyper-innervated targets

In contrast to hypo-innervation, an entirely distinct adapta-
tion functions to maintain stable synaptic strength on hyper-
innervated NMIJs (Fig. 6). In this case, miniature amplitudes
on hyper-innervated muscles were found to be unchanged
[134] and no differences in postsynaptic GluR levels or sub-
types were observed [138]. Recordings from single boutons
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Fig.6 Biased innervation elicits distinct pre- and postsynaptic adap-
tations at terminals of a single neuron. Schematic illustrating biased
innervation across two targets shared by a single motor neuron at the
Drosophila NMJ. Homeostat: baseline synapse number and neuro-
transmission are shown. Stress: overexpression of the neuronal cell
adhesion factor fasll selectively on one of the two muscles (labeled
with a black outline) increases innervation from a single motor neu-
ron on that muscle at the expense of the adjacent muscle (labeled
with a gray outline). This would be expected to result in reduced
synaptic strength (EPSP amplitude) on the hypo-innervated tar-
get and potentiated EPSP amplitude on the hyper-innervated target.

at hyper-innervated targets further revealed lowered release
probability per bouton, indicating a homeostatic reduction
in presynaptic release probability per bouton compensates to
maintain stable total neurotransmitter output [134]. Recent
work investigating this phenomenon found that overall
release probability on hyper-innervated targets was not dif-
ferent from wild type, consistent with reduced release prob-
ability per bouton [138]. Interestingly, imaging of release
sites on hyper-innervated targets provided a clue as to how
this target-specific, homeostatic reduction in release prob-
ability may be achieved. In particular, a reduction in both
the density and intensity of the Ca?" channel Cac and the
scaffold Brp at active zones was observed at hyper-inner-
vated NMIJs, while the total fluorescence intensity of these
proteins on hyper-innervated targets was unchanged com-
pared to wild type [138]. These findings parallel the studies
discussed above in which the total abundance of active zone
proteins remains constant while the number and structure of
individual release sites can vary at presynaptic terminals.
However, in this case, the elasticity of active zone number
and size is target specific, as no changes in active zone num-
ber or structure per bouton were found at terminals from the
same axon that hypo-innervated the adjacent muscle [138].
Thus, a target-specific reduction in the number and apparent
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Adaptation: however, EPSP amplitudes remain the same on both tar-
gets. On the hypo-innervated target, reduced neurotransmitter output
(quantal content) is observed due to reduced innervation, as expected.
However, a homeostatic increase in postsynaptic GluR abundance
increases quantal size, which compensates for reduced quantal con-
tent, to maintain EPSP amplitude. In contrast, a completely differ-
ent adaptation is observed on the hyper-innervated target. Here, no
change in postsynaptic GluRs is observed. Rather, a target-specific,
homeostatic reduction in both the number and size of active zones
(represented by triangles) diminishes neurotransmitter release to off-
set increased innervation

abundance of material at release sites per bouton may stabi-
lize synaptic strength at hyper-innervated muscles (Fig. 6).

Input-specific homeostatic plasticity

As mentioned in the PHP section above, most muscles in
Drosophila are innervated by two different motor inputs,
phasic type Is (small) and tonic type Ib (big). These motor
inputs differ in both morphological and functional charac-
teristics [56, 57, 139]. Type Is motor inputs fire with pha-
sic patterns, have high release probabilities, depress during
trains of stimulation, and exhibit small terminal boutons
with low elaboration of the subsynaptic reticulum (SSR) [63,
140]. In contrast, type Ib inputs fire with tonic patterns, have
lower release probabilities, facilitate during trains of stimu-
lation, and exhibit large NMJ boutons with elaborate SSR
structure [141]. The recent development of quantal in vivo
calcium imaging approaches [31] and the identification of
Gal4 drivers specific for Is and Ib [59, 61] have enabled
the dissection of input-specific functions and plasticity at
the fly NMJ. Quantal imaging revealed that chronic PHP in
GIuRIIA mutants primarily targets Ib inputs for homeostatic
potentiation [31] and specifically remodels active zones at
Ib terminals without impacting release sites at Is [S51]. In
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contrast, rapid pharmacological PHP primarily targets Is
terminals for homeostatic potentiation [62]. These findings
suggest that distinct inputs respond differently to acute vs
chronic homeostatic PHP signaling at the NMJ, although
the mechanism for this specificity is unclear. In contrast,
other forms of homeostatic plasticity at the fly NMJ, such as
PHD and biased innervation, similarly impact both Is and Ib
inputs for homeostatic modulation [51, 134]. These findings
raise a fundamental question: do type Is and/or Ib motor neu-
rons innervating the same muscle target adaptively respond
when transmission is perturbed from the other input?

Three recent studies have begun to shed light on this
question of inter-input synaptic plasticity. First, the tetanus
neurotoxin light chain blocks all evoked neurotransmitter
release when expressed in Drosophila motor neurons, while
spontaneous miniature transmission persists [142]. When
tetanus toxin is expressed in phasic Is motor inputs at the fly
NMJ, quantal Ca®* imaging reveals no apparent functional
changes in transmission from the tonic Ib motor input inner-
vating the same target [31], indicating at least tonic Ib inputs
do not functionally compensate when evoked transmission
from phasic Is inputs is blocked. However, structural synap-
tic plasticity was observed at tonic Ib terminals when teta-
nus toxin was expressed in Is inputs [59], with an apparent
increase in bouton number found but with little functional
change, consistent with what was observed with quantal
imaging. Interestingly, however, genetic ablation of phasic
Is motor inputs did induce some compensatory increase in
functional neurotransmission in tonic Ib neurons, without
apparent changes in synaptic structure at the Ib inputs [59,
61]. In this case, the increase in neurotransmission at Ib
inputs was variable depending on the specific NMJ, with
some Ib inputs having no apparent change in function [61].
Regardless, in no case was the increase in synaptic strength
at Ib inputs sufficient to be “homeostatic” and restore NMJ
transmission to baseline values. In contrast, little structural
or functional changes were observed at Is terminals when Ib
motor inputs were ablated or blocked in evoked transmission
[59, 61].

These studies revealed several important points about
plasticity between phasic Is and tonic Ib motor inputs. First,
Ib motor neurons can exhibit both structural and functional
plasticity when Is neurons are ablated or silenced, while
Is neurons are insensitive to Ib activity. However, it was
noted that Is motor inputs require the physical presence of Ib
motor inputs, at least in some cases, to properly innervate the
appropriate target muscle during development [59]. Second,
there is a high degree of variability in the specific plasticity
elicited, depending on which NMJ and Is/Ib combination are
being manipulated. The reasons for this heterogeneity are
unclear, although it might be related to the fact that Ib neu-
rons typically innervate only a single target muscle, while Is
neurons innervate a group of several distinct muscle targets.

Finally, Ib inputs respond differently to the physical pres-
ence of Is motor neurons compared with silencing of evoked
activity from Is. This indicates that miniature transmission
from Is may be sufficient to communicate some information
to induce structural plasticity at Ib, while loss of Is appears
to induce only functional changes at Ib. Resolving the sign-
aling mechanisms for these various forms of inter-input syn-
aptic plasticity at the fly NMJ will be an intriguing line of
research for the future.

Integration and balancing of multiple
homeostatic signaling systems

The homeostatic signaling systems at synapses described
above are typically studied in isolation to determine spe-
cific mechanistic insights. However, synapses in vivo often
need to adapt to multiple homeostatic challenges simultane-
ously, frequently in opposing directions. The advances in our
understanding of the synaptic homeostats discussed above at
the Drosophila NMJ have provided a new appreciation for
how such forms of plasticity work in relation to each other,
with two important principles emerging from these stud-
ies. First, each homeostatic signaling system appears to be
independent, utilizing distinct genes and expression mecha-
nisms. Second, with the exception of injury signaling and
PHP, multiple homeostats can be simultaneously induced
and expressed to balance synaptic strength without one form
disrupting the other, even when the stresses and adaptations
are in opposing directions. Here, we discuss recent findings
interrogating multiple homeostats operating at the fly NMJ.

PHP can be induced and expressed with PHD
or biased innervation to balance synaptic strength

Recent work has demonstrated that PHP can be triggered
to be expressed in combination with a second homeostat at
the same NMJ. As discussed above, it is clear that PHP and
PHD are separate and mechanistically distinct homeostats.
Indeed, the core genes required for PHP expression are dis-
pensable for the expression of PHD. These genes include
dysbindin, dKaiRI1D, gooseberry, rim, and cac, each of
which have been shown to be necessary for PHP expression
while being completely dispensable for PHD [46, 51, 65,
72]. However, in the case of injury-related signaling, post-
synaptic retrograde PHP signaling is deliberately shunted
to stabilize synaptic strength at a reduced set point [102].
This highlights the possibility that one form of homeostatic
plasticity may supercede another when more than one home-
ostat is induced and expressed. However, two recent stud-
ies have shown that the opposing homeostats of PHP and
PHD can be expressed together to balance synapse strength
[51, 72]. Importantly, PHD and PHP can be chronically
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expressed together throughout larval development through
genetic overexpression of vGlut presynaptically and loss
of GIuRIIA postsynaptically [51]. In addition, PHP can be
acutely induced and expressed by pharmacological per-
turbation of GluRs at NMJs chronically expressing PHD,
demonstrating a temporal independence of these processes.
Finally, mutations that block PHP have no apparent impact
on PHD expression, yet still fail to express acute or chronic
PHP when combined with vGlut-OE [51], underscoring the
independence and specificity of these distinct homeostatic
signaling systems.

In addition to simultaneous induction with PHD, PHP
can also be expressed at NMJs adapted to hypo- or hyper-
innervation. Using the FasII manipulation described above
to induce the distinct homeostatic adjustments to balance
synaptic strength, PHP can be acutely induced by GluR
blockade using PhTx application at both hypo- and hyper-
innervated targets [138]. Miniature activity is reduced at
both targets, as expected, but synaptic strength is maintained
due to a homeostatic increase in neurotransmitter release
at terminals innervating both postsynaptic compartments.
It should be highlighted that PHP is robustly and precisely
expressed despite the postsynaptic enhancement in GluR
abundance at hypo-innervated targets or the reduction in
active zone density and structure at hyper-innervated mus-
cles. Finally, and perhaps most remarkably, chronic PHP
could be induced by GluR reduction at just the hyper-inner-
vated muscle to balance synaptic strength without impacting
neurotransmission at terminals shared by the same motor
neuron hypo-innervating the adjacent target [138]. Thus,
PHP can be induced simultaneously with one of three dis-
tinct homeostatic adaptions—PHD, hypo-innervation, and
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hyper-innervation—to balance synaptic strength at the fly
NMJ.

PHP, PHD, and active zone scaling can be
simultaneously expressed at the same NMJ
to maintain synaptic strength

PHP can be expressed with one additional homeostatic
challenge—either PHD, hypo- or hyper-innervation—and
maintain stable synaptic function. Interestingly, it was
shown that PHP can also be induced simultaneously with
two additional and bidirectional homeostatic challenges
(Fig. 7). In this case, three distinct manipulations were
used together to homeostatically challenge NMJs [48].
First, acute or chronic PHP was induced by PhTx applica-
tion or genetic loss of GIuRIIA. Second, PHD was induced
by overexpression of vGlut or using endophilin mutations,
either of which leads to enlarged synaptic vesicles and
excess glutamate release. Third, active zone scaling was
induced by endo mutation, which increases active zone
number but reduces size, or the reciprocal rab3 mutation,
which reduces active zone number but increases their size
[48, 132]. These three challenges were combined in vari-
ous combinations at individual NMJs, and each homeo-
static adjustment in neurotransmission was induced and
expressed to enable stable synaptic strength [48]. Further,
individual active zones were revealed to be capable of
simultaneous modification by active zone scaling (endo or
rab3 mutants) and PHP, where active zone remodeling due
to PHP can occur on top of the remodeling that already
occurred in endo or rab3 mutations. These results reveal
the extent to which the NMJ is built for stability, where
at least three independent homeostats can be induced,

Adaptations

Homeostatic adjustments
in active zone structure and
neurotransmitter release

receptor functionality

Fig.7 Three independent homeostats can work simultaneously to
balance synaptic strength. Schematic illustrating a single Drosoph-
ila NMIJ confronting three homeostatic challenges at the same time:
synaptic overgrowth, excess glutamate release, and pharmacological
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blockade of postsynaptic GluRs. Remarkably, all three homeostatic
adaptations are induced and expressed simultaneously and precisely
calibrated to maintain stable synaptic strength. Thus, active zone scal-
ing, PHD, and PHP can be balanced to maintain stable NMJ function
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expressed, and balanced simultaneously to establish and
maintain synaptic strength.

Conclusions and future directions

The Drosophila NMJ has illuminated fundamental princi-
ples of synaptic development, growth, transmission, and
plasticity for over 40 years and is well positioned to continue
to be a premiere model synapse in the future. Going forward,
the fly NM1J is well suited to address several impactful ques-
tions centering around the homeostatic control of synap-
tic structure and function. Much has been learned recently
about the molecular dialogue between pre- and postsynaptic
compartments at this NMJ and the modulation of presyn-
aptic neurotransmitter release from the motor neuron and
postsynaptic responsiveness in the muscle. One major chal-
lenge for the future will be to describe and manipulate the
activity of pre-motor inputs onto motor neurons themselves.
This will unlock approaches to determine how (or if) motor
neurons adapt to reduced or enhanced excitability, as well
as how these responses impact development, function, and
plasticity at the NMJ. Intriguing insights into these questions
have started to emerge [98, 143—146]. Ultimately, the char-
acterization of pre-motor activity and adaptations to motor
units will enable a true appreciation of the full input/output
relationships and circuit plasticity of the Drosophila NM1J.

Beyond the fly NMJ, powerful systems and approaches
have been established to study homeostatic synaptic plas-
ticity in the Drosophila brain and in mammalian systems.
In the fly central nervous system, for example, homeostatic
scaling of synaptic structure and function has been demon-
strated in the visual system, where an adaptive remodeling
of dendritic arborization occurs in response to chronically
elevated or reduced visual activity [147]. In addition, the
rodent NMJ is becoming a compelling system to study PHP
at a cholinergic synapse [12, 13] and provocative links have
been found between PHP and NMJ diseases like ALS [11].
New homeostats beyond PHP are likely to emerge in the
coming years at the rodent NMJ. Finally, it has long been
clear that a variety of homeostatic mechanisms operate at
synapses in the mammalian central nervous system, where
new targets for adaptive plasticity, including the structure
and location of the axon initial segment [148, 149], have
been characterized in addition to GluR scaling and presyn-
aptic homeostatic modulation [150-152]. Of particular note,
exciting links and mechanistic relationships between sleep,
synapses, and homeostatic plasticity have been revealed in
the Drosophila and rodent brain [153—157]. The homeostatic
control of synaptic activity will continue to be an exciting
area of research with fundamental principles discovered at
the Drosophila NM1.

Acknowledgements This work was supported by grants from the
National Institutes to Health to D.D. (NS091546 and NS111414).

Complaince with ethical standards

Conflict of interest The authors declare no conflicts of interest.

References

1. Wondolowski J, Dickman D (2013) Emerging links between
homeostatic synaptic plasticity and neurological disease. Front
Cell Neurosci 7:223

2. Ramocki MB, Zoghbi HY (2008) Failure of neuronal homeo-
stasis results in common neuropsychiatric phenotypes. Nature
455:912-918

3. Frere S, Slutsky I (2018) Alzheimer’s disease: from firing insta-
bility to homeostasis network collapse. Neuron 97:32-58

4. Jang S, Chung HJ (2016) Emerging link between Alzhei-
mer’s disease and homeostatic synaptic plasticity. Neural Plast
2016:7969272

5. Harris KP, Littleton JT (2015) Transmission, development, and
plasticity of synapses. Genetics 201:345-375

6. Rajendra TK, Gonsalvez GB, Walker MP, Shpargel KB, Salz HK,
Matera AG (2007) A Drosophila melanogaster model of spinal
muscular atrophy reveals a function for SMN in striated muscle.
J Cell Biol 176:831-841

7. Watson MR, Lagow RD, Xu K, Zhang B, Bonini NM (2008) A
Drosophila model for amyotrophic lateral sclerosis reveals motor
neuron damage by human SOD1. J Biol Chem 283:24972-24981

8. Zhang K, Donnelly CJ, Haeusler AR, Grima JC, Machamer
JB, Steinwald P, Daley EL, Miller SJ, Cunningham KM, Sea V
(2015) The C9orf72 repeat expansion disrupts nucleocytoplas-
mic transport. Nature 525:56-61

9. Frank CA, James TD, Miiller M (2020) Homeostatic control of
Drosophila neuromuscular junction function. Synapse 74:¢22133

10. Petersen SA, Fetter RD, Noordermeer JN, Goodman CS, DiAnto-
nio A (1997) Genetic analysis of glutamate receptors in Drosoph-
ila reveals a retrograde signal regulating presynaptic transmitter
release. Neuron 19(6):1237-1248

11. Orr BO, Hauswirth AG, Celona B, Fetter RD, Zunino G, Kvon
EZ, Zhu Y, Pennacchio LA, Black BL, Davis GW (2020) Presyn-
aptic homeostasis opposes disease progression in mouse models
of ALS-like degeneration: evidence for homeostatic neuroprotec-
tion. Neuron S0896-6273:30278-30276

12. Wang X, McIntosh JM, Rich MM (2018) Muscle nicotinic ace-
tylcholine receptors may mediate trans-synaptic signaling at the
mouse neuromuscular junction. J Neurosci 38:1725-1736

13. Wang X, Pinter MJ, Rich MM (2016) Reversible recruitment
of a homeostatic reserve pool of synaptic vesicles underlies
rapid homeostatic plasticity of quantal content. J Neurosci
36(3):828-836

14. Cull-Candy SG, Miledi R, Trautmann A, Uchitel OD (1980)
On the release of transmitter at normal, myasthenia gravis and
myasthenic syndrome affected human end-plates. J Physiol
299:621-638

15. Plomp JJ, Th G, Kempen HV, Molenaar PC (1992) Adapta-
tion of quantal content to decreased postsynaptic sensitivity at
single endplates in aplha-bungarotoxin-treated rats. J Physiol
458:487-499

16. Delvendahl I, Kita K, Miiller M (2019) Rapid and sustained
homeostatic control of presynaptic exocytosis at a central syn-
apse. PNAS 116:23783-23789

@ Springer



3176

P. Goel, D. Dickman

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

DiAntonio A (2006) Glutamate receptors at the Drosophila neu-
romuscular junction. Intl Rev Neurobiol 75:165-179

Qin G, Schwarz T, Kittel RJ, Schmid A, Rasse TM, Kappei D,
Ponimaskin E, Heckmann M, Sigrist SJ (2005) Four different
subunits are essential for expressing the synaptic glutamate
receptor at neuromuscular junctions of Drosophila. J Neurosci
25(12):3209-3218

DiAntonio A, Petersen SA, Heckmann M, Goodman CS (1999)
Glutamate receptor expression regulates quantal size and quan-
tal content at the Drosophila neuromuscular junction. J Neu-
rosci 19(8):3023-3032

Han TH, Dharkar P, Mayer ML, Serpe M (2015) Functional
reconstitution of Drosophila melanogaster NMJ glutamate
receptors. Proc Natl Acad Sci USA 112(19):6182-6187
Delvendahl I, Muller M (2019) Homeostatic plasticity-a pre-
synaptic perspective. Curr Opin Neurobiol 54:155-162

Frank CA (2013) Homeostatic plasticity at the Drosophila neu-
romuscular junction. Neuropharmacology 78:63-74
Dickman DK, Davis GW (2009) The schizophrenia suscepti-
bility gene dysbindin controls synaptic homeostasis. Science
326(5956):1127-1130

Muller M, Pym EC, Tong A, Davis GW (2011) Rab3-GAP
controls the progression of synaptic homeostasis at a late stage
of vesicle release. Neuron 69(4):749-762

Muller M, Davis GW (2012) Transsynaptic control of presyn-
aptic Ca(2)(+) influx achieves homeostatic potentiation of
neurotransmitter release. Curr Biol 22(12):1102-1108
Weyhersmuller A, Hallermann S, Wagner N, Eilers J (2011)
Rapid active zone remodeling during synaptic plasticity. J Neu-
rosci 31(16):6041-6052

Orr BO, Fetter RD, Davis GW (2017) Retrograde semaphorin-
plexin signalling drives 849 homeostatic synaptic plasticity.
Nature 550:109-113

Wang T, Hauswirth AG, Tong A, Dickman DK, Davis GW
(2014) Endostatin is a trans-synaptic signal for homeostatic
synaptic plasticity. Neuron 83(3):616-629

Haghighi AP, McCabe BD, Fetter RD, Palmer JE, Hom S,
Goodman CS (2003) Retrograde control of synaptic transmis-
sion by postsynaptic CaMKII at the Drosophila neuromuscular
junction. Neuron 39(2):255-267

Li X, Goel P, Chen C, Angajala V, Chen X, Dickman D (2018)
Synapse-specific and compartmentalized expression of presyn-
aptic homeostatic potentiation. eLife 7:e34338

Newman ZL, Hoagland A, Aghi K, Worden K, Levy SL, Son
JH, Lee LP, Isacoff EY (2017) Input-specific plasticity and
homeostasis at the Drosophila larval neuromuscular junction.
Neuron 93(6):1388-1404

Goel P, Li X, Dickman D (2017) Disparate postsynaptic
induction mechanisms ultimately converge to drive the ret-
rograde enhancement of presynaptic efficacy. Cell Rep
21(9):2339-2347

Kauwe G, Tsurudome K, Penney J, Mori M, Gray L, Calde-
ron MR, Elazouzzi F, Chicoine N, Sonenberg N, Haghighi AP
(2016) Acute fasting regulates retrograde synaptic enhance-
ment through a 4E-BP-dependent mechanism. Neuron
92(6):1204-1212

Penney J, Tsurudome K, Liao EH, Elazzouzi F, Livingstone M,
Gonzalez M, Sonenberg N, Haghighi AP (2012) TOR is required
for the retrograde regulation of synaptic homeostasis at the Dros-
ophila neuromuscular junction. Neuron 74(1):166-178

Penney J, Tsurudome K, Liao EH, Kauwe G, Gray L, Yanagiya
A, Calderon MR, Sonenberg N, Haghighi AP (2016) LRRK2
regulates retrograde synaptic compensation at the Drosophila
neuromuscular junction. Nat Commun 7:12188

Bohme MA, McCarthy AW, Grasskamp AT, Beuschel CB, Goel
P, Jusyte B, Laber D, Huang S, Rey U, Petzold AG, Lehmann M,

@ Springer

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Goettfert F, Haghighi P, Hell SW, Owald D, Dickman D, Sigrist
SJ, Walter AM (2019) Rapid active zone remodeling consolidates
presynaptic potentiation. Nat Commun 10:1085

Chen X, Dickman D (2017) Development of a tissue-specific
ribosome profiling approach in Drosophila enables genome-
wide evaluation of translational adaptations. PLoS Genet
13(12):e1007117

Frank CA, Kennedy MJ, Goold CP, Marek KW, Davis GW
(2006) Mechanisms underlying the rapid induction and sustained
expression of synaptic homeostasis. Neuron 52(4):663-677
Hauswirth AG, Ford KJ, Wang T, Fetter RD, Tong A, Davis GW
(2018) A postsynaptic PI3K-clI dependent signaling controller
for presynaptic homeostatic plasticity. eLife 7:e31535

Kikuma K, Li X, Perry S, Li Q, Goel P, Chen C, Kim D, Stavro-
poulos N, Dickman D (2019) Cul3 and insomniac are required
for rapid ubiquitination of postsynaptic targets and retrograde
homeostatic signaling. Nat Commun 10:2998

McGourty CA, Akopian D, Walsh C, Gorur A, Werner A,
Schekman R, Bautista D, Rape M (2016) Regulation of the
CULS3 ubiquitin ligase by a calcium-dependent co-adaptor. Cell
167:525-538

Wang T, Jones RT, Whippen JM, Davis GW (2016) alpha2delta-3
is required for rapid transsynaptic homeostatic signaling. Cell
Rep 16:2875-2888

Bruckner JJ, Zhan H, Gratz SJ, Rao M, Ukken F, Zilberg G,
O’Connor-Giles KM (2017) Fife organizes synaptic vesicles and
calcium channels for high-probability neurotransmitter release. J
Cell Biol 216:231-246

Muller M, Liu KS, Sigrist SJ, Davis GW (2011) RIM controls
homeostatic plasticity through modulation of the readily-releas-
able vesicle pool. J Neurosci 32(47):16574-16585

Muller M, Genc O, Davis GW (2015) RIM-binding protein links
synaptic homeostasis to the stabilization and replenishment of
high release probability vesicles. Neuron 85(5):1056-1069
Kiragasi B, Wondolowski J, Li Y, Dickman DK (2017) A
presynaptic glutamate receptor subunit confers robustness
to neurotransmission and homeostatic potentiation. Cell Rep
19(13):2694-2706

Kiragasi B, Goel P, Perry S, Han Y, Li X, Dickman D (2020) The
auxiliary glutamate receptor subunit dSol-1 promotes presynap-
tic neurotransmitter release and homeostatic potentiation. PNAS
117:25830-25839

Goel P, Dufour Bergeron D, Bohme MA, Nunnelly L, Lehmann
M, Buser C, Walter AM, Sigrist SJ, Dickman D (2019) Homeo-
static scaling of active zone scaffolds maintains global synaptic
strength. J Cell Biol 218(5):1706-1724

Gratz SJ, Goel P, Bruckner JJ, Hernandez RX, Khateeb K,
Macleod G, Dickman D, O’Connor-Giles KM (2019) Endog-
enous tagging reveals differential regulation of Ca2+ channels
at single AZs during presynaptic homeostatic potentiation and
depression. J Neurosci 39:3018-3068

Wentzel C, Delvendahl I, Sydlik S, Georgiev O, Muller M (2018)
Dysbindin links presynaptic proteasome function to homeostatic
recruitment of low release probability vesicles. Nat Commun
9:267

Li X, Goel P, Wondolowski J, Paluch J, Dickman D (2018) A
glutamate homeostat controls the presynaptic inhibition of neu-
rotransmitter release. Cell Rep 23(6):1716-1727

Mrestani A, Kollmannsberger P, Pauli M, Repp F, Kittel RJ, Eil-
ers J, Doose S, Sauer M, Siren A, Heckmann M, Paul MM (2020)
Active zone compaction in presynaptic homeostatic potentiation.
BioRxiv 1:802843

Bohme MA, Beis C, Reddy-Alla S, Reynolds E, Mampell
MM, Grasskamp AT, Lutzkendorf J, Bergeron DD, Driller
JH, Babikir H, Gottfert F, Robinson IM, O’Kane CJ, Hell
SW, Wahl MC, Stelzl U, Loll B, Walter AM, Sigrist SJ (2016)



Synaptic homeostats: latent plasticity revealed at the Drosophila neuromuscular junction

3177

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Active zone scaffolds differentially accumulate Unc13 iso-
forms to tune Ca(2+) channel-vesicle coupling. Nat Neurosci
19(10):1311-1320

Matkovic T, Siebert M, Knoche E, Depner H, Mertel S, Owald D,
Schmidt M, Thomas U, Sickmann A, Kamin D, Hell SW, Burger
J, Hollmann C, Mielke T, Wichmann C, Sigrist SJ (2013) The
Bruchpilot cytomatrix determines the size of the readily releas-
able pool of synaptic vesicles. J Cell Biol 202(4):667-683
Vukoja A, Rey U, Petzoldt AG, Ott C, Vollweiter D, Quentin
C, Puchkov D, Reynolds E, Lehmann M, Hohensee S, Rosa S,
Lipowsky R, Sigrist SJ, Haucke V (2018) Presynaptic biogenesis
requires axonal transport of lysosome-related vesicles. Neuron
99(6):1216-1232

Atwood HL, Govind CK, Wu CF (1993) Differential ultrastruc-
ture of synaptic terminals on ventral longitudinal abdominal
muscles in Drosophila larvae. J Neurobiol 24:1008-1024
Lnenicka GA, Keshishian H (2000) Identified motor terminals in
Drosophila larvae show distinct differences in morphology and
physiology. J Neurobiol 43:186-197

Duffy JB (2002) GAL4 system in Drosophila: a fly geneticist’s
Swiss army knife. Genesis 34:1-15

Aponte-Santiago NA, Ormerod KG, Akbergenova Y, Littleton
JT (2020) Synaptic plasticity induced by differential manipula-
tion of tonic and phasic motoneurons in Drosophila. J Neurosci
40:6270-6288

Perez-Moreno JJ, O’Kane CJ (2018) GAL4 drivers specific for
type Ib and type is motor neurons in Drosophila. G3 (Bethesda)
9:453-4

Wang Y, Lobb-Rabe M, Ashley J, Carrillo RA (2020) Structural
and functional synaptic plasticity induced by convergent synapse
loss requires co-innervation in the Drosophila neuromuscular
circuit. bioRxiv

Genc O, Davis GW (2019) Target-wide induction and synapse
type-specific robustness of presynaptic homeostasis. Curr Biol
CB 29(22):3863-3873

Karunanithi S, Marin L, Wong K, Atwood HL (2002) Quan-
tal size and variation determined by vesicle size in normal
and mutant Drosophila glutamatergic synapses. J Neurosci
22:10267-10276

Frank CA, Pielage J, Davis GW (2009) A presynaptic homeo-
static signaling system composed of the Eph receptor, ephexin,
Cdc42, and CaV2.1 calcium channels. Neuron 61(4):556-569
Marie B, Pym E, Bergquist S, Davis GW (2010) Synaptic homeo-
stasis is consolidated by the cell fate gene gooseberry, a Dros-
ophila pax3/7 homolog. J Neurosci 30(24):8071-8082

Spring AM, Brusich DJ, Frank CA (2016) C-terminal Src kinase
gates homeostatic synaptic plasticity and regulates fasciclin II
expression at the Drosophila neuromuscular junction. PLoS
Genet 12(2):¢1005886

Koles K, Messelaar EM, Feiger Z, Yu CJ, Frank CA, Rodal AA
(2015) The EHD protein Past1 controls postsynaptic membrane
elaboration and synaptic function. Mol Biol Cell 26:3275-3288
Dickman DK, Horne JA, Meinertzhagen IA, Schwarz TL (2005)
A slowed classical pathway rather than kiss-and-run mediates
endocytosis at synapses lacking synaptojanin and endophilin.
Cell 123(3):521-533

Marie B, Sweeney ST, Poskanzer KE, Roos J, Kelly RB, Davis
GW (2004) Dap160/intersectin scaffolds the periactive zone to
achieve high-fidelity endocytosis and normal synaptic growth.
Neuron 43(2):207-219

Verstreken P, Kjaerulff O, Lloyd TE, Atkinson R, Zhou Y, Mein-
ertzhagen IA, Bellen HJ (2002) Endophilin mutations block
clathrin-mediated endocytosis but not neurotransmitter release.
Cell 109(1):101-112

Daniels RW, Collins CA, Gelfand MV, Dant J, Brooks ES, Krantz
DE, DiAntonio A (2004) Increased expression of the Drosophila

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

vesicular glutamate transporter leads to excess glutamate release
and a compensatory decrease in quantal content. J Neurosci
24(46):10466-10474

Gavino MA, Ford KJ, Archila S, Davis GW (2015) Homeostatic
synaptic depression is achieved through a regulated decrease in
presynaptic calcium channel abundance. eLife 4:¢05473

Chen CK, Bregere C, Paluch J, Lu JF, Dickman DK, Chang
KT (2014) Activity-dependent facilitation of Synaptojanin and
synaptic vesicle recycling by the Minibrain kinase. Nat Com-
mun 5:4246

Tzingounis AV, Wadiche JI (2007) Glutamate transporters:
confining runaway excitation by shaping synaptic transmis-
sion. Nat Rev Neurosci 8:935-947

Daniels RW, Miller BR, DiAntonio A (2011) Increased vesicu-
lar glutamate transporter expression causes excitotoxic neuro-
degeneration. Neurobiol Dis 41(2):415-420

Augustin H, Grosjean Y, Chen K, Sheng Q, Featherstone DE
(2007) Nonvesicular release of glutamate by glial xCT trans-
porters suppresses glutamate receptor clustering in vivo. J
Neurosci 27:111-123

Rival T, Soustelle L, Cattaert D, Strambi C, Iche M, Birman S
(2006) Physiological requirement for the glutamate transporter
dEAATI at the adult Drosophila neuromuscular junction. J
Neurobiol 66(10):1061-1074

Bogdanik L, Mohrmann R, Ramaekers A, Bockaert J, Grau Y,
Broadie K, Parmentier ML (2004) The Drosophila metabo-
tropic glutamate receptor DmGIuRA regulates activity-depend-
ent synaptic facilitation and fine synaptic morphology. J Neu-
rosci 24:9105-9106

Perry S, Goel P, Tran NL, Pinales C, Buser C, Miller DL,
Ganetzky B, Dickman D (2020) Developmental arrest of
Drosophila larvae elicits presynaptic depression and ena-
bles prolonged studies of neurodegeneration. Development
147(10):dev186312

Goel P, Khan M, Howard S, Kim G, Kiragasi B, Kikuma K,
Dickman D (2019) A screen for synaptic growth mutants
reveals mechanisms that stabilize synaptic strength. J Neurosci
39:4051-4065

Wang M, Chen PY, Wang CH, Lai TT, Tsai PI, Cheng YJ, Kao
HH, Chien CT (2016) Dbo/Henji modulates synaptic dPAK to
gate glutamate receptor abundance and postsynaptic response.
PLoS Genet 12(10):e1006362

Gerdts J, Summers DW, Milbrandt J, DiAntonio A (2016)
Axon self-destruction: new links among SARM1, MAPKs,
and NAD+ metabolism. Neuron 89(3):449-460

Freeman MR (2014) Signaling mechanisms regulating Wal-
lerian degeneration. Curr Opin Neurobiol 27:224-231
Collins CA, DiAntonio A (2007) Synaptic development:
insights from Drosophila. Curr Opin Neurobiol 17:35-42
Brace EJ, DiAntonio A (2017) Models of axon regeneration in
Drosophila. Exp Neurol 287(Pt 3):310-317

Adib EA, Smithson LJ, Collins CA (2018) An axonal stress
response pathway: degenerative and regenerative signaling by
DLK. Curr Opin Neurobiol 53:110-119

Lee WC, Yoshihara M, Littleton JT (2004) Cytoplasmic aggre-
gates trap polyglutamine-containing proteins and block axonal
transport in a Drosophila model of Huntington’s disease.
PNAS 101:3224-3229

Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, Oroz LG,
Scaravilli F, Easton DF, Duden R, O’Kane CJ, Rubinsztein DC
(2004) Inhibition of mTOR induces autophagy and reduces
toxicity of polyglutamine expansions in fly and mouse models
of Huntington disease. Nat Genet 36:585-595

Ye Y, Fortini ME (1999) Apoptotic activities of wild-type and
Alzheimer’s disease-related mutant presenilins in Drosophila
melanogaster. J Cell Biol 146:1351-1364

@ Springer



3178 P. Goel, D. Dickman
90. Greeve I, Kretzchmar D, Tschape JA, Beyn A, Brellinger C, 110. Renton AE, Majounie E, Waite A, Simén-Sanchez J, Rollin-
Schweizer M, Nitsch RM, Rei-fegerste R (2004) Age-depend- son S, Gibbs JR, Schymick JC, Laaksovirta H, van Swieten JC,
ent neurodegeneration and Alzheimer-amyloid plaque forma- Myllykangas L, Kalimo H, Paetau A, Abramzon Y, Remes AM,
tion in transgenic Drosophila. J Neurosci 24:3899-3906 Kaganovich A, Scholz SW, Duckworth J, Ding J, Harmer DW,
91. Iijima K, Liu HP, Chang AS, Hearn SA, Kon- solaki M, Zhong Hernandez DG, Traynor BJ (2011) hexanucleotide repeat expan-
Y (2004) Dissecting the pathological effects of human A. sion in C9ORF72 is the cause of chromosome 9p21-linked ALS-
PNAS 101:6623-6628 FTD. Neuron 72:257-268
92. Feany MB, Bender WW (2000) A Drosophila model of Parkin- 111. Miller DL, Ballard SL, Ganetzky B (2012) Analysis of synaptic
son’s disease. Nature 404:394-398 growth and function in Drosophila with an extended larval stage.
93. Chen L, Feany MB (2005) Alpha-Synuclein phosphorylation J Neurosci 32:13776-13786
controls neurotoxicity and inclusion formation in a Drosophila 112. Duncan JE, Lytle NK, Zuniga A, Goldstein LSB (2013) The
model of Parkinson disease. Nat Neurosci 8:657-663 microtubule regulatory protein stathmin is required to maintain
94. Drozd M, Bardoni B, Capovilla M (2018) Modeling Fragile X the integrity of axonal microtubules in Drosophila. PLoS ONE
syndrome in Drosophila. Front Mol Neurosci 11:124 8:68324
95. Zhang K, Coyne AN, Lloyd TE (2018) Drosophila models of 113. Graf ER, Heerssen HM, Wright CM, Davis GW, DiAntonio A
amyotrophic lateral sclerosis with defects in RNA metabolism. (2011) Stathmin is required for stability of the Drosophila neu-
Brain Res 1693(Pt A):109-120 romuscular junction. J Neurosci 31:15026-15034
96. Perry S, Han Y, Das A, Dickman DK (2017) Homeostatic plastic- 114. Melamed Z, L6épez-Erauskin J, Baughn MW, Zhang O, Drenner
ity can be induced and expressed to restore synaptic strength at K, Sun Y, Freyermuth F, McMahon MA, Beccari MS, Artates
neuromuscular junctions undergoing ALS-related degeneration. JW, Ohkubo T, Rodriguez M, Lin N, Wu D, Bennett CF, Rigo F,
Hum Mol Genet 26(21):4153-4167 Da Cruz S, Ravits J, Lagier-Tourenne C, Cleveland DW (2019)
97. Praveen K, Wen Y, Gray KM, Noto JJ, Patlolla AR, Van Duyne Premature polyadenylation-mediated loss of stathmin-2 is a hall-
GD, Matera AG (2014) SMA-causing missense mutations in sur- mark of TDP-43-dependent neurodegeneration. Nat Neurosci
vival motor neuron (Smn) display a wide range of phenotypes 22:180-190
when modeled in Drosophila. PLoS Genet 10:¢1004489 115. Cohen-Cory S (2002) The developing synapse: construction
98. Imlach WL, Beck ES, Choi BJ, Lotti F, Pellizzoni L, McCabe and modulation of synaptic structures and circuits. Science
BD (2012) SMN is required for sensory-motor circuit function 298:770-776
in Drosophila. Cell 151(2):427-439 116. Holtmaat A, Svoboda K (2009) Experience-dependent structural
99. Xiong X, Wang X, Ewanek R, Bhat P, Diantonio A, Collins CA synaptic plasticity in the mammalian brain. Nat Rev Neurosci
(2010) Protein turnover of the Wallenda/DLK kinase regulates a 10(9):647-658
retrograde response to axonal injury. J Cell Biol 191(1):211-223 117. Riccomagno MM, Kolodkin AL (2015) Sculpting neural cir-
100. Collins CA, Wairkar YP, Johnson SL, DiAntonio A (2006) High- cuits by axon and dendrite pruning. Annu Rev Cell Dev Biol
wire restrains synaptic growth by attenuating a MAP kinase sig- 31:779-805
nal. Neuron 51(1):57-69 118. Zito K, Parnas D, Fetter RD, Isacoff EY, Goodman CS (1999)
101. Wan HI, DiAntonio A, Fetter RD, Bergstrom K, Strauss R, Good- Watching a synapse grow: noninvasive confocal imaging of syn-
man CS (2000) Highwire regulates synaptic growth in Dros- aptic growth in Drosophila. Neuron 22:719-729
ophila. Neuron 26:313-329 119. Budnik V (1996) Synapse maturation and structural plasticity
102. Goel P, Dickman D (2018) Distinct homeostatic modulations sta- at Drosophila neuromuscular junctions. Curr Opin Neurobiol
bilize reduced postsynaptic receptivity in response to presynaptic 6:858-867
DLK signaling. Nat Commun 9(1):1856 120. Landgraf M, Bossing T, Technau GM, Bate M (1997) The origin,
103. Xiong X, Hao Y, Sun K, LiJ, Li X, Mishra B, Soppina P, Wu location, and projections of the embryonic abdominal motorneu-
C, Hume RI, Collins CA (2012) The Highwire ubiquitin ligase rons of Drosophila. J Neurosci 17:9642-9655
promotes axonal degeneration by tuning levels of Nmnat protein. 121. Korkut C, Budnik V (2009) WNTSs tune up the neuromuscular
PLoS Biol 10(12):e1001440 junction. Nat Rev Neurosci 10:627-634
104. Zang S, Ali YO, Ruan K, Zhaia RG (2013) Nicotinamide mono- 122. McCabe BD, Marqués G, Haghighi AP, Fetter RD, Crotty ML,
nucleotide adenylyltransferase maintains active zone structure by Haerry TE, Goodman CS, O’Connor MB (2003) The BMP
stabilizing Bruchpilot. EMBO Rep 14:87-94 homolog Gbb provides a retrograde signal that regulates syn-
105. Russo A, Goel P, Brace EJ, Buser C, Dickman D, DiAntonio A aptic growth at the Drosophila neuromuscular junction. Neuron
(2019) The E3 ligase Highwire promotes synaptic transmission 39:241-254
by targeting the NAD-synthesizing enzyme dNmnat. EMBO Rep 123. Marqués G, Bao H, Haerry TE, Shimell MJ, Duchek P, Zhang
20(3):e46975 B, O’Connor MB (2002) The Drosophila BMP type II receptor
106. Miskiewicz K, Jose LE, BentoAbreu A, Fislage M, Taes I, Wishful Thinking regulates neuromuscular synapse morphology
Kasprowicz J, Swerts J, Sigrist S, Versees W, Robberecht W, and function. Neuron 33:529-543
Verstreken P (2011) ELP3 controls active zone morphology 124. Vijayan V, Verstreken P (2017) Autophagy in the presynaptic
by acetylating the ELKS family member Bruchpilot. Neuron compartment in health and disease. J Cell Biol 216:1895-1906
72:776-788 125. Shen W, Ganetzky B (2010) Nibbling away at synaptic develop-
107. Miskiewicz K, Jose LE, Yeshaw WM, Valadas JS, Swerts J, ment. Autophagy 6:168—169
Munck S, Feiguin F, Dermaut B, Verstreken P (2014) HDAC6 is 126. Deshpande M, Rodal AA (2016) The crossroads of synaptic
a Bruchpilot deacetylase that facilitates neurotransmitter release. growth signaling, membrane traffic and neurological disease:
Cell Rep 8:94102 insights from Drosophila. Traffic 17:87-101
108. Perry S, Kiragasi B, Dickman D, Ray A (2017) The role of his- 127. Ho CH, Treisman JE (2020) Specific isoforms of the guanine-
tone deacetylase 6 in synaptic plasticity and memory. Cell Rep nucleotide exchange factor dPix couple neuromuscular synapse
18:1337-1345 growth to muscle growth. Dev Cell 54(1):117-131
109. Burghes AH, Beattie CE (2009) Spinal muscular atrophy: why do 128. Davis GW, Goodman CS (1998) Genetic analysis of synaptic

low levels of survival motor neuron protein make motor neurons
sick? Nat Rev Neurosci 10:597-609

@ Springer

development and plasticity: homeostatic regulation of synaptic
efficacy. Curr Opin Neurobiol 8:149-156



Synaptic homeostats: latent plasticity revealed at the Drosophila neuromuscular junction

3179

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Menon KP, Carrillo RA, Zinn K (2013) Development and plas-
ticity of the Drosophila larval neuromuscular junction. Wiley
Interdiscip Rev Dev Biol 2(5):647-670

Schuster CM, Davis GW, Fetter RD, Goodman CS (1996)
Genetic dissection of structural and functional components of
synaptic plasticity. II. Fasciclin II controls presynaptic structural
plasticity. Neuron 17:655-667

Aberle H, Haghighi AP, Fetter RD, McCabe BD, Magalhaes TR,
Goodman CS (2002) wishful thinking encodes a BMP type 11
receptor that regulates synaptic growth in Drosophila. Neuron
33(4):545-558

Graf ER, Daniels RW, Burgess RW, Schwarz TL, DiAntonio A
(2009) Rab3 dynamically controls protein composition at active
zones. Neuron 64(5):663-677

Keshishian H, Broadie K, Chiba A, Bate M (1996) The Drosoph-
ila neuromuscular junction: a model system for studying synaptic
development and function. Ann Rev Neurosci 19:545-575
Davis GW, Goodman CS (1998) Synapse-specific control of
synaptic efficacy at the terminals of a single neuron. Nature
392:82-86

Koester HJ, Johnston D (2005) Target cell-dependent normali-
zation of transmitter release at neocortical synapses. Science
308:863-866

Maccaferri G, Téth K, McBain CJ (1998) Target-specific
expression of presynaptic mossy fiber plasticity. Science
279:1368-1370

Scanziani M, Gahwiler BH, Charpak S (1998) Target cell-spe-
cific modulation of transmitter release at terminals from a single
axon. PNAS 95:12004-12009

Goel P, Nishimura S, Chetlapalli K, Li X, Chen C, Dickman
D (2020) Distinct target-specific mechanisms homeostatically
stabilize transmission at pre- and post-synaptic compartments.
Front Cell Neurosci 14:196

Hoang B, Chiba A (2001) Single-cell analysis of Drosophila
larval neuromuscular synapses. Dev Biol 229:55-70

Lu Z, Chouhan AK, Borycz JA, Lu Z, Rossano AJ, Brain KL,
Zhou Y, Meinertzhagen IA, Macleod GT (2016) High-probabil-
ity neurotransmitter release sites represent an energy-efficient
design. Curr Biol 26(19):2562-2571

Kurdyak P, Atwood HL, Stewart BA, Wu CF (1994) Differential
physiology and morphology of motor axons to ventral longitudi-
nal muscles in larval Drosophila. J] Comp Neurol 350:463-472
Sweeney ST, Broadie K, Keane J, Niemann H, O’Kane J (1995)
Targeted expression of tetanus toxin light chain in Drosophila
specifically eliminates synaptic transmission and causes behav-
ioral defects. Neuron 14:341-351

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Ackerman SD, Perez-Catalan NA, Freeman MR, Doe CQ (2020)
Astrocytes close a critical period of motor circuit plasticity.
bioRxiv

Lawrence JJ, McBain CJ (2003) Interneuron diversity series:
containing the detonation—feedforward inhibition in the CA3
hippocampus. Trends Neurosci 26:631-640

Tripodi M, Evers JF, Mauss A, Bate M, Landgraf M (2008)
Structural homeostasis: compensatory adjustments of dendritic
arbor geometry in response to variations of synaptic input. PloS
Biol 6:260

Giachello C, Baines R (2017) Regulation of motoneuron excit-
ability and the setting of homeostatic limits. Curr Opin Neurobiol
43:1-6

Yuan Q, Xiang Y, Yan Z, Han C, Jan LY, Jan YN (2011) Light-
induced structural and functional plasticity in Drosophila larval
visual system. Science 333:1458-1462

Rei Y, Hiroshi K (2016) Structural and functional plasticity at
the axon initial segment. Front Cell Neurosci 10:250
Wefelmeyer W, Puhl CJ, Burrone J (2016) Homeostatic plasticity
of subcellular neuronal structures: from inputs to outputs. Trends
Neurosci 39:656-667

Burrone J, Murthy VN (2003) Synaptic gain control and homeo-
stasis. Curr Opin Neurobiol 13(5):560-567

Turrigiano GG (2008) The self-tuning neuron: synaptic scaling
of excitatory synapses. Cell 135(3):422—435

Vitureira N, Goda Y (2013) The interplay between Hebbian and
homeostatic synaptic plasticity. J Cell Biol 203:175

Hengen KB, Pacheco AT, McGregor JN, Van Hooser SD, Tur-
rigiano GG (2016) Neuronal firing rate homeostasis is inhibited
by sleep and promoted by wake. Cell 165:180-191

Diering GH, Nirujogi RS, Roth RH, Worley PF, Pandey A,
Huganir RL (2017) Homerla drives homeostatic scaling-down
of excitatory synapses during sleep. Science 355:511-515
Pacheco AT, Bottorft J, Turrigiano GG (2019) Sleep promotes
downward firing rate homeostasis. bioRxiv

Cary BA, Turrigiano GG (2019) Stability of cortical synapses
across sleep and wake. bioRxiv

de Vivo L, Bellesi M, Marshall W, Bushong EA, Ellisman MH,
Tononi G, Cirelli C (2017) Ultrastructural evidence for synaptic
scaling across the wake/sleep cycle. Science 355:507-510

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Synaptic homeostats: latent plasticity revealed at the Drosophila neuromuscular junction
	Abstract
	Introduction
	Presynaptic homeostatic potentiation (PHP)
	Postsynaptic PHP induction requires signal transduction systems utilizing phosphorylation and ubiquitination
	PHP expression targets active zone structure for homeostatic modulation
	Input, target, and synapse specificity of PHP expression
	Intriguing differences are apparent between acute and chronic PHP induction and expression

	Presynaptic homeostatic depression (PHD)
	PHD induction
	Expression mechanisms of PHD
	Potentially novel forms of PHD

	Adaptive changes at NMJs in the context of injury and disease
	Highwire targets presynaptic release sites to reduce neurotransmitter release
	Neuronal injury homeostatically modulates the set point of synaptic strength
	Homeostatic plasticity, neurodegeneration, and disease at the fly NMJ

	Homeostatic adaptations to synaptic overgrowth
	Active zones are substrates for homeostatic adaptations to synaptic overgrowth
	Homeostatic adaptations to synaptic undergrowth

	Target-specific homeostatic plasticity at the Drosophila NMJ
	A homeostatic increase in postsynaptic GluR abundance maintains synaptic strength at hypo-innervated targets
	A target-specific reduction in the number and structure of presynaptic active zones maintains synaptic strength at hyper-innervated targets
	Input-specific homeostatic plasticity

	Integration and balancing of multiple homeostatic signaling systems
	PHP can be induced and expressed with PHD or biased innervation to balance synaptic strength
	PHP, PHD, and active zone scaling can be simultaneously expressed at the same NMJ to maintain synaptic strength

	Conclusions and future directions
	Acknowledgements 
	References




