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Defining neuronal cell types and their associated biophysical and synaptic diversity has
become an important goal in neuroscience as a mechanism to create comprehensive
brain cell atlases in the post-genomic age. Beyond broad classification such as
neurotransmitter expression, interneuron vs. pyramidal, sensory or motor, the field is
still in the early stages of understanding closely related cell types. In both vertebrate
and invertebrate nervous systems, one well-described distinction related to firing
characteristics and synaptic release properties are tonic and phasic neuronal subtypes.
In vertebrates, these classes were defined based on sustained firing responses during
stimulation (tonic) vs. transient responses that rapidly adapt (phasic). In crustaceans,
the distinction expanded to include synaptic release properties, with tonic motoneurons
displaying sustained firing and weaker synapses that undergo short-term facilitation to
maintain muscle contraction and posture. In contrast, phasic motoneurons with stronger
synapses showed rapid depression and were recruited for short bursts during fast
locomotion. Tonic and phasic motoneurons with similarities to those in crustaceans have
been characterized in Drosophila, allowing the genetic toolkit associated with this model
to be used for dissecting the unique properties and plasticity mechanisms for these
neuronal subtypes. This review outlines general properties of invertebrate tonic and
phasic motoneurons and highlights recent advances that characterize distinct synaptic
and plasticity pathways associated with two closely related glutamatergic neuronal cell
types that drive invertebrate locomotion.

Keywords: Drosophila, synaptic transmission, synaptic plasticity, synapse, tonic, phasic, neuromuscular junction

INTRODUCTION

With few exceptions, every cell in an animal has the same gene set encoded in their chromosomal
DNA. Yet different cells navigate unique paths to differentiation and express only a subset of the
individual genes that define what that cell becomes and how it works within the organism as a
whole. There is no place where that diversity is on display more than in the nervous system.
Thousands of individual cell types are found in the brain, each forming connections with many
other neurons. This developmental feat gives rise to a biological machine that processes external
stimuli and combines it with internal motivation states and prior experiences to guide ongoing
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behavior. Beyond the remarkable diversity of cell types,
neurons can also rapidly alter the genes they express to guide
modifications in their activity and structure that contribute
to behavioral plasticity (Sheng and Greenberg, 1990; Sheng
et al., 1990; Guan et al., 2005; Leslie and Nedivi, 2011; Crocker
et al, 2016; Yap and Greenberg, 2018; Gray and Spiegel,
2019). How neurons create unique functional and structural
identities and still allow flexible changes to occur during states
of plasticity is a fundamental question in neuroscience. Indeed,
severe neurodevelopmental and neurodegenerative diseases
can occur when these processes are disrupted (Melom and
Littleton, 2011; Mayford et al,, 2012; Doll and Broadie, 2014;
Nahmani and Turrigiano, 2014).

A goal for many in the field has been to unravel the
genomic complexity of neurons and create comprehensive brain
cell atlases (Ecker et al., 2017; Zeng and Sanes, 2017). Can
one decipher which of the thousands of genes available to
a neuron are ultimately expressed? More importantly, which
gene combinations drive emergence of unique functional and
structural properties for each neuronal class? In addition, what
subset of these differentially expressed genes enable the neuron
to form preferential connections to synaptic partners from a
large cohort of potential choices? Deciphering these fundamental
questions in neuronal diversity and connectivity will empower
broad efforts in neuroscience to understand how the brain is
built and how it functions. With modern molecular techniques
in cell biology, single cell RNA profiling experiments can be
performed to determine which of the genes encoded in an
animal’s genome are expressed, along with relative mRNA
abundance within individual neurons (Belgard et al, 2011;
Darmanis et al., 2015; Cadwell et al., 2016; Fuzik et al., 2016;
Lake et al.,, 2016; Poulin et al., 2016; Chen et al., 2017; Brunet
Avalos et al, 2019; Ortiz et al,, 2020). However, even with
a known transcriptome, the challenge of understanding what
specific gene expression signatures mean for any class of neurons
remains. More divergent cell types are likely to display greater
diversity in their transcriptomes compared to closely related
ones (Arendt et al., 2016). Given the complexity of neuronal
diversity, an attractive approach is to simplify the question - to
discover how distinct transcriptional programs generate diversity
in neuronal function and connectivity at the level of closely
related neuronal subgroups that show modest differences in their
properties. Invertebrate tonic and phasic motoneurons represent
an interesting and highly related subgroup of glutamatergic
neurons to begin deciphering the molecular underpinnings
of neuronal and synaptic diversity. Here we describe recent
advances in understanding the diversity of these neuronal
subclasses and look toward the future at potential approaches to
generate a more detailed view of the key molecular engines that
drive biophysical and synaptic heterogeneity.

OVERVIEW OF TONIC AND PHASIC
NEURONAL SUBTYPES

Synapses are key sites where information is transferred between
neurons. Changes to their structure or function can alter local

information flow or circuit activity as a general mechanism
for behavioral plasticity. Indeed, synaptic competition during
assembly of neural circuits has emerged as an important
component of brain development. Although activity-dependent
synaptic competition is widely studied, how plasticity of inputs
from distinct neuronal classes are regulated and the role of post-
synaptic cells in this process is still being elucidated. Much of the
work in this area has focused on the interplay between excitatory
and inhibitory inputs that control overall output of a circuit,
along with the neurodevelopmental disorders that occur when
the process is disrupted (Davis and Bezprozvanny, 2001; Gogolla
et al.,, 2009; Yizhar et al., 2011; Zoghbi and Bear, 2012; Davis,
2013; Deisseroth, 2014; Nelson and Valakh, 2015; Lee et al,
2017). Among interactions of excitatory inputs, tonic and phasic
neurons co-innervate many post-synaptic targets and provide
distinct patterns of excitatory drive.

Tonic and phasic neuronal subtypes were initially defined
in vertebrates based on distinct excitability properties, with
tonic neurons firing in a sustained manner and phasic neurons
displaying burst properties with rapid adaptation. Studies of
invertebrate locomotion revealed motoneuron subclasses with
similar differences in excitability properties. Although initial
studies of phasic and tonic motoneurons where described in
amphibians (Kuffler and Vaughan Williams, 1953a,b), studies
in crayfish provided insights into how unique motoneuron
output characteristics can drive animal locomotion (Atwood,
2008). Indeed, crustacean muscles emerged as an early model
for this type of co-innervation. Two distinct inputs important
for locomotion were characterized, including a “tonic” slowly
contracting, sustained, fatigue-resistant cycle and a quick, twitch-
like, non-sustained “phasic” cycle (Atwood, 1963, 2008; Takeda
and Kennedy, 1964, 1965; Bradacs et al., 1997; Msghina et al,,
1998; Millar and Atwood, 2004). This system employs two unique
motoneuron subtypes with distinct properties that co-innervate
some muscles and individually innervate others (Lnenicka, 2020).
Although synaptic inputs are likely distinct for tonic and phasic
motoneurons based on local central nervous system (CNS)
circuity, direct current injection into these neuronal subtypes can
trigger their unique firing properties (Choi et al., 2004; Schaefer
et al, 2010), suggesting unique excitability differences that
are genetically encoded. For individual targets, phasic neurons
typically innervate larger muscles used for escape behaviors,
while tonic neurons project to thinner muscles required to
maintain spontaneous activity for locomotion and posture
(Atwood, 2008). Studies in muscles of the cat limb described
a behavioral parallel to some of the crustacean work, with
tonic and phasic outputs implicated in posture and walking,
respectively (Dum and Kennedy, 1980; McDonagh et al., 1980;
Zengel et al., 1985).

Although several differences in crustacean and Drosophila
neuromuscular junctions (NM]s) have been described (Lnenicka
and Keshishian, 2000; Millar and Atwood, 2004; Kohsaka et al.,
2017; Lnenicka, 2020), the later has become a popular system
for characterizing the genetic underpinnings of distinct tonic
and phasic motoneuron properties. The Drosophila larval motor
system has a stereotypical segmental development with each
abdominal half-segment containing 30 muscles innervated by
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~36 identifiable motoneurons (Johansen et al., 1989; Sink and
Whitington, 1991b; Atwood et al, 1993; Hoang and Chiba,
2001; Harris and Littleton, 2015; Clark et al., 2018; Arzan Zarin
and Labrador, 2019). These motoneurons form four unique
subclasses defined by their functional properties, presynaptic
bouton structure and innervation pattern (Jan and Jan, 1976;
Johansen et al., 1989; Atwood et al., 1993; Lnenicka and
Keshishian, 2000; Hoang and Chiba, 2001). Type I motoneurons
are glutamatergic and subdivided into the Ib class with “big”
boutons (3-6 wm in diameter) and the Is class that has “small”
boutons (2-4 pm in diameter) as shown in Figure 1A. The
Ib and Is neuronal subtypes have distinct morphological and
electrophysiological properties that led to their classification
as tonic (Ib) or phasic (Is) based on some similarities to
crustaceans (Johansen et al., 1989; Atwood et al., 1993; Jia
et al., 1993; Kurdyak et al., 1994; Msghina et al., 1998; Lnenicka
and Keshishian, 2000; Hoang and Chiba, 2001; Lu et al., 2016;
Newman et al., 2017; Aponte-Santiago et al., 2020). Around 30 Ib
motoneurons individually innervate each of the 30 muscles in a
hemi-segment during late embryogenesis, while three Is neurons
per hemi-segment innervate subsets of muscles to coordinate
contraction of specific subgroups. Innervation of abdominal
muscles by Is motoneurons typically follows innervation by
their Ib counterparts, with some muscles occasionally lacking
Is input altogether (Ashley et al., 2019; Aponte-Santiago et al.,
2020). The terminal axons of Ib and Is motoneurons continue
to grow over the muscle surface during the subsequent 6 days
of larval development to eventually form ~10 to 100 individual
synaptic boutons depending on size of each specific muscle (Zito
et al., 1999). Each bouton contains from ~5 to 40 individual
release sites known as active zones (AZs) that have a centrally
located electron-dense T-bar that clusters synaptic vesicles (SVs).
The remaining two classes of motoneurons in Drosophila larvae
are neuromodulatory. Type II neurons contain only dense core
vesicles (DCVs) and release the biogenic amine octopamine
(Monastirioti et al., 1995; Stocker et al., 2018). A single type III
peptidergic neuron innervates muscle 12 and releases insulin-
like neuropeptide (Gorczyca et al., 1993). The well-characterized
organization of the larval motor system, together with genetic
approaches available in Drosophila, have made the system an
attractive model to dissect functional and structural diversity of
tonic and phasic motoneurons.

Although we focus our discussion on the motor system, it
is worth noting that neurons with tonic and phasic properties
have been described in other brain regions. In mammalian
prefrontal cortex (PFC), tonic and phasic dopaminergic neurons
contribute to behavioral flexibility associated with task switching
vs. maintaining a learned behavior (Seamans et al, 1998;
Durstewitz et al., 2000; Durstewitz and Seamans, 2002, 2008;
Floresco and Magyar, 2006; Stefani and Moghaddam, 2006;
St Onge et al, 2011, 2012; Puig and Miller, 2012, 2015).
Tonic patterns of stimulation from dopamine neurons in the
ventral tegmental area (VTA) cause mice to maintain a learned
behavior. In contrast, reward produces phasic increases in
activity of dopaminergic VTA-PFC fibers, resulting in changes
to previously learned associations (Ellwood et al., 2017). In
addition, tonic and phasic inhibition interact to maintain

homeostasis in the mammalian brain. GABA, receptors are
located in both synaptic and extrasynaptic membranes in the
brain and represent the primary receptors for inhibition. Synaptic
GABA, receptors mediate phasic inhibition, while extrasynaptic
GABA, receptors mediate tonic inhibition. Dysfunction in
tonic or phasic inhibition has been associated with epilepsy,
depression, and anxiety (Fritschy, 2008; Macdonald et al., 2010;
Brickley and Mody, 2012; Hines et al.,, 2012). As such, tonic
and phasic properties represent a common theme for several
neuronal subclasses.

STRUCTURE AND FUNCTION OF
INVERTEBRATE TONIC AND PHASIC
MOTONEURONS

Studies in crustaceans and Drosophila have established several
key differences at both the functional and structural level for
tonic and phasic motoneurons (Table 1). At the behavioral level,
recruitment of tonic Ib motoneurons during larval crawling
results in a larger rise in muscle Ca?* and represents the
primary driver for contraction (Newman et al., 2017). In contrast,
individual Is motoneurons innervate subsets of muscles and are
predicted to coordinate contraction for specific locomotor tasks.
Elimination of larval Is motoneurons using GAL4-mediated
cell ablation does not cause lethality (Aponte-Santiago and
Littleton, unpublished data), but detailed studies of the overall
consequences on larval locomotion have not been performed.
Connectomic studies of the larval motor system indicate Ib
and Is motoneurons have both unique and shared pre-motor
inputs and may receive temporally distinct inhibitory and
excitatory drive during specific locomotor tasks (Zarin et al.,
2019). More functional studies are required to understand
how the two distinct motoneuron types cooperate to control
larval locomotion.

Similar to studies in crustaceans, tonic and phasic
motoneurons in Drosophila have substantially different
membrane excitability profiles (Park et al., 2002; Choi et al., 2004;
Worrell and Levine, 2008; Schaefer et al., 2010; Xing and Wu,
2018b). Patch-clamp recordings from identified Ib and Is larval
motoneurons revealed that the phasic Is subtype requires more
current injection to drive spiking. In addition, Is motoneurons
display a more hyperpolarized resting membrane potential,
larger input resistance, a longer delay to first spike following
current injection, and fewer overall spikes during a burst. Similar
observations have been made with optical approaches to image
Ca’* influx, where Ib motoneurons are engaged earlier during
locomotion (Newman et al, 2017). The differences in spike
timing in the two populations have been mapped to the I, Kt
channel current encoded by the Shal gene, which is predicted to
mediate earlier recruitment of low threshold Ib motoneurons
before high threshold Is neurons are engaged (Choi et al., 2004;
Schaefer et al., 2010). Distinct excitatory and inhibitory input
onto Is and Ib motoneurons by CNS interneurons also regulates
the recruitment of each subclass between and within abdominal
hemi-segments (Heckscher et al., 2015; Fushiki et al., 2016;
Zwart et al., 2016; Zarin et al., 2019). Therefore, a combination
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Tonic Ib

Phasic Is

MNIs GAL4 Expression

FIGURE 1 | Structure of Drosophila tonic Ib and phasic Is motoneuron terminals. (A) Representative confocal image of a Drosophila 3rd instar larval muscle 6/7
NMJ. Immunolabeling for the PSD protein DIg is shown in red. The phasic Is neuron is labeled green with a Is-GAL4 specific line driving UAS-GFP. Dg is found
throughout the muscle subsynaptic reticulum (SSR) and is more prevalent surrounding the bigger Ib boutons (red). (B) Diagram depicting muscle SSR invaginations
around tonic Ib (teal) and phasic Is (orange) boutons. (C) Diagram of MN1-lb motoneuron innervation of only muscle 1 in a larval abdominal hemi-segment.

(D) Immunostaining for anti-GFP (green) to label MN1-lb and HRP (magenta) to label all axons in a MN1-lb GAL4; UAS-CD8-GFP 3rd instar larva. The location of
muscles M1 and M2 are indicated. Scale bar = 20 wm. (E) Diagram of MNISN-Is and MNSNb/d-Is innervation of muscles in a larval abdominal hemi-segment.

(F) Immunostaining for anti-GFP (green) to label MNIs and HRP (magenta) to label all axons in a MNIs GAL4; UAS-CD8-GFP 3rd instar larva. The location of muscles
M1 and M2 are indicated. Panels (C-F) are modified from Aponte-Santiago et al. (2020).

of both intrinsic properties and local interneuron circuitry In both Drosophila and crustaceans, phasic motoneurons have
contribute to spiking differences between Ib and Is motoneurons  stronger synapses that release more neurotransmitter than their
during locomotion. tonic counterparts. This is especially apparent in crustaceans
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TABLE 1 | Differences in neuronal and synaptic properties of Drosophila tonic Ib
and phasic Is motoneurons.

Properties Tonic (Ib) Phasic (Is)
Probability of release Low P, High Py
Short-term plasticity Facilitation Depression
Synaptic area and SSR Larger Smaller
Active zone number Higher Lower
Homeostatic plasticity Chronic Acute
Spiking threshold Lower Higher

Postsynaptic target innervation Single muscle Multiple muscles

Baseline [Ca2"] Higher Lower

Ca2* sensitivity of release Lower Higher

AZ development Slower Faster

Mitochondrial and SV content Higher Lower

Role in locomotion Posture, sustained Coordination of
contractions muscle groups

Similar to other invertebrate tonic and phasic motoneurons, Drosophila tonic
and phasic neurons show distinct innervation patterns, synaptic properties and
membrane biophysics.

where quantal content, defined as the number of SVs released
per action potential, can be 100- to 1000-fold greater at phasic
synapses (Msghina et al., 1999). The differences in quantal
content in Drosophila are more modest, with phasic Is synapses
releasing two- to three-fold more SVs than tonic Ib motoneurons

(Lu et al, 2016; Newman et al., 2017; Gen¢ and Davis, 2019;
Aponte-Santiago et al., 2020; Karunanithi et al.,, 2020a; Wang
et al., 2020). These differences in output have been mapped
to changes in SV release probability (P,—the likelihood a SV
fuses following an action potential) at single AZs, indicating
individual release sites have on average higher P, at phasic Is
terminals (Lu et al., 2016; Newman et al., 2017). Although Is AZs
have a higher average P,, optical quantal imaging of single AZ
release properties has revealed a wide heterogeneity in evoked
P, across the 100s of AZs formed by both motoneuron types
(Figures 2A,B). Synaptic strength ranges from silent and low
P, sites (<0.2) to a smaller fraction (~10%) of high P, AZs
(0.2-0.7) depending on extracellular [Ca2*] (Peled and Isacoff,
2011; Melom et al., 2013; Peled et al., 2014; Newman et al,,
2017; Akbergenova et al, 2018). Much of this variability in
P, has been mapped to increased accumulation of presynaptic
Ca%* channels and late AZ scaffolding proteins like Bruchpilot
(BRP) at high P, AZs in Ib terminals (Akbergenova et al., 2018).
Overall, the distribution of P, values shift in Is motoneurons
such that they contain more high P, AZs compared to their
Ib counterparts.

Although phasic AZs release more neurotransmitter
compared to tonic sites, the underlying molecular mechanisms
at play are still being defined. There is evidence suggesting both
functional and structural mechanisms are involved. Initial studies
in crayfish found that intra-terminal Ca?* measured with the

9.7%
14.6%
. 201
3
R
101
0_ A‘I - I I
00 01 02 03 04 05 06

FIGURE 2 | Heterogeneity in synaptic transmission strength of individual AZs at b motoneuron terminals. (A) Heat map for evoked AZ P, at Io NMJs at 3rd instar
muscle 4 determined by optical quantal imaging with post-synaptic myristoylated GCaMP6s. Stronger AZs are shown in red with weaker AZs displayed in the colder
blue colors. Arrowheads denote several high P, AZs. (B) Histogram of AZ P, distribution for 0.3 Hz stimulation for 5 min for lo motoneurons. AZs classified as high P,
(>2 standard deviations above the mean) are shown in red. The pie chart shows the percentage of overall AZs from multiple NMJ optical imaging sessions that
represent low Py (65.8%), high Pr (9.9%), spontaneous-only (9.7%), or silent (14.6%) AZs for the Ib motoneuron population innervating muscle 4. Note the pie chart
colors are unique and do not reflect the P, heatmap. Panels (A,B) are modified from Akbergenova et al. (2018).
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Fura-2 Ca?™ indicator following nerve stimulation was five-fold
higher at phasic terminals, suggesting an increase in Ca** influx
could drive more SV fusion (Msghina et al., 1999). However,
normalization of terminal Ca?* levels to its removal rate and
the number of individual AZs in each terminal led to a model
where overall Ca?* available to release sites would be relatively
similar at tonic and phasic synapses. As such, differences in
Ca’* influx alone seemed unlikely to account for the 100- to
1000-fold increase in P, at phasic terminals. Likewise, increases
in the number of docked SVs and a larger readily releasable pool
(RRP) were also ruled out as potential mechanisms. Indeed, tonic
synapses were found to have a larger pool of docked SVs by EM
(11 vs. 4) and a bigger RRP pool measured by electrophysiology
(130 vs. 60) compared to phasic synapses (Millar et al., 2002).
However, phasic synapses released ~30% of their RRP compared
to only ~0.02% for tonic synapses. This observation suggests the
underlying mechanism in crayfish is likely related to differences
in the Ca®™ sensitivity of release, with phasic terminals requiring
less Ca’" influx to trigger SV release. What differences or
modifications to the release machinery gives rise to such a
dramatic increase (1000-fold) in P, are currently unknown.
Defining these mechanisms would be highly informative and
potentially suggest molecular changes that might be harnessed
for other forms of presynaptic plasticity throughout the nervous
system (Atwood and Karunanithi, 2002).

Work in Drosophila suggests similar mechanisms may
trigger the more modest enhancements in release observed at
phasic Is terminals. As observed in crustaceans, measurements
of presynaptic Ca’* rise following single action potentials
demonstrate higher levels in phasic synaptic boutons compared
to tonic terminals (He et al, 2009; Lu et al, 2016). Again,
differences in AZ number per bouton and the smaller size
of phasic terminals have led to models that the overall Ca’*
available to AZs may be similar at Ib and Is synapses.
Characterization of single AZ Ca?* dynamics vs. the more
global bouton-level changes measured to date will be required
to determine if AZ Ca?t influx contributes to P, differences.
Like crayfish, phasic terminals in Drosophila also display striking
differences in the Ca’* sensitivity of release compared to their
tonic counterparts (Gen¢ and Davis, 2019). This difference
results in elevated release rates in low Ca’* conditions at
phasic synapses, but similar output between tonic and phasic
terminals in high extracellular Ca?" when release saturates
(Lu et al, 2016; Newman et al., 2017; Gen¢ and Davis,
2019; Karunanithi et al., 2020a). Whether changes in the
abundance or properties of the Ca?T sensor Synaptotagmin
or other components of the SV fusion machinery at Is vs. Ib
terminals participate in these differences in Ca?* sensitivity
is unknown. One intriguing finding is the observation that
resting baseline Ca?" levels appear to be lower at phasic Is
terminals compared to Ib (Xing and Wu, 2018a). As such,
a greater driving force for Ca’t entry at phasic terminals
could also contribute to the enhanced P,. The TRP channel
Inactive has been shown to play a key role in setting resting
Ca?™ levels at Drosophila NMJs, and it will be interesting to
determine if differences in the amount or activity of this channel

contribute to alterations in resting Ca?™ at Ib vs. Is terminals
(Wong et al., 2014).

Beyond differences in the Ca’* sensitivity of release and
resting Ca?™ levels, several morphological features may also
contribute to stronger synapses in phasic motoneurons. Phasic
synapses have slightly larger individual AZ dense bars that could
harbor up to 30% more Ca’* channels in crayfish (King et al.,
1996). Crayfish phasic terminals also display a larger proportion
of multiple dense bars per AZ compared to those of tonic
motoneurons. Likewise, phasic AZs rarely lack a presynaptic
dense bar (2%), while tonic AZs have a higher proportion of
synapses (12%) lacking this key structure that regulates SV
docking and Ca?" channel clustering (King et al., 1996). BRP
is a key component of the electron dense T-bar structure that
resides at the center of Drosophila AZs (Kittel et al., 20065
Wagh et al., 2006; Fouquet et al, 2009). The AZ levels of
BRP increase during development and correlate with P, at
this synapse (Fouquet et al., 2009; Melom et al.,, 2013; Peled
et al.,, 2014; Akbergenova et al., 2018). Indeed, the maturation
state of AZs has been demonstrated to be a key factor in P,
heterogeneity at Drosophila NMJs (Akbergenova et al., 2018).
Newly formed AZs have very low P, and can take several days
to mature into a high P, state. Interestingly, Drosophila phasic Is
synapses develop faster than their tonic Ib counterparts (Aponte-
Santiago et al., 2020), suggesting a more rapid AZ maturation
process at Is synapses may also contribute to their higher
P,. Whether differences in synapse maturation at Is terminals
reflects enhanced axonal transport of AZ cargo, distinct AZ
maturation pathways, or activity-dependent steps triggered by
the post-synaptic muscle requires further investigation. Finally,
SV size is also different between Ib and Is motoneurons, with
Is terminals containing ~18% larger SVs (Karunanithi et al,
2002). This results in a ~50% increase in spontaneous mini
amplitude from SVs released by Is terminals when recorded
with macropatch electrodes from isolated Is boutons. As such,
phasic Is terminals have a higher average P, per AZ that
results in more SVs released over the entire axonal arbor, with
each SV containing more neurotransmitter than those from
tonic terminals.

Other morphological features that distinguish phasic and
tonic terminals include the bigger boutons observed in Ib
motoneurons that have increased mitochondrial and SV number
compared to Is (Atwood et al, 1993; Jia et al, 1993). This
difference, along with the activity of the plasma membrane
Ca%* ATPase (PMCA), appears to alter Ca?* buffering and ATP
production between the two terminal types. Indeed, PMCA plays
akey role in Ca®* extrusion at Ib terminals, with lower activity at
Is synapses (Lnenicka et al., 2006; He et al., 2009). This decreased
PMCA activity results in a slower rate of Ca** extrusion from
phasic terminals during longer stimulation trains (He et al,
2009; Xing and Wu, 2018b). This is consistent with the higher
firing frequency and longer burst duration of Ib motoneurons
during fictive crawling in semi-intact larval preparations (40-
60 Hz in Ib vs. 10-20 Hz in type Is) (Cattaert and Birman, 2001;
Chouhan et al., 2010; Newman et al., 2017). The elevated firing
activity of Ib neurons during locomotion is likely to require more
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robust Ca?* clearance mechanisms than Is neurons to prevent
intracellular Ca?* buildup. Ib motoneurons also display higher
ATP metabolism and a larger pool of synaptic mitochondria vs.
Is terminals (Atwood et al., 1993; Jia et al., 1993; Xing and Wu,
2018b). Similar differences have been observed in crayfish tonic
and phasic motoneurons (Bradacs etal., 1997; Nguyen et al., 1997;
Msghina et al., 1998, 1999). Together with their lower AZ P,,
these properties are predicted to help maintain higher firing rates
and persistent synaptic activity for tonic motoneurons during
sustained muscle contraction cycles.

In addition to bouton size, another morphological distinction
between Ib and Is motoneurons in Drosophila is related to
how the post-synaptic muscle membrane is organized around
individual NM]Js. Most larval muscles are co-innervated by a Ib
and Is motoneuron. The axons of the Ib and Is motoneurons
grow into the muscle as they expand during development. The
invagination of the boutons into the muscle is highlighted by
an expansive subsynaptic reticulum (SSR) with large infoldings
of the muscle post-synaptic membrane that develop around the
boutons over the course of larval development (Figure 1B).
Mature Ib boutons have a far more expansive SSR than
their Is counterparts (Johansen et al, 1989; Lnenicka and
Keshishian, 2000). Disc large (DLG) is a well-known post-
synaptic scaffolding protein that is more abundant in the SSR
surrounding Ib terminals (Figure 1A). DLG is a member of
the membrane-associated guanylate kinase (MAGUK) family.
Similar MAGUK proteins like PSD-95 have roles in the
organization of ionotropic glutamate receptors at mammalian
post-synaptic densities (PSDs) (Elias and Nicoll, 2007; Sheng
and Kim, 2011; Zheng et al., 2011). In Drosophila, DLG recruits
several other key PSD proteins via its PDZ-binding domains,
including the cell adhesion protein Fasciclin II (FaslI), the
Shaker K* channel and the post-synaptic t-SNARE Gtaxin (Gtx)
that controls SSR development (Budnik et al., 1996; Thomas
et al, 1997; Zito et al, 1997; Chen and Featherstone, 2005;
Gorczyca et al., 2007). The differential organization of the SSR
around Ib and Is boutons indicates the muscle is capable of
distinguishing between the two inputs and forming distinct post-
synaptic specializations. This hypothesis is supported by the
observation that glutamate receptor subtypes are differentially
expressed at PSDs opposing the two inputs, with Ib synapses
enriched for the GIuRIIA subtype and Is terminals containing
more of the GIuRIIB subtype (Petersen et al, 1997; Marrus
et al., 2004a; Rasse et al., 2005; Schmid et al., 2008; Aponte-
Santiago et al, 2020). Drosophila glutamate receptors form
tetramers with three shared subunits and a 4th subunit of either
GIuRIIA or GIuRIIB (Schuster et al., 1991; Petersen et al., 1997;
Marrus et al., 2004b; Featherstone et al., 2005; Qin et al., 2005).
Whether the differential organization of the SSR around Ib
and Is terminals is due to changes in the overall output of
the two synaptic types or secondary to genetically hard-wired
synaptic determinants is currently unknown. The observation
that disrupting synaptic transmission in Drosophila Ib neurons
reduces SSR development (Aponte-Santiago et al., 2020) and
that morphology of crayfish phasic terminals can be driven to
a more tonic appearance by long-term stimulation (Lnenicka
et al., 1991, 1986; Nguyen and Atwood, 1994) suggest activity is

likely to contribute to the differential post-synaptic development
in both systems.

DISTINCT SYNAPTIC PLASTICITY
MECHANISMS FOR TONIC AND PHASIC
MOTONEURONS

Neuronal plasticity occurs through multiple mechanisms across
invertebrate and vertebrate species and is often associated with
changes in synaptic strength or synapse number (Destexhe and
Marder, 2004; Holtmaat and Svoboda, 2009; Mayford et al.,
2012; Harris and Littleton, 2015). For example, changes in
synapse morphology and number contribute to non-associative
learning in Aplysia (Bailey and Chen, 1988, 1991, 1983; Kim
et al,, 2003; Mayford et al., 2012; Bailey et al.,, 2015). Similar
experience-dependent plasticity mechanisms are also found in
mammals (Foeller and Feldman, 2004). Changes in sensitivity to
sensory input during vertebrate brain development has been well
documented during temporal windows known as critical periods
that result in widespread physiological and morphological
changes. Hubel and Wiesel pioneered such studies in the cat
visual system, establishing the concept of activity-dependence for
a type of structural plasticity termed ocular dominance plasticity
(ODP) (Wiesel and Hubel, 1965, 1963; Hubel and Wiesel, 1970).
With monocular deprivation of one eye during critical periods,
active axons from the open eye outcompete inactive axons to
take over synaptic space in visual cortex (Hooks and Chen,
2020). Visual plasticity has also been described in adult animals,
where changes in responses to familiar vs. novel visual scenes
have been observed (Cooke et al., 2015). Beyond the visual
system, the mammalian hippocampus has been a favorite site
for studies of neuronal plasticity, with Hebbian processes like
long-term potentiation, long-term depression and spike-timing
dependent plasticity representing well-described mechanisms for
altering information flow based on input patterns (Bliss and
Lomo, 1973; Bear and Malenka, 1994; Bear and Abraham, 1996;
Abbott and Nelson, 2000; Dan and Poo, 2004; Whitlock et al,,
2006; Kessels and Malinow, 2009; Nicoll, 2017; Brzosko et al.,
2019; Harris, 2020; Magee and Grienberger, 2020). Such studies
have highlighted the general concept that specific neuronal
populations display unique forms of plasticity mechanisms, with
the underlying pathways often changing or disappearing over the
life of any individual neuron.

Synaptic competition is a widespread form of plasticity that
leads to robust synaptic inputs being strengthened and weaker
inputs undergoing elimination, occurring in both the CNS
and peripheral nervous system (PNS) of vertebrates (Lichtman
and Colman, 2000; Holtmaat and Caroni, 2016). Synaptic
competition at developing NMJs has become a widely studied
model for axonal and synaptic pruning (Sanes and Lichtman,
1999; Walsh and Lichtman, 2003). At vertebrate NM]Js, muscles
are initially innervated by multiple motoneurons that compete
through an activity-dependent process until each muscle fiber
is innervated by a single neuron (Walsh and Lichtman, 2003).
Although invertebrate brains are smaller and have fewer neurons,
both invertebrate and vertebrate nervous systems can alter their

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

functional connectivity in response to changes in neuronal
firing patterns or behavioral experiences (Davis, 2006; Mayford
et al., 2012; Giurfa, 2013; Cognigni et al., 2018; Ghelani and
Sigrist, 2018). Despite reductions in overall neuron number,
invertebrates are capable of concept learning, pessimistic biases,
fear conditioning and attention-like processes (Giurfa, 2013).
Indeed, numerous single gene mutations have been found that
disrupt short or long-term memory in Drosophila, many of
which are also required for mammalian learning (Davis, 2005;
Androschuk et al.,, 2015; Crocker et al, 2016). Invertebrate
neurons also show structural plasticity associated with changes
in activity. For example, unilateral deafferentation, destruction
or interruption of incoming connections of olfactory receptor
neurons (ORNs) in the Drosophila CNS results in a significant
increase of axon density of contralateral projections from the
intact antenna (Berdnik et al., 2006; Golovin et al., 2019),
indicating ORNs axons are capable of enhanced axonal and
synaptic growth. Exposure of Drosophila to long-term odors
results in olfactory adaptation and a decrease in volume of
specific glomeruli, linking structural brain plasticity to learning
in this model (Devaud et al., 2001). Similarly, ablation of specific
motoneurons can result in axonal sprouting of neighboring
neurons at the Drosophila NM]J that form new connections onto
de-innervated muscles (Chang and Keshishian, 1996). Given
synaptic plasticity in response to altered neuronal activity or
behavioral experiences is a widespread phenomenon, many of
the associated molecular and cellular mechanisms are likely to
have emerged early in brain evolution (Davis, 2006; Mayford
et al., 2012; Giurfa, 2013; Cognigni et al., 2018; Ghelani and
Sigrist, 2018). As such, defining how distinct populations of
invertebrate neurons display unique synaptic properties and
plasticity mechanisms is likely to provide broader insights into
how individual neuronal subtypes alter their properties during
development or in response to changes in input.

Neuromuscular junctions are not classically considered highly
plastic synapses, but mutants in many of the genes required for
learning and memory in the Drosophila brain also show defects
in synaptic function or morphology at the NMJ (Davis et al., 1998;
Pan et al, 2004; Guan et al,, 2011; Menon et al., 2013; Harris
and Littleton, 2015; Phan et al., 2019; Bai and Suzuki, 2020).
As a glutamatergic synapse, the Drosophila NMJ has become a
popular model for characterizing synaptic plasticity mechanisms
that may be unique to neurons using this neurotransmitter
system (Harris and Littleton, 2015). The robust expansion of the
NM]J over ~6 days of larval development has made it particularly
attractive for studying structural plasticity and synaptic growth
regulation. In addition, this connection displays robust forms
of acute and chronic homeostatic plasticity when synaptic
transmission is perturbed (Frank, 2014; Davis and Miiller, 2015;
Cunningham and Littleton, 2019a,b; Frank et al., 2020). Most of
the previous studies in these areas failed to examine differences
in how tonic and phasic motoneurons express plasticity, as
gaining access to synaptic function for each subtype in co-
innervated muscles was difficult. Recently, distinct GAL4 drivers
for subsets of Ib and Is motoneurons have been identified
that allow manipulation of neuronal activity or gene function
specifically in one of the two subtypes (Figures 1C-F). These

drivers allow labeling of a few Ib motoneurons, including the pair
that innervates muscle 1 in each abdominal segment of the animal
(Figures 1C,D). In addition, several GAL4 lines allow labeling
of the Is motoneuron population (Figures 1E,F), generating
renewed interest in defining how these motoneurons differ in
their properties and plasticity mechanisms (Newman et al., 2017;
Li et al,, 2018; Geng and Davis, 2019; Pérez-Moreno and O’Kane,
2019; Aponte-Santiago et al., 2020; Karunanithi et al., 2020b;
Wang et al., 2020). In addition, several studies have begun to
examine if tonic and phasic motoneurons display competitive
or cooperative interactions during muscle innervation, or show
compensatory changes when one of the motoneuron inputs is
removed or altered.

The earliest differences between Drosophila tonic and phasic
motoneurons were described for short-term plasticity (Kurdyak
et al., 1994). Presumably as a consequence of the differences
in P, and RRP size, tonic Ib synapses typically display short-
term facilitation while phasic Is synapses undergo short-
term depression during high frequency trains (Lnenicka and
Keshishian, 2000; Peled and Isacoff, 2011; Lu et al., 2016;
Newman et al, 2017). Ib terminals also have a larger number
of weak and silent synapses that can be recruited during short-
term plasticity, while Is boutons have fewer silent AZs and
their higher P, sites depress (Newman et al., 2017; Akbergenova
et al., 2018). These differences make Ib terminals more resistant
to depression during long-term neuronal stimulation. Similar
differences in short-term plasticity have been described in
crayfish (Lnenicka, 2020). Crayfish NM]Js also undergo long-
term forms of facilitation where enhanced release can last for
several hours following high frequency stimulation paradigms
(Wojtowicz et al., 1994). This long-lasting effect is associated
with structural changes that result in more AZs with multiple
dense bodies that provide additional sites for SV release.
There is also evidence that Drosophila AZs undergo rapid
synaptic remodeling during homeostatic plasticity with increased
accumulation of numerous AZ proteins that enhance presynaptic
release (Weyhersmiiller et al., 2011; Bohme et al., 2019; Goel et al.,
2019; Gratz et al.,, 2019). There are disagreements on how much
new material can be rapidly added to AZs during homeostatic
plasticity vs. rearrangements of existing material into a more
compact state that supports enhanced release (Mrestani et al.,
2019). Further studies will be required to define the extent of
AZ protein rearrangement vs. new protein addition during short-
term plasticity at the NM]J.

Recent work investigating synaptic differences in tonic
vs. phasic motoneurons has largely focused on homeostatic
plasticity. In this form of plasticity, synaptic activity is maintained
within specific ranges through homeostatic mechanisms that set
a desired baseline level of output in a variety of neuronal types
from invertebrates to humans (Pozo and Goda, 2010; Turrigiano,
2012; Davis and Miiller, 2015). Perturbations that destabilize
neurotransmitter release are offset by changes to post-synaptic
receptors (synaptic scaling) and/or changes to presynaptic
neurotransmission that maintain levels of output within a set
range. The best characterized forms of homeostatic plasticity
at Drosophila NM]Js occur either through a chronic pathway
following genetic disruption of post-synaptic glutamate receptor
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function or via acute mechanisms following pharmaceutical
blockage of glutamate receptors (Petersen et al., 1997; Davis
et al., 1998; Frank et al., 2006; Younger et al., 2013; Wang
et al, 2014; Kiragasi et al., 2017). This process is known
as presynaptic homeostatic potentiation (PHP) and requires
retrograde signals from the muscle to trigger a compensatory
enhancement in the number of SVs released that brings
neurotransmission back to baseline levels (Frank, 2014). In
addition to PHP, presynaptic homeostatic depression (PHD)
has also been identified at Drosophila NMJs. PHD results
in a reduction in released SVs (quantal content) following
overexpression of the vesicular glutamate transporter (vGlut) that
increases SV size and the amount of neurotransmitter released
from individual SVs (Daniels et al., 2004; Gavifno et al., 2015).
Both PHP and PHD can be co-expressed at individual NM]Js (Li
et al., 2018). Several recent findings highlight differences in the
ability of tonic and phasic motoneurons to express homeostatic
plasticity. In particular, although Ib and Is terminals can both
express PHD by reducing neurotransmitter release following
overexpression of vGlut (Li et al, 2018), Ib neurons appear
more responsive to expressing certain forms of PHP (Ashley and
Budnik, 2017; Newman et al., 2017; Li et al., 2018; Cunningham
and Littleton, 2019b; Geng and Davis, 2019).

Differences in homeostatic plasticity mechanisms in Ib and
Is neurons were initially observed using optical quantal imaging
in GIuRIIA mutants. Loss of this glutamate receptor subtype
causes a decrease in post-synaptic current and mini amplitude
at both Ib and Is boutons, but only Ib boutons showed PHP
and elevated AZ P, to drive compensation for the reduction
in quantal size (Newman et al., 2017). The difference in Ib
vs. Is homeostatic induction was mapped to reduced post-
synaptic CAMKII activity that specifically occurred at PSDs
apposed to Ib AZs. Given the higher levels of GIuRIIA at
PSDs of Ib AZs (Aponte-Santiago et al., 2020), there may
be unique signaling mechanisms engaged at these terminals
or the overall reduction in current flow in GIuRIIA mutants
could be more dramatic than that at Is PSDs. The muscle
is likely to distinguish Ib from Is inputs by reacting to the
differential Ca®* influx around post-synaptic Ib synapses. Given
Ib inputs have extended periods of activity during locomotion,
enhanced Ca?" accumulation occurs more within their terminals
vs. those of Is neurons. CAMKII could then differentially
respond to the distinct Ca?® accumulations occurring within
the PSD of the two inputs (Stratton et al., 2013). Consistent
with enhanced PHP occurring at Ib terminals, the previously
described AZ remodeling with enhanced accumulation of
BRP and presynaptic Ca?* channels that occurs during PHP
was only observed at Ib terminals (Li et al, 2018). These
experiments led to a hypothesis that PHP was only expressed
at tonic synapses.

In contrast to the previous studies, more recent work suggests
Is neurons are also likely to engage in PHP, but in distinct ways
from their Ib counterparts (Cunningham and Littleton, 2019b;
Geng and Davis, 2019). Using GAL4 drivers specific for each
subclass, optogenetic approaches revealed both tonic and phasic
motoneurons participated in acute PHP following incubation
of larvae with the glutamate receptor antagonist philanthotoxin

(PhTx). Under these conditions, Is motoneurons showed more
robust potentiation of quantal content in low Ca?* conditions
where they normally have enhanced release due to their higher
P,. In contrast to acute PHP, Ib motoneurons expressed more
robust chronic PHP at lower Ca?" levels in GIUuRIIA mutants.
Chronic PHP expression was found to be sensitive to the slow
Ca?™ chelator EGTA, suggesting changes in the coupling distance
of SVs to release sites is likely changing and may differentially
impact Ib vs. Is AZs (Geng and Davis, 2019). Overall, these
findings suggest acute forms of homeostatic plasticity in low
extracellular [Ca?'] are more robustly expressed at phasic
terminals, while chronic homeostatic plasticity is expressed at
greater levels from tonic synapses. The differential sensitivity
of acute vs. chronic plasticity to EGTA argues this transition
requires a change in the spacing or morphology of release sites
that allows loosely coupled SVs to be exocytosed specifically at
tonic Ib synapses.

The identification of GAL4 drivers that specifically label
tonic and phasic motoneurons (Figures 1C-F) has also allowed
studies of how each class responds to manipulations of their
co-innervating partner. Studies from our group identified GAL4
drivers for Ib and Is motoneurons innervating muscle 1 and used
these lines to probe how alterations in the activity or presence
of each motoneuron could change the properties of the other
class of inputs (Aponte-Santiago et al., 2020). At this muscle,
synaptic output driven by the two neuronal subclasses is normally
matched, with each contributing similar levels of synaptic drive
for muscle contraction. At the structural level, no evidence for
either competitive or cooperating signals were found to influence
synaptic growth of the two inputs during development. This
contrasts with the highly competitive motoneuron elimination
process that occurs at mammalian NMJs (Walsh and Lichtman,
2003; Tapia et al, 2012). Although there was no evidence
of competition between the two inputs during innervation of
the same target, compensation responses were observed in Ib
motoneurons when the co-innervating Is input was ablated or
silenced (Figures 3A-C). Complete loss of the Is input resulted
in enhanced synaptic output and more neurotransmitter release
from the Ib motoneuron without a corresponding change in
synaptic bouton or AZ number. In contrast, silencing of the Is
input with genetically expressed tetanus toxin to block SV fusion
resulted in structural changes with more AZs forming in the co-
innervating Ib input. In contrast, silencing of Ib motoneurons did
not result in any observable compensatory changes in Is synaptic
structure or function (Figure 3D), suggesting tonic Ib inputs are
the primary subclass of glutamatergic motoneurons responding
to reduced input of their co-innervating partner. Silencing of
neuronal activity during development has also been shown
to induce ectopic NMJs formed by type II neuromodulatory
neurons (Keshishian et al., 1994; Jarecki and Keshishian, 1995;
White et al., 2001; Lnenicka et al., 2003; Mosca et al., 2005;
Carrillo et al.,, 2010; Vonhoff and Keshishian, 2017), indicating
both type Ib and type II neuronal subclasses display a capacity for
structural plasticity when muscle input is reduced.

More recent work in this area has also shown that Ib plasticity
extends beyond the muscle 1 inputs previously characterized.
Carrillo et al. (2010) performed a similar analysis using Is
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FIGURE 3 | Synaptic plasticity following manipulation of the activity or presence of tonic Ib or phasic Is motoneurons. Diagrams represent the responses of Ib (teal)
and Is (orange) motoneurons co-innervating the same muscle following the indicated manipulations. (A) For control b and Is terminals at muscle 1, the two inputs
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FIGURE 3 | Continued

provide similar synaptic drive to the muscle as represented by the similar evoked excitatory junctional potentials (€EJPs) recorded from the muscle upon stimulation
of either input (right). Ib NMJs contain more AZs than their Is counterparts, with an overall lower P, per AZ. (B) Following ablation of the Is motoneuron with the
Reaper cell death gene, the Ib motoneuron compensates by increasing the amount of neurotransmitter it releases without changes to AZ number. In contrast,
ablation of the Ib motoneuron does not alter the structure or function of the co-innervating Is input. (C) Silencing the Is motoneuron with tetanus toxin results in a
compensatory structural response in the co-innervating Ib input that arises from an in increase in AZ number. No structural changes are found in the silenced Is.

(D) Silencing of the tonic Ib neuron results in reduced output, decreased AZ number, and increased filopodia-like projections in Ib with no compensatory response in
the co-innervating Is input. (E) Increasing activity of the Is motoneuron by overexpressing dominant negative K* channels to elevate overall firing rates results in
uniform downscaling of evoked release in both the Ib and Is inputs as a compensation mechanism.

manipulations and examined a larger subset of muscle fibers
(Wang et al., 2020). They observed compensatory increases in
synapse number and neurotransmitter release in Ib motoneurons
that mirrored the pre-existing strength of the co-innervating
Is input. Manipulation of Is in muscles where the input was
normally strongest elicited the largest compensating responses
from the co-innervating Ib input. For muscles with normally
weak Is input, no compensation in the co-innervating Ib input
was observed. Interestingly, complete elimination of the Is
input at specific muscles using mutations in the Dip-a synaptic
targeting cell surface receptor prevented robust Ib plasticity
responses, suggesting co-innervation is also required for the
magnitude of Ib compensation. We also observed differences
in Ib compensation at muscle 1 depending on whether Is
was present or silenced. Although Ib increased synaptic output
following loss of the Is, the increase in AZ number in Ib
motoneurons following expression of tetanus toxin in Is neurons
was not observed when Is was ablated (Aponte-Santiago et al.,
2020). These differences in plasticity responses indicate structural
changes require the physical presence of a non-functional Is
NM] on the muscle. These data also suggest muscles are able
to distinguish when the Is motoneuron is absent, vs. present
and non-functional, resulting in distinct responses that ultimately
trigger structural or functional changes at Ib synapses.

Tonic and phasic neurons also show distinct responses to
silencing of their own activity. When activity was reduced
with tetanus toxin in Ib motoneurons (Figure 3D), there were
striking alterations in their structure that included increased
presynaptic filopodia and reduced AZ number and post-synaptic
SSR development (Aponte-Santiago et al., 2020). These features
are reminiscent of immature synapses, suggesting activity at Ib
synapses plays an important role in their subsequent maturation.
This effect was only observed at Ib terminals, indicating Is
neurons that are silenced interact with or respond to signals
from the muscle in a distinct way that doesn’t appear to
alter their structure. Although the underlying logic for these
differences in plasticity responses is unknown, one can speculate
that plasticity of tonic motoneurons may be more relevant in
Drosophila since each muscle is innervated by only a single
Ib motoneuron that is the primary driver for contraction
(Newman et al,, 2017). Even though phasic Is neurons display
less plasticity at muscle 1, it is possible smaller plastic changes
are occurring in this subtype but are not expressed in a target-
specific manner. Given individual Is motoneurons innervate
many muscles, unlike Ib neurons that target a single muscle,
changes in the Is neuron could be distributed over more synapses

onto a larger muscle population, resulting in little effect at
any single target. Alternatively, Is motoneurons may be less
sensitive to any putative muscle-derived retrograde signals that
trigger plasticity in response to reduced muscle input. Finally,
there could also be compartmentalization in the release of
post-synaptic retrograde signals from the muscle that result in
activation of only the Ib terminals.

Although we did not find changes in the morphology or
output of Is or Ib motoneurons following moderate increases
in their individual spiking activity, morphological changes have
been observed with pan-neuronal increases in activity (Budnik
et al., 1990; Jia et al., 1993; Rieckhof et al., 2003; Sigrist et al.,
2003; Guan et al., 2005; Mosca et al., 2005; Yoshihara et al,
2005; Huntwork and Littleton, 2007; Ataman et al., 2008; Barber
et al., 2009; Piccioli and Littleton, 2014; Cho et al., 2015).
These studies indicate increases in evoked or spontaneous release
from motoneurons can drive the formation of extra synaptic
boutons and AZs during larval development. In addition, more
robust changes induced by overexpression of dominant-negative
K" channels specifically in Is motoneurons has been shown
to alter the output of both the Is and co-innervating Ib input
(Karunanithi et al., 2020b). In these experiments, the activity of
the Is was driven to a highly active spiking state during late larval
development or more acutely within specific temporal windows.
Under both conditions, the Is motoneuron and the unaffected Ib
neuron innervating the same muscle responded by downscaling
their evoked synaptic transmission without alterations to the
number of synapses they formed with the muscle (Figure 3E).
Although synaptic transmission was decreased at both synaptic
terminals to compensate for the enhanced activity of the Is
motoneuron, the underlying mechanisms were specific to each
neuronal class. In the case of Ib, there was a decrease in
quantal content and the number of SVs released in response to
stimulation that resulted in a reduced P,. Although Is neurons
showed a decrease in quantal content as well, they displayed an
increase in quantal size reflected in larger mini amplitudes that
was linked to changes in expression of the vGlut transporter
in Is neurons. This effect did not occur in Ib terminals,
suggesting distinct plasticity mechanisms can be engaged in tonic
vs. phasic motoneurons following either increases or decreases
in their activity.

Motoneuron innervation is normally hard-wired in
Drosophila larvae, with individual muscles allowing synaptic
innervation from only a single motoneuron of each subclass.
However, the examples described above indicate plasticity can
occur when the activity or presence of co-innervating inputs
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are altered. Additional examples of motoneuron plasticity
are also observed when a post-synaptic target is eliminated
or the cell-surface proteome of the motoneuron is altered.
Ectopic innervation of muscles has been observed following
muscle loss induced by laser ablation or genetic mutation,
with the affected Ib motoneuron inappropriately synapsing
onto nearby muscles (Sink and Whitington, 1991a; Keshishian
et al, 1994; Chang and Keshishian, 1996). Similarly, laser
ablation of motoneurons results in axonal spouting from nearby
unaffected motoneurons that subsequently target de-innervated
muscles (Chang and Keshishian, 1996). Mis-expression of
synaptic cell surface proteins on the motoneurons themselves
can also change Ib and Is innervation, resulting in synapses on
inappropriate muscle targets (Lin and Goodman, 1994; Kose
et al., 1997; Shishido et al,, 1998; Ashley et al., 2019). These
observations indicate the Drosophila motor system differs from
vertebrate NM]Js, with motoneurons normally displaying an
autonomous role in target selection without competition from
other motoneurons of the same class. An interesting scenario
will be to examine within class neuronal competition using
genetic manipulations that result in ectopic muscle innervation
by two neurons of the same class, providing a more similar
situation to mammalian NMJs. Indeed, poly-innervation of
dorsal larval muscles by multiple Ib motoneurons can be
triggered by manipulating transcription factors specifying dorsal
Ib cell fate (Meng et al, 2020, 2019). These manipulations
induce poly-innervation from an expanded Ib lineage. Optical
imaging of synaptic activity has confirmed that duplicated
neurons release neurotransmitters onto hyper-innervated
muscles. It will be interesting to determine if these multiple
Ib inputs display competition for synaptic drive as observed at
mammalian NMJs. Although manipulations that induce phasic
Is co-innervation have not yet been identified, such studies would
provide an informative test for intraclass phasic motoneuron
competition as well.

CONCLUSION AND FUTURE
DIRECTIONS

An important question in tonic and phasic motoneuron biology
moving forward is what distinct mechanisms underlie the unique
biophysical, synaptic structure, release properties and plasticity
mechanisms that distinguish the two neuronal subgroups.
Differences in Is and Ib properties are ultimately controlled
by expression of specific transcription factors expressed in
each lineage. Indeed, manipulating key transcription factors
required for motoneuron development can alter synaptic
target choice during larval development (Meng et al., 2020).
Similar manipulations would be expected to regulate other
intrinsic neuronal properties as well. Identifying the cell
surface proteome from each subclass would also help define
mechanisms for why Ib motoneurons innervate single muscles
while Is motoneurons innervate multiple targets. As a first
step toward these goals, the specific transcriptomes of tonic
and phasic motoneurons are starting to be examined using
RNA sequencing approaches (Gen¢ and Davis, 2019). As this

work progresses, characterizing the unique gene expression
signatures and their specific roles in tonic and phasic neuronal
properties should generate exciting clues into how neuronal
diversity mechanisms arise via distinct transcriptional programs.
Similarly, defining alternative splicing differences between tonic
and phasic motoneurons may reveal unique splice variants
specific to one subtype or the other. The discovery of GAL4
drivers uniquely expressed in tonic or phasic motoneurons
now allows RNAi and CRISPR-based gene disruption studies
to be targeted specifically to each subclass. In addition,
overexpression approaches can be used with these drivers
to identify genes capable of switching tonic vs. phasic
properties when differentially expressed between the two
neuronal classes.

Future studies should also be able to identify the mechanisms
that allow structural and functional plasticity in tonic Ib
motoneurons following manipulations of the co-innervating
phasic Is input. Defining why phasic Is neurons fail to respond
as robustly to these manipulations will also be of interest.
Key differences in molecular signaling and synaptic receptors
expressed by the two subtypes is likely to be important for
their differential plasticity mechanisms. Indeed, the classic BMP
synaptic growth regulator glass bottom boat (Gbb) appears
to have both shared and distinct roles in the two neuronal
populations (Aponte-Santiago et al., 2020). In addition, whether
homeostatic mechanisms triggered in response to acute or
chronic reduction in glutamate receptor function are similarly
employed for plasticity triggered by the absence or functional
silencing of motoneuron inputs are important questions. Many
molecular components have already been characterized for their
role in homeostatic plasticity (Davis, 2006, 2013; Bergquist
et al., 2010; Miiller et al., 2011, 2012; Miiller and Davis, 2012;
Younger et al.,, 2013; Frank, 2014; Wang et al., 2014, 2016; Davis
and Miiller, 2015; Gaviio et al., 2015; Kiragasi et al., 2017;
Li et al, 2018; Ortega et al,, 2018; Bohme et al., 2019; Goel
et al., 2019; Gratz et al., 2019; Frank et al., 2020). These include
pathways that result in functional increases in presynaptic
output due to increased SV pools, increased presynaptic
Ca’*t influx, or enhanced membrane excitability. Numerous
pathways that control structural plasticity and regulation of AZ
number at Drosophila NMJs have also been identified, including
Neurexin/Neuroligin, Teneurins, neurotrophins, Synaptotagmin
4-mediated retrograde signaling, BMPs, Wingless, and regulated
proteolysis (Wan et al., 2000; Aberle et al, 2002; Marqués
et al., 2002; DiAntonio and Hicke, 2004; Yoshihara et al.,
2005; Ataman et al., 2006, 2008; Collins et al., 2006; Collins
and DiAntonio, 2007; Li et al., 2007; Johnson et al., 2009;
Wairkar et al., 2009; Banovic et al., 2010; Sun et al., 2011;
Miller et al.,, 2012; Mosca et al., 2012; Owald et al., 2012;
Berke et al., 2013; Korkut et al., 2013; Piccioli and Littleton,
2014; Harris and Littleton, 2015; Muhammad et al., 2015; Harris
et al., 2016; Banerjee et al., 2017; Ulian-Benitez et al., 2017).
Defining if and how these well-known molecular pathways
for synaptic growth and function are uniquely employed in
tonic vs. phasic motoneurons should complement RNA profiling
approaches and help decipher how differences in synaptic
structure and function arise.
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In addition to changes in the transcriptome of tonic
and phasic motoneurons, post-translational modifications to
ion channels and other synaptic proteins may alter their
location or function differentially within the two neuronal
classes. Altered phosphorylation of key components of the
SV fusion machinery would be an interesting target for the
dynamic differences in Ca?" sensitivity of release between
the two classes. It remains to be seen what parallels at
the molecular level are present between invertebrate tonic
and phasic neurons and vertebrate neurons with similar
properties. Once the underlying mechanisms are identified
in a genetically approachable system like Drosophila, it will
provide a robust set of hypotheses that can be tested in
mammalian models. In conclusion, further dissection of the
pathways that generate the unique properties of invertebrate
tonic and phasic neurons will no doubt continue to provide

REFERENCES

Abbott, L. F., and Nelson, S. B. (2000). Synaptic plasticity: taming the beast. Nat.
Neurosci. 3(Suppl.), 1178-1183. doi: 10.1038/81453

Aberle, H., Haghighi, A. P., Fetter, R. D., McCabe, B. D., Magalhies, T. R., and
Goodman, C. S. (2002). wishful thinking encodes a BMP type II receptor that
regulates synaptic growth in Drosophila. Neuron 33, 545-558. doi: 10.1016/
50896-6273(02)00589-5

Akbergenova, Y., Cunningham, K. L., Zhang, Y. V., Weiss, S., and Littleton, J. T.
(2018). Characterization of developmental and molecular factors underlying
release heterogeneity at Drosophila synapses. Elife 7:e38268. doi: 10.7554/eLife.
38268

Androschuk, A., Al-Jabri, B., and Bolduc, F. V. (2015). From learning to memory:
what flies can tell us about intellectual disability treatment. Front. Psychiatry
6:85. doi: 10.3389/fpsyt.2015.00085

Aponte-Santiago, N. A., Ormerod, K. G., Akbergenova, Y., and Littleton, J. T.
(2020). Synaptic plasticity induced by differential manipulation of tonic and
phasic motoneurons in drosophila. J. Neurosci. 40, 6270-6288. doi: 10.1523/
JNEUROSCI.0925-20.2020

Arendt, D., Musser, J. M., Baker, C. V. H., Bergman, A., Cepko, C., Erwin, D. H.,
etal. (2016). The origin and evolution of cell types. Nat. Rev. Genet. 17, 744-757.
doi: 10.1038/nrg.2016.127

Arzan Zarin, A., and Labrador, J.-P. (2019). Motor axon guidance in Drosophila.
Semin. Cell Dev. Biol. 85, 36-47. doi: 10.1016/j.semcdb.2017.11.013

Ashley, J., and Budnik, V. (2017). A tale of two inputs. Neuron 93, 1245-1247.
doi: 10.1016/j.neuron.2017.03.013

Ashley, J., Sorrentino, V., Lobb-Rabe, M., Nagarkar-Jaiswal, S., Tan, L., Xu, S., et al.
(2019). Transsynaptic interactions between IgSF proteins DIP-o and Dpr10 are
required for motor neuron targeting specificity. Elife 8:e42690. doi: 10.7554/
eLife.42690

Ataman, B., Ashley, J., Gorczyca, D., Gorczyca, M., Mathew, D., Wichmann,
C., et al. (2006). Nuclear trafficking of Drosophila Frizzled-2 during synapse
development requires the PDZ protein dGRIP. Proc. Natl. Acad. Sci. U. S. A.
103, 7841-7846. doi: 10.1073/pnas.0600387103

Ataman, B., Ashley, J., Gorczyca, M., Ramachandran, P., Fouquet, W., Sigrist,
S.J., et al. (2008). Rapid activity-dependent modifications in synaptic structure
and function require bidirectional Wnt signaling. Neuron 57, 705-718. doi:
10.1016/j.neuron.2008.01.026

Atwood, H. (2008). Parallel “phasic” and “tonic” motor systems of the crayfish
abdomen. J. Exp. Biol. 211, 2193-2195. doi: 10.1242/jeb.010868

Atwood, H. L. (1963). Differences in muscle fibre properties as a factor in “fast”
and “slow” contraction in carcinus. Comp. Biochem. Physiol. 10, 17-32. doi:
10.1016/0010-406x(63)90099-9

Atwood, H. L., Govind, C. K,, and Wu, C. F. (1993). Differential ultrastructure
of synaptic terminals on ventral longitudinal abdominal muscles in Drosophila
larvae. J. Neurobiol. 24, 1008-1024. doi: 10.1002/neu.480240803

Atwood, H. L., and Karunanithi, S. (2002). Diversification of synaptic strength:
presynaptic elements. Nat. Rev. Neurosci. 3, 497-516. doi: 10.1038/nrn876

important insights into neuronal diversity mechanisms that
contribute to biophysical properties, synaptic target choice,
synapse structure and function, and differential synaptic
plasticity pathways.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

The authors’ work has been funded by NIH grants NS40296 and
MH104536 and the JPB Foundation.

Bai, Y., and Suzuki, T. (2020). Activity-Dependent Synaptic Plasticity in
Drosophila melanogaster. Front. Physiol. 11:161. doi: 10.3389/fphys.2020.0
0161

Bailey, C. H., and Chen, M. (1983). Morphological basis of long-term habituation
and sensitization in Aplysia. Science 220, 91-93. doi: 10.1126/science.6828885

Bailey, C. H., and Chen, M. (1988). Morphological basis of short-term habituation
in Aplysia. J. Neurosci. 8, 2452-2459. doi: 10.1523/jneurosci.08-07-02452.1988

Bailey, C. H., and Chen, M. (1991). Morphological aspects of synaptic plasticity in
Aplysia. an anatomical substrate for long-term memory. Ann. N. Y. Acad. Sci.
627, 181-196. doi: 10.1111/j.1749-6632.1991.tb25924.x

Bailey, C. H., Kandel, E. R., and Harris, K. M. (2015). Structural components of
synaptic plasticity and memory consolidation. Cold Spring Harb. Perspect. Biol.
7:a021758. doi: 10.1101/cshperspect.a021758

Banerjee, S., Venkatesan, A., and Bhat, M. A. (2017). Neurexin, Neuroligin
and Wishful Thinking coordinate synaptic cytoarchitecture and growth at
neuromuscular junctions. Mol. Cell. Neurosci. 78, 9-24. doi: 10.1016/j.mcn.
2016.11.004

Banovic, D., Khorramshahi, O., Owald, D., Wichmann, C., Riedt, T., Fouquet,
W., et al. (2010). Drosophila neuroligin 1 promotes growth and postsynaptic
differentiation at glutamatergic neuromuscular junctions. Neuron 66, 724-738.
doi: 10.1016/j.neuron.2010.05.020

Barber, C. F., Jorquera, R. A., Melom, J. E., and Littleton, J. T. (2009). Postsynaptic
regulation of synaptic plasticity by synaptotagmin 4 requires both C2 domains.
J. Cell Biol. 187, 295-310. doi: 10.1083/jcb.200903098

Bear, M. F., and Abraham, W. C. (1996). Long-term depression in hippocampus.
Annu. Rev. Neurosci. 19, 437-462. doi: 10.1146/annurev.ne.19.030196.002253

Bear, M. F., and Malenka, R. C. (1994). Synaptic plasticity: LTP and LTD. Curr.
Opin. Neurobiol. 4, 389-399. doi: 10.1016/0959-4388(94)90101-5

Belgard, T. G., Marques, A. C., Oliver, P. L., Abaan, H. O, Sirey, T. M., Hoerder-
Suabedissen, A., etal. (2011). A transcriptomic atlas of mouse neocortical layers.
Neuron 71, 605-616. doi: 10.1016/j.neuron.2011.06.039

Berdnik, D., Chihara, T., Couto, A., and Luo, L. (2006). Wiring stability of the
adult Drosophila olfactory circuit after lesion. J. Neurosci. 26, 3367-3376. doi:
10.1523/JNEUROSCI.4941-05.2006

Bergquist, S., Dickman, D. K., and Davis, G. W. (2010). A hierarchy of cell intrinsic
and target-derived homeostatic signaling. Neuron 66, 220-234. doi: 10.1016/j.
neuron.2010.03.023

Berke, B., Wittnam, J., McNeill, E., Van Vactor, D. L., and Keshishian, H. (2013).
Retrograde BMP signaling at the synapse: a permissive signal for synapse
maturation and activity-dependent plasticity. J. Neurosci. 33, 17937-17950.
doi: 10.1523/J]NEUROSCI.6075-11.2013

Bliss, T. V., and Lomo, T. (1973). Long-lasting potentiation of synaptic
transmission in the dentate area of the anaesthetized rabbit following
stimulation of the perforant path. J. Physiol. 232, 331-356. doi: 10.1113/jphysiol.
1973.sp010273

Bohme, M. A., McCarthy, A. W., Grasskamp, A. T., Beuschel, C. B., Goel, P.,
Jusyte, M., et al. (2019). Rapid active zone remodeling consolidates presynaptic
potentiation. Nat. Commun. 10:1085. doi: 10.1038/s41467-019-08977-6

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1038/81453
https://doi.org/10.1016/s0896-6273(02)00589-5
https://doi.org/10.1016/s0896-6273(02)00589-5
https://doi.org/10.7554/eLife.38268
https://doi.org/10.7554/eLife.38268
https://doi.org/10.3389/fpsyt.2015.00085
https://doi.org/10.1523/JNEUROSCI.0925-20.2020
https://doi.org/10.1523/JNEUROSCI.0925-20.2020
https://doi.org/10.1038/nrg.2016.127
https://doi.org/10.1016/j.semcdb.2017.11.013
https://doi.org/10.1016/j.neuron.2017.03.013
https://doi.org/10.7554/eLife.42690
https://doi.org/10.7554/eLife.42690
https://doi.org/10.1073/pnas.0600387103
https://doi.org/10.1016/j.neuron.2008.01.026
https://doi.org/10.1016/j.neuron.2008.01.026
https://doi.org/10.1242/jeb.010868
https://doi.org/10.1016/0010-406x(63)90099-9
https://doi.org/10.1016/0010-406x(63)90099-9
https://doi.org/10.1002/neu.480240803
https://doi.org/10.1038/nrn876
https://doi.org/10.3389/fphys.2020.00161
https://doi.org/10.3389/fphys.2020.00161
https://doi.org/10.1126/science.6828885
https://doi.org/10.1523/jneurosci.08-07-02452.1988
https://doi.org/10.1111/j.1749-6632.1991.tb25924.x
https://doi.org/10.1101/cshperspect.a021758
https://doi.org/10.1016/j.mcn.2016.11.004
https://doi.org/10.1016/j.mcn.2016.11.004
https://doi.org/10.1016/j.neuron.2010.05.020
https://doi.org/10.1083/jcb.200903098
https://doi.org/10.1146/annurev.ne.19.030196.002253
https://doi.org/10.1016/0959-4388(94)90101-5
https://doi.org/10.1016/j.neuron.2011.06.039
https://doi.org/10.1523/JNEUROSCI.4941-05.2006
https://doi.org/10.1523/JNEUROSCI.4941-05.2006
https://doi.org/10.1016/j.neuron.2010.03.023
https://doi.org/10.1016/j.neuron.2010.03.023
https://doi.org/10.1523/JNEUROSCI.6075-11.2013
https://doi.org/10.1113/jphysiol.1973.sp010273
https://doi.org/10.1113/jphysiol.1973.sp010273
https://doi.org/10.1038/s41467-019-08977-6
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

Bradacs, H., Cooper, R., Msghina, M., and Atwood, H. (1997). Differential
physiology and morphology of phasic and tonic motor axons in a crayfish limb
extensor muscle. J. Exp. Biol. 200, 677-691.

Brickley, S. G., and Mody, 1. (2012). Extrasynaptic GABA(A) receptors: their
function in the CNS and implications for disease. Neuron 73, 23-34. doi: 10.
1016/j.neuron.2011.12.012

Brunet Avalos, C., Maier, G. L., Bruggmann, R., and Sprecher, S. G. (2019). Single
cell transcriptome atlas of the Drosophila larval brain. Elife 8:e50354. doi: 10.
7554/eLife.50354

Brzosko, Z., Mierau, S. B., and Paulsen, O. (2019). Neuromodulation of spike-
timing-dependent plasticity: past. Present Future. Neuron 103, 563-581. doi:
10.1016/j.neuron.2019.05.041

Budnik, V., Koh, Y. H., Guan, B., Hartmann, B., Hough, C., Woods, D., et al.
(1996). Regulation of synapse structure and function by the Drosophila tumor
suppressor gene dlg. Neuron 17, 627-640. doi: 10.1016/s0896-6273(00)80196-8

Budnik, V., Zhong, Y., and Wu, C. F. (1990). Morphological plasticity of motor
axons in Drosophila mutants with altered excitability. J. Neurosci. 10, 3754
3768. doi: 10.1523/jneurosci.10-11-03754.1990

Cadwell, C. R., Palasantza, A., Jiang, X., Berens, P., Deng, Q. Yilmaz, M.,
et al. (2016). Electrophysiological, transcriptomic and morphologic profiling of
single neurons using Patch-seq. Nat. Biotechnol. 34, 199-203. doi: 10.1038/nbt.
3445

Carrillo, R. A., Olsen, D. P., Yoon, K. S., and Keshishian, H. (2010). Presynaptic
activity and CaMKII modulate retrograde semaphorin signaling and synaptic
refinement. Neuron 68, 32-44. doi: 10.1016/j.neuron.2010.09.005

Cattaert, D., and Birman, S. (2001). Blockade of the central generator of locomotor
rhythm by noncompetitive NMDA receptor antagonists in Drosophila larvae.
J. Neurobiol. 48, 58-73. doi: 10.1002/neu.1042

Chang, T. N., and Keshishian, H. (1996). Laser ablation of Drosophila embryonic
motoneurons causes ectopic innervation of target muscle fibers. J. Neurosci. 16,
5715-5726. doi: 10.1523/jneurosci.16-18-05715.1996

Chen, K., and Featherstone, D. E. (2005). Discs-large (DLG) is clustered by
presynaptic innervation and regulates postsynaptic glutamate receptor subunit
composition in Drosophila. BMC Biol. 3:1. doi: 10.1186/1741-7007-3-1

Chen, R., Wy, X,, Jiang, L., and Zhang, Y. (2017). Single-Cell RNA-Seq reveals
hypothalamic cell diversity. Cell Rep. 18, 3227-3241. doi: 10.1016/j.celrep.2017.
03.004

Cho, R. W,, Buhl, L. K., Volfson, D., Tran, A., Li, F., Akbergenova, Y., et al.
(2015). Phosphorylation of Complexin by PKA regulates activity-dependent
spontaneous neurotransmitter release and structural synaptic plasticity. Neuron
88, 749-761. doi: 10.1016/j.neuron.2015.10.011

Choi, J. C., Park, D., and Griffith, L. C. (2004). Electrophysiological and
morphological characterization of identified motor neurons in the Drosophila
third instar larva central nervous system. J. Neurophysiol. 91, 2353-2365. doi:
10.1152/jn.01115.2003

Chouhan, A. K., Zhang, J., Zinsmaier, K. E., and Macleod, G. T. (2010). Presynaptic
mitochondria in functionally different motor neurons exhibit similar affinities
for Ca2+ but exert little influence as Ca2+ buffers at nerve firing rates in situ.
J. Neurosci. 30, 1869-1881. doi: 10.1523/JTNEUROSCI.4701-09.2010

Clark, M. Q., Zarin, A. A., Carreira-Rosario, A., and Doe, C. Q. (2018). Neural
circuits driving larval locomotion in Drosophila. Neural Dev. 13:6. doi: 10.1186/
s13064-018-0103-z

Cognigni, P., Felsenberg, J., and Waddell, S. (2018). Do the right thing:
neural network mechanisms of memory formation, expression and update in
Drosophila. Curr. Opin. Neurobiol. 49, 51-58. doi: 10.1016/j.conb.2017.12.002

Collins, C. A., and DiAntonio, A. (2007). Synaptic development: insights from
Drosophila. Curr. Opin. Neurobiol. 17, 35-42. doi: 10.1016/j.conb.2007.01.001

Collins, C. A., Wairkar, Y. P, Johnson, S. L., and DiAntonio, A. (2006). Highwire
restrains synaptic growth by attenuating a MAP kinase signal. Neuron 51,
57-69. doi: 10.1016/j.neuron.2006.05.026

Cooke, S. F., Komorowski, R. W., Kaplan, E. S., Gavornik, J. P., and Bear,
M. F. (2015). Visual recognition memory, manifested as long-term habituation,
requires synaptic plasticity in V1. Nat. Neurosci. 18, 262-271. doi: 10.1038/nn.
3920

Crocker, A., Guan, X.-J., Murphy, C. T., and Murthy, M. (2016). Cell-Type-Specific
transcriptome analysis in the Drosophila mushroom body reveals memory-
related changes in gene expression. Cell Rep. 15, 1580-1596. doi: 10.1016/j.
celrep.2016.04.046

Cunningham, K. L., and Littleton, J. T. (2019a). Neurons regulate synaptic strength
through homeostatic scaling of active zones. J. Cell Biol. 218, 1434-1435. doi:
10.1083/jcb.201903065

Cunningham, K. L., and Littleton, J. T. (2019b). Synaptic plasticity: close
encounters of the tonic and phasic kind. Curr. Biol. 29, R1196-R1198. doi:
10.1016/j.cub.2019.09.033

Dan, Y., and Poo, M.-M. (2004). Spike timing-dependent plasticity of neural
circuits. Neuron 44, 23-30. doi: 10.1016/j.neuron.2004.09.007

Daniels, R. W., Collins, C. A., Gelfand, M. V., Dant, J., Brooks, E. S., Krantz,
D. E,, et al. (2004). Increased expression of the Drosophila vesicular glutamate
transporter leads to excess glutamate release and a compensatory decrease in
quantal content. J. Neurosci. 24, 10466-10474.

Darmanis, S., Sloan, S. A., Zhang, Y., Enge, M., Caneda, C., Shuer, L. M., et al.
(2015). A survey of human brain transcriptome diversity at the single cell
level. Proc. Natl. Acad. Sci. U. S. A. 112, 7285-7290. doi: 10.1073/pnas.150712
5112

Davis, G. W. (2006). Homeostatic control of neural activity: from phenomenology
to molecular design. Annu. Rev. Neurosci. 29, 307-323. doi: 10.1146/annurev.
neuro.28.061604.135751

Davis, G. W. (2013). Homeostatic signaling and the stabilization of neural function.
Neuron 80, 718-728. doi: 10.1016/j.neuron.2013.09.044

Davis, G. W., and Bezprozvanny, I. (2001). Maintaining the stability of neural
function: a homeostatic hypothesis. Annu. Rev. Physiol. 63, 847-869. doi: 10.
1146/annurev.physiol.63.1.847

Davis, G. W., DiAntonio, A., Petersen, S. A., and Goodman, C. S. (1998).
Postsynaptic PKA controls quantal size and reveals a retrograde signal that
regulates presynaptic transmitter release in Drosophila. Neuron 20, 305-315.
doi: 10.1016/50896-6273(00)80458-4

Davis, G. W., and Miiller, M. (2015). Homeostatic control of presynaptic
neurotransmitter release. Annu. Rev. Physiol. 77, 251-270. doi: 10.1146/
annurev- physiol-021014-071740

Davis, R. L. (2005). Olfactory memory formation in Drosophila: from molecular to
systems neuroscience. Annu. Rev. Neurosci. 28, 275-302. doi: 10.1146/annurev.
neuro.28.061604.135651

Deisseroth, K. (2014). Circuit dynamics of adaptive and maladaptive behaviour.
Nature 505, 309-317. doi: 10.1038/nature12982

Destexhe, A., and Marder, E. (2004). Plasticity in single neuron and circuit
computations. Nature 431, 789-795. doi: 10.1038/nature03011

Devaud, J. M., Acebes, A., and Ferrus, A. (2001). Odor exposure causes central
adaptation and morphological changes in selected olfactory glomeruli in
Drosophila. ]. Neurosci. 21, 6274-6282. doi: 10.1523/jneurosci.21-16-06274.
2001

DiAntonio, A., and Hicke, L. (2004). Ubiquitin-dependent regulation of the
synapse. Annu. Rev. Neurosci. 27, 223-246. doi: 10.1146/annurev.neuro.27.
070203.144317

Doll, C. A., and Broadie, K. (2014). Impaired activity-dependent neural circuit
assembly and refinement in autism spectrum disorder genetic models. Front.
Cell Neurosci. 8:30. doi: 10.3389/fncel.2014.00030

Dum, R. P, and Kennedy, T. T. (1980). Physiological and histochemical
characteristics of motor units in cat tibialis anterior and extensor digitorum
longus muscles. J. Neurophysiol. 43, 1615-1630. doi: 10.1152/jn.1980.43.6.1615

Durstewitz, D., and Seamans, J. K. (2002). The computational role of dopamine D1
receptors in working memory. Neural Netw. 15, 561-572. doi: 10.1016/S0893-
6080(02)00049-7

Durstewitz, D., and Seamans, J. K. (2008). The dual-state theory of prefrontal
cortex dopamine function with relevance to catechol-o-methyltransferase
genotypes and schizophrenia. Biol. Psychiatry 64, 739-749. doi: 10.1016/j.
biopsych.2008.05.015

Durstewitz, D., Seamans, J. K., and Sejnowski, T. J. (2000). Neurocomputational
models of working memory. Nat. Neurosci. 3(Suppl.), 1184-1191. doi: 10.1038/
81460

Ecker, J. R., Geschwind, D. H., Kriegstein, A. R., Ngai, J., Osten, P., Polioudakis,
D., et al. (2017). The BRAIN initiative cell census consortium: lessons learned
toward generating a comprehensive brain cell atlas. Neuron 96, 542-557. doi:
10.1016/j.neuron.2017.10.007

Elias, G. M., and Nicoll, R. A. (2007). Synaptic trafficking of glutamate receptors by
MAGUK scaffolding proteins. Trends Cell Biol. 17, 343-352. doi: 10.1016/j.tcb.
2007.07.005

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1016/j.neuron.2011.12.012
https://doi.org/10.1016/j.neuron.2011.12.012
https://doi.org/10.7554/eLife.50354
https://doi.org/10.7554/eLife.50354
https://doi.org/10.1016/j.neuron.2019.05.041
https://doi.org/10.1016/j.neuron.2019.05.041
https://doi.org/10.1016/s0896-6273(00)80196-8
https://doi.org/10.1523/jneurosci.10-11-03754.1990
https://doi.org/10.1038/nbt.3445
https://doi.org/10.1038/nbt.3445
https://doi.org/10.1016/j.neuron.2010.09.005
https://doi.org/10.1002/neu.1042
https://doi.org/10.1523/jneurosci.16-18-05715.1996
https://doi.org/10.1186/1741-7007-3-1
https://doi.org/10.1016/j.celrep.2017.03.004
https://doi.org/10.1016/j.celrep.2017.03.004
https://doi.org/10.1016/j.neuron.2015.10.011
https://doi.org/10.1152/jn.01115.2003
https://doi.org/10.1152/jn.01115.2003
https://doi.org/10.1523/JNEUROSCI.4701-09.2010
https://doi.org/10.1186/s13064-018-0103-z
https://doi.org/10.1186/s13064-018-0103-z
https://doi.org/10.1016/j.conb.2017.12.002
https://doi.org/10.1016/j.conb.2007.01.001
https://doi.org/10.1016/j.neuron.2006.05.026
https://doi.org/10.1038/nn.3920
https://doi.org/10.1038/nn.3920
https://doi.org/10.1016/j.celrep.2016.04.046
https://doi.org/10.1016/j.celrep.2016.04.046
https://doi.org/10.1083/jcb.201903065
https://doi.org/10.1083/jcb.201903065
https://doi.org/10.1016/j.cub.2019.09.033
https://doi.org/10.1016/j.cub.2019.09.033
https://doi.org/10.1016/j.neuron.2004.09.007
https://doi.org/10.1073/pnas.1507125112
https://doi.org/10.1073/pnas.1507125112
https://doi.org/10.1146/annurev.neuro.28.061604.135751
https://doi.org/10.1146/annurev.neuro.28.061604.135751
https://doi.org/10.1016/j.neuron.2013.09.044
https://doi.org/10.1146/annurev.physiol.63.1.847
https://doi.org/10.1146/annurev.physiol.63.1.847
https://doi.org/10.1016/s0896-6273(00)80458-4
https://doi.org/10.1146/annurev-physiol-021014-071740
https://doi.org/10.1146/annurev-physiol-021014-071740
https://doi.org/10.1146/annurev.neuro.28.061604.135651
https://doi.org/10.1146/annurev.neuro.28.061604.135651
https://doi.org/10.1038/nature12982
https://doi.org/10.1038/nature03011
https://doi.org/10.1523/jneurosci.21-16-06274.2001
https://doi.org/10.1523/jneurosci.21-16-06274.2001
https://doi.org/10.1146/annurev.neuro.27.070203.144317
https://doi.org/10.1146/annurev.neuro.27.070203.144317
https://doi.org/10.3389/fncel.2014.00030
https://doi.org/10.1152/jn.1980.43.6.1615
https://doi.org/10.1016/S0893-6080(02)00049-7
https://doi.org/10.1016/S0893-6080(02)00049-7
https://doi.org/10.1016/j.biopsych.2008.05.015
https://doi.org/10.1016/j.biopsych.2008.05.015
https://doi.org/10.1038/81460
https://doi.org/10.1038/81460
https://doi.org/10.1016/j.neuron.2017.10.007
https://doi.org/10.1016/j.neuron.2017.10.007
https://doi.org/10.1016/j.tcb.2007.07.005
https://doi.org/10.1016/j.tcb.2007.07.005
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

Ellwood, I. T., Patel, T., Wadia, V., Lee, A. T., Liptak, A. T., Bender, K. J., et al.
(2017). Tonic or phasic stimulation of dopaminergic projections to prefrontal
cortex causes mice to maintain or deviate from previously learned behavioral
strategies. J. Neurosci. 37, 8315-8329. doi: 10.1523/]NEUROSCI.1221-17.
2017

Featherstone, D. E., Rushton, E., Rohrbough, J., Liebl, F., Karr, J., Sheng, Q., et al.
(2005). An essential Drosophila glutamate receptor subunit that functions in
both central neuropil and neuromuscular junction. J. Neurosci. 25, 3199-3208.

Floresco, S. B., and Magyar, O. (2006). Mesocortical dopamine modulation of
executive functions: beyond working memory. Psychopharmacology 188, 567
585. doi: 10.1007/s00213-006-0404-5

Foeller, E., and Feldman, D. E. (2004). Synaptic basis for developmental plasticity
in somatosensory cortex. Curr. Opin. Neurobiol. 14, 89-95. doi: 10.1016/j.conb.
2004.01.011

Fouquet, W., Owald, D., Wichmann, C., Mertel, S., Depner, H., Dyba, M., et al.
(2009). Maturation of active zone assembly by Drosophila Bruchpilot. J. Cell
Biol. 186, 129-145. doi: 10.1083/jcb.200812150

Frank, C. A. (2014). Homeostatic plasticity at the Drosophila neuromuscular
junction. Neuropharmacology 78, 63-74. doi: 10.1016/j.neuropharm.2013.
06.015

Frank, C. A., James, T. D., and Miiller, M. (2020). Homeostatic control of
Drosophila neuromuscular junction function. Synapse 74:e22133. doi: 10.1002/
syn.22133

Frank, C. A., Kennedy, M. J., Goold, C. P., Marek, K. W., and Davis, G. W.
(2006). Mechanisms underlying the rapid induction and sustained expression of
synaptic homeostasis. Neuron 52, 663-677. doi: 10.1016/j.neuron.2006.09.029

Fritschy, J.-M. (2008). Epilepsy, E/I balance and GABA(A) receptor plasticity.
Front. Mol. Neurosci. 1:5. doi: 10.3389/neuro.02.005.2008

Fushiki, A., Zwart, M. F., Kohsaka, H., Fetter, R. D., Cardona, A., and Nose, A.
(2016). A circuit mechanism for the propagation of waves of muscle contraction
in Drosophila. Elife 5:¢13253. doi: 10.7554/eLife.13253

Fuzik, J., Zeisel, A., Maté, Z., Calvigioni, D., Yanagawa, Y., Szabo, G., et al. (2016).
Integration of electrophysiological recordings with single-cell RNA-seq data
identifies neuronal subtypes. Nat. Biotechnol. 34, 175-183. doi: 10.1038/nbt.
3443

Gavino, M. A., Ford, K. J., Archila, S., and Davis, G. W. (2015). Homeostatic
synaptic depression is achieved through a regulated decrease in presynaptic
calcium channel abundance. Elife 4:e5473. doi: 10.7554/eLife.05473

Geng, O, and Davis, G. W. (2019). Target-wide induction and synapse type-specific
robustness of presynaptic homeostasis. Curr. Biol. 29, 3863-3873. doi: 10.1016/
j.cub.2019.09.036

Ghelani, T., and Sigrist, S. J. (2018). Coupling the structural and functional
assembly of synaptic release sites. Front. Neuroanat. 12:81. doi: 10.3389/fnana.
2018.00081

Giurfa, M. (2013). Cognition with few neurons: higher-order learning in insects.
Trends Neurosci. 36, 285-294. doi: 10.1016/j.tins.2012.12.011

Goel, P., Dufour Bergeron, D., Bohme, M. A., Nunnelly, L., Lechmann, M., Buser,
C., et al. (2019). Homeostatic scaling of active zone scaffolds maintains global
synaptic strength. J. Cell Biol. 218, 1706-1724. doi: 10.1083/jcb.201807165

Gogolla, N, Leblang, J. J., Quast, K. B, Stidhof, T. C., Fagiolini, M., and Hensch,
T. K. (2009). Common circuit defect of excitatory-inhibitory balance in mouse
models of autism. J. Neurodev. Disord. 1, 172-181. doi: 10.1007/s11689-009-
9023-x

Golovin, R. M., Vest, J., Vita, D. J., and Broadie, K. (2019). Activity-Dependent
Remodeling of Drosophila olfactory sensory neuron brain innervation during
an early-life critical period. J. Neurosci. 39, 2995-3012. doi: 10.1523/
JNEUROSCI.2223-18.2019

Gorczyca, D., Ashley, J., Speese, S., Gherbesi, N., Thomas, U., Gundelfinger, E.,
et al. (2007). Postsynaptic membrane addition depends on the Discs-Large-
interacting t-SNARE Gtaxin. J. Neurosci. 27, 1033-1044.

Gorczyca, M., Augart, C., and Budnik, V. (1993). Insulin-like receptor and insulin-
like peptide are localized at neuromuscular junctions in Drosophila. J. Neurosci.
13, 3692-3704. doi: 10.1523/jneurosci.13-09-03692.1993

Gratz, S. J., Goel, P., Bruckner, J. J., Hernandez, R. X., Khateeb, K., Macleod,
G. T, etal. (2019). Endogenous tagging reveals differential regulation of Ca2+
channels at single active zones during presynaptic homeostatic potentiation
and depression. J. Neurosci. 39, 2416-2429. doi: 10.1523/J]NEUROSCI.3068-18.
2019

Gray, J. M., and Spiegel, I. (2019). Cell-type-specific programs for activity-regulated
gene expression. Curr. Opin. Neurobiol. 56, 33-39. doi: 10.1016/j.conb.2018.
11.001

Guan, Z., Buhl, L. K., Quinn, W. G,, and Littleton, J. T. (2011). Altered gene
regulation and synaptic morphology in Drosophila learning and memory
mutants. Learn. Mem. 18, 191-206. doi: 10.1101/Im.2027111

Guan, Z., Saraswati, S., Adolfsen, B., and Littleton, J. T. (2005). Genome-wide
transcriptional changes associated with enhanced activity in the Drosophila
nervous system. Neuron 48, 91-107. doi: 10.1016/j.neuron.2005.08.036

Harris, K. M. (2020). Structural LTP: from synaptogenesis to regulated synapse
enlargement and clustering. Curr. Opin. Neurobiol. 63, 189-197. doi: 10.1016/j.
conb.2020.04.009

Harris, K. P., and Littleton, J. T. (2015). Transmission, development, and plasticity
of synapses. Genetics 201, 345-375. doi: 10.1534/genetics.115.176529

Harris, K. P., Zhang, Y. V., Piccioli, Z. D., Perrimon, N., and Littleton, J. T.
(2016). The postsynaptic t-SNARE Syntaxin 4 controls traffic of Neuroligin
1 and Synaptotagmin 4 to regulate retrograde signaling. Elife 5:¢13881. doi:
10.7554/eLife.13881

He, T., Singh, V., Rumpal, N., and Lnenicka, G. A. (2009). Differences in Ca2+
regulation for high-output Is and low-output Ib motor terminals in Drosophila
larvae. Neuroscience 159, 1283-1291. doi: 10.1016/j.neuroscience.2009.01.074

Heckscher, E. S., Zarin, A. A., Faumont, S., Clark, M. Q. Manning, L.,
Fushiki, A., et al. (2015). Even-Skipped(+) interneurons are core components
of a sensorimotor circuit that maintains left-right symmetric muscle
contraction amplitude. Neuron 88, 314-329. doi: 10.1016/j.neuron.2015.
09.009

Hines, R. M., Davies, P. A., Moss, S.J., and Maguire, J. (2012). Functional regulation
of GABAA receptors in nervous system pathologies. Curr. Opin. Neurobiol. 22,
552-558. doi: 10.1016/j.conb.2011.10.007

Hoang, B., and Chiba, A. (2001). Single-cell analysis of Drosophila larval
neuromuscular synapses. Dev. Biol. 229, 55-70. doi: 10.1006/dbio.2000.9983

Holtmaat, A., and Caroni, P. (2016). Functional and structural underpinnings of
neuronal assembly formation in learning. Nat. Neurosci. 19, 1553-1562. doi:
10.1038/nn.4418

Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural synaptic
plasticity in the mammalian brain. Nat. Rev. Neurosci. 10, 647-658. doi: 10.
1038/nrn2699

Hooks, B. M., and Chen, C. (2020). Circuitry underlying experience-dependent
plasticity in the mouse visual system. Neuron 106, 21-36. doi: 10.1016/j.neuron.
2020.01.031

Hubel, D. H., and Wiesel, T. N. (1970). The period of susceptibility to the
physiological effects of unilateral eye closure in kittens. J. Physiol. 206, 419-436.
doi: 10.1113/jphysiol.1970.sp009022

Huntwork, S., and Littleton, J. T. (2007). A complexin fusion clamp regulates
spontaneous neurotransmitter release and synaptic growth. Nat. Neurosci. 10,
1235-1237. doi: 10.1038/nn1980

Jan, L. Y., and Jan, Y. N. (1976). Properties of the larval neuromuscular junction in
Drosophila melanogaster. J. Physiol. 262, 189-214. doi: 10.1113/jphysiol.1976.
sp011592

Jarecki, J., and Keshishian, H. (1995). Role of neural activity during synaptogenesis
in Drosophila. J. Neurosci. 15, 8177-8190. doi: 10.1523/jneurosci.15-12-08177.
1995

Jia, X. X., Gorczyca, M., and Budnik, V. (1993). Ultrastructure of neuromuscular
junctions in Drosophila: comparison of wild type and mutants with increased
excitability. J. Neurobiol. 24, 1025-1044. doi: 10.1002/neu.480240804

Johansen, J., Halpern, M. E., Johansen, K. M., and Keshishian, H. (1989).
Stereotypic morphology of glutamatergic synapses on identified muscle cells of
Drosophila larvae. J. Neurosci. 9, 710-725. doi: 10.1523/jneurosci.09-02-00710.
1989

Johnson, E. L., Fetter, R. D., and Davis, G. W. (2009). Negative regulation of active
zone assembly by a newly identified SR protein kinase. PLoS Biol. 7:e1000193.
doi: 10.1371/journal.pbio.1000193

Karunanithi, S., Cylinder, D., Ertekin, D., Zalucki, O. H., Marin, L., Lavidis,
N. A, et al. (2020a). Proportional downscaling of glutamatergic release sites
by the general anesthetic propofol at Drosophila motor nerve terminals. Eneuro
7:ENEURO.422. doi: 10.1523/ENEURO.0422-19.2020

Karunanithi, S., Lin, Y. Q., Odierna, G. L., Menon, H., Gonzalez, ]. M., Neely,
G. G, et al. (2020b). Activity-dependent global downscaling of evoked

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1523/JNEUROSCI.1221-17.2017
https://doi.org/10.1523/JNEUROSCI.1221-17.2017
https://doi.org/10.1007/s00213-006-0404-5
https://doi.org/10.1016/j.conb.2004.01.011
https://doi.org/10.1016/j.conb.2004.01.011
https://doi.org/10.1083/jcb.200812150
https://doi.org/10.1016/j.neuropharm.2013.06.015
https://doi.org/10.1016/j.neuropharm.2013.06.015
https://doi.org/10.1002/syn.22133
https://doi.org/10.1002/syn.22133
https://doi.org/10.1016/j.neuron.2006.09.029
https://doi.org/10.3389/neuro.02.005.2008
https://doi.org/10.7554/eLife.13253
https://doi.org/10.1038/nbt.3443
https://doi.org/10.1038/nbt.3443
https://doi.org/10.7554/eLife.05473
https://doi.org/10.1016/j.cub.2019.09.036
https://doi.org/10.1016/j.cub.2019.09.036
https://doi.org/10.3389/fnana.2018.00081
https://doi.org/10.3389/fnana.2018.00081
https://doi.org/10.1016/j.tins.2012.12.011
https://doi.org/10.1083/jcb.201807165
https://doi.org/10.1007/s11689-009-9023-x
https://doi.org/10.1007/s11689-009-9023-x
https://doi.org/10.1523/JNEUROSCI.2223-18.2019
https://doi.org/10.1523/JNEUROSCI.2223-18.2019
https://doi.org/10.1523/jneurosci.13-09-03692.1993
https://doi.org/10.1523/JNEUROSCI.3068-18.2019
https://doi.org/10.1523/JNEUROSCI.3068-18.2019
https://doi.org/10.1016/j.conb.2018.11.001
https://doi.org/10.1016/j.conb.2018.11.001
https://doi.org/10.1101/lm.2027111
https://doi.org/10.1016/j.neuron.2005.08.036
https://doi.org/10.1016/j.conb.2020.04.009
https://doi.org/10.1016/j.conb.2020.04.009
https://doi.org/10.1534/genetics.115.176529
https://doi.org/10.7554/eLife.13881
https://doi.org/10.7554/eLife.13881
https://doi.org/10.1016/j.neuroscience.2009.01.074
https://doi.org/10.1016/j.neuron.2015.09.009
https://doi.org/10.1016/j.neuron.2015.09.009
https://doi.org/10.1016/j.conb.2011.10.007
https://doi.org/10.1006/dbio.2000.9983
https://doi.org/10.1038/nn.4418
https://doi.org/10.1038/nn.4418
https://doi.org/10.1038/nrn2699
https://doi.org/10.1038/nrn2699
https://doi.org/10.1016/j.neuron.2020.01.031
https://doi.org/10.1016/j.neuron.2020.01.031
https://doi.org/10.1113/jphysiol.1970.sp009022
https://doi.org/10.1038/nn1980
https://doi.org/10.1113/jphysiol.1976.sp011592
https://doi.org/10.1113/jphysiol.1976.sp011592
https://doi.org/10.1523/jneurosci.15-12-08177.1995
https://doi.org/10.1523/jneurosci.15-12-08177.1995
https://doi.org/10.1002/neu.480240804
https://doi.org/10.1523/jneurosci.09-02-00710.1989
https://doi.org/10.1523/jneurosci.09-02-00710.1989
https://doi.org/10.1371/journal.pbio.1000193
https://doi.org/10.1523/ENEURO.0422-19.2020
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

neurotransmitter release across glutamatergic inputs in Drosophila. ]. Neurosci
40, 8025-8041. doi: 10.1523/]NEUROSCI.0349-20.2020

Karunanithi, S., Marin, L., Wong, K., and Atwood, H. L. (2002). Quantal size
and variation determined by vesicle size in normal and mutant Drosophila
glutamatergic synapses. J. Neurosci. 22, 10267-10276. doi: 10.1523/jneurosci.
22-23-10267.2002

Keshishian, H., Chang, T. N., and Jarecki, J. (1994). Precision and plasticity during
Drosophila neuromuscular development. FASEB J. 8, 731-737. doi: 10.1096/
fasebj.8.10.8050672

Kessels, H. W., and Malinow, R. (2009). Synaptic AMPA receptor plasticity and
behavior. Neuron 61, 340-350. doi: 10.1016/j.neuron.2009.01.015

Kim, J.-H., Udo, H., Li, H.-L.,, Youn, T. Y., Chen, M., Kandel, E. R., et al. (2003).
Presynaptic activation of silent synapses and growth of new synapses contribute
to intermediate and long-term facilitation in Aplysia. Neuron 40, 151-165.
doi: 10.1016/s0896-6273(03)00595-6

King, M. J., Atwood, H. L., and Govind, C. K. (1996). Structural features of crayfish
phasic and tonic neuromuscular terminals. J. Comp. Neurol. 372, 618-626.
doi: 10.1002/(sici)1096-9861(19960902)372:4< 618::aid- cne9>3.0.c0;2-7

Kiragasi, B., Wondolowski, J., Li, Y., and Dickman, D. K. (2017). A presynaptic
glutamate receptor subunit confers robustness to neurotransmission and
homeostatic potentiation. Cell Rep. 19, 2694-2706. doi: 10.1016/j.celrep.2017.
06.003

Kittel, R. J., Wichmann, C., Rasse, T. M., Fouquet, W., Schmidt, M., Schmid,
A., et al. (2006). Bruchpilot promotes active zone assembly, Ca2+ channel
clustering, and vesicle release. Science 312, 1051-1054. doi: 10.1126/science.
1126308

Kohsaka, H., Guertin, P. A., and Nose, A. (2017). Neural circuits underlying
fly larval locomotion. Curr. Pharm. Des. 23, 1722-1733. doi: 10.2174/
1381612822666161208120835

Korkut, C., Li, Y., Koles, K., Brewer, C., Ashley, J., Yoshihara, M., et al. (2013).
Regulation of postsynaptic retrograde signaling by presynaptic exosome release.
Neuron 77, 1039-1046. doi: 10.1016/j.neuron.2013.01.013

Kose, H., Rose, D., Zhu, X., and Chiba, A. (1997). Homophilic synaptic target
recognition mediated by immunoglobulin-like cell adhesion molecule Fasciclin
1IL. Development 124, 4143-4152.

Kuffler, S. W., and Vaughan Williams, E. M. (1953a). Properties of the “slow”
skeletal muscles fibres of the frog. J. Physiol. 121, 318-340. doi: 10.1113/jphysiol.
1953.5p004949

Kuffler, S. W., and Vaughan Williams, E. M. (1953b). Small-nerve junctional
potentials; the distribution of small motor nerves to frog skeletal muscle,
and the membrane characteristics of the fibres they innervate. J. Physiol. 121,
289-317. doi: 10.1113/jphysiol.1953.sp004948

Kurdyak, P., Atwood, H. L., Stewart, B. A, and Wu, C. F. (1994). Differential
physiology and morphology of motor axons to ventral longitudinal muscles in
larval Drosophila. J. Comp. Neurol. 350, 463-472. doi: 10.1002/cne.903500310

Lake, B. B., Ai, R, Kaeser, G. E,, Salathia, N. S., Yung, Y. C,, Liu, R, et al. (2016).
Neuronal subtypes and diversity revealed by single-nucleus RNA sequencing of
the human brain. Science 352, 1586-1590. doi: 10.1126/science.aaf1204

Lee, E., Lee, J., and Kim, E. (2017). Excitation/inhibition imbalance in animal
models of autism spectrum disorders. Biol. Psychiatry 81, 838-847. doi: 10.1016/
j.biopsych.2016.05.011

Leslie, J. H., and Nedivi, E. (2011). Activity-regulated genes as mediators of neural
circuit plasticity. Prog. Neurobiol. 94, 223-237. doi: 10.1016/j.pneurobio.2011.
05.002

Li, J., Ashley, J., Budnik, V., and Bhat, M. A. (2007). Crucial role of Drosophila
neurexin in proper active zone apposition to postsynaptic densities, synaptic
growth, and synaptic transmission. Neuron 55, 741-755. doi: 10.1016/j.neuron.
2007.08.002

Li, X., Goel, P., Chen, C., Angajala, V., Chen, X., and Dickman, D. K. (2018).
Synapse-specific and compartmentalized expression of presynaptic homeostatic
potentiation. Elife 7:e34338. doi: 10.7554/eLife.34338

Lichtman, J. W., and Colman, H. (2000). Synapse elimination and indelible
memory. Neuron 25, 269-278. doi: 10.1016/s0896-6273(00)80893-4

Lin, D. M., and Goodman, C. S. (1994). Ectopic and increased expression of
Fasciclin II alters motoneuron growth cone guidance. Neuron 13, 507-523.
doi: 10.1016/0896-6273(94)90022- 1

Lnenicka, G. A. (2020). Crayfish and drosophila nmjs. Neurosci. Lett. 732:135110.
doi: 10.1016/j.neulet.2020.135110

Lnenicka, G. A., Atwood, H. L, and Marin, L. (1986). Morphological
transformation of synaptic terminals of a phasic motoneuron by long-term
tonic stimulation. J. Neurosci. 6, 2252-2258. doi: 10.1523/jneurosci.06-08-
02252.1986

Lnenicka, G. A., Grizzaffi, J., Lee, B., and Rumpal, N. (2006). Ca2+ dynamics along
identified synaptic terminals in Drosophila larvae. J. Neurosci. 26, 12283-12293.
doi: 10.1523/JNEUROSCI.2665-06.2006

Lnenicka, G. A., Hong, S. J., Combatti, M., and LePage, S. (1991). Activity-
dependent development of synaptic varicosities at crayfish motor
terminals. J. Neurosci. 11, 1040-1048. doi: 10.1523/jneurosci.11-04-010
40.1991

Lnenicka, G. A., and Keshishian, H. (2000). Identified motor terminals in
Drosophila larvae show distinct differences in morphology and physiology.
J. Neurobiol. 43, 186-197. doi: 10.1002/(sici)1097-4695(200005)43:2<186::aid-
neu8>3.0.co;2-n

Lnenicka, G. A., Spencer, G. M., and Keshishian, H. (2003). Effect of reduced
impulse activity on the development of identified motor terminals in Drosophila
larvae. J. Neurobiol. 54, 337-345. doi: 10.1002/neu.10133

Lu, Z., Chouhan, A. K,, Borycz, J. A, Lu, Z., Rossano, A. J., Brain, K. L,, et al. (2016).
High-Probability neurotransmitter release sites represent an energy-efficient
design. Curr. Biol. 26, 2562-2571. doi: 10.1016/j.cub.2016.07.032

Macdonald, R. L., Kang, J.-Q., and Gallagher, M. J. (2010). Mutations in GABAA
receptor subunits associated with genetic epilepsies. J. Physiol. 588, 1861-1869.
doi: 10.1113/jphysiol.2010.186999

Magee, J. C., and Grienberger, C. (2020). Synaptic plasticity forms and functions.
Annu. Rev. Neurosci. 43, 95-117. doi: 10.1146/annurev-neuro-090919-022842

Marqués, G., Bao, H., Haerry, T. E., Shimell, M. J., Duchek, P., Zhang, B., et al.
(2002). The Drosophila BMP type II receptor Wishful Thinking regulates
neuromuscular synapse morphology and function. Neuron 33, 529-543. doi:
10.1016/50896-6273(02)00595-0

Marrus, S. B., Portman, S. L., Allen, M. ]., Moffat, K. G., and DiAntonio, A. (2004a).
Differential localization of glutamate receptor subunits at the Drosophila
neuromuscular junction. J. Neurosci. 24, 1406-1415. doi: 10.1523/J]NEUROSCI.
1575-03.2004

Marrus, S. B, Portman, S. L., Allen, M. J., Moffat, K. G., and Diantonio, A. (2004b).
Differential localization of glutamate receptor subunits at the Drosophila
neuromuscular junction. J. Neurosci. 24, 1406-1415.

Mayford, M., Siegelbaum, S. A., and Kandel, E. R. (2012). Synapses and memory
storage. Cold Spring Harb. Perspect. Biol. 4:¢005751. doi: 10.1101/cshperspect.
a005751

McDonagh, J. C., Binder, M. D., Reinking, R. M., and Stuart, D. G. (1980). A
commentary on muscle unit properties in cat hindlimb muscles. ] Morphol. 166,
217-230. doi: 10.1002/jmor.1051660208

Melom, J. E., Akbergenova, Y., Gavornik, J. P., and Littleton, J. T. (2013).
Spontaneous and evoked release are independently regulated at individual
active zones. J. Neurosci. 33, 17253-17263. doi: 10.1523/JNEUROSCI.3334-13.
2013

Melom, J. E., and Littleton, J. T. (2011). Synapse development in health and disease.
Curr. Opin. Genet. Dev. 21, 256-261. doi: 10.1016/j.gde.2011.01.002

Meng, J. L., Marshall, Z. D., Lobb-Rabe, M., and Heckscher, E. S. (2019). How
prolonged expression of Hunchback, a temporal transcription factor, re-wires
locomotor circuits. Elife 8:e46089. doi: 10.7554/eLife.46089

Meng, J. L., Wang, Y., Carrillo, R. A., and Heckscher, E. S. (2020). Temporal
transcription factors determine circuit membership by permanently altering
motor neuron-to-muscle synaptic partnerships. Elife 9:e56898. doi: 10.7554/
eLife.56898

Menon, K. P., Carrillo, R. A., and Zinn, K. (2013). Development and plasticity of
the Drosophila larval neuromuscular junction. Wiley Interdiscip. Rev. Dev. Biol.
2, 647-670. doi: 10.1002/wdev.108

Millar, A. G., and Atwood, H. L. (2004). Crustacean phasic and tonic motor
neurons. Integr. Comp. Biol. 44, 4-13. doi: 10.1093/icb/44.1.4

Millar, A. G., Bradacs, H., Charlton, M. P., and Atwood, H. L. (2002). Inverse
relationship between release probability and readily releasable vesicles in
depressing and facilitating synapses. J. Neurosci. 22, 9661-9667. doi: 10.1523/
jneurosci.22-22-09661.2002

Miller, D. L., Ballard, S. L., and Ganetzky, B. (2012). Analysis of synaptic growth
and function in Drosophila with an extended larval stage. J. Neurosci. 32,
13776-13786. doi: 10.1523/J]NEUROSCI.0508-12.2012

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1523/JNEUROSCI.0349-20.2020
https://doi.org/10.1523/jneurosci.22-23-10267.2002
https://doi.org/10.1523/jneurosci.22-23-10267.2002
https://doi.org/10.1096/fasebj.8.10.8050672
https://doi.org/10.1096/fasebj.8.10.8050672
https://doi.org/10.1016/j.neuron.2009.01.015
https://doi.org/10.1016/s0896-6273(03)00595-6
https://doi.org/10.1002/(sici)1096-9861(19960902)372:4<618::aid-cne9>3.0.co;2-7
https://doi.org/10.1016/j.celrep.2017.06.003
https://doi.org/10.1016/j.celrep.2017.06.003
https://doi.org/10.1126/science.1126308
https://doi.org/10.1126/science.1126308
https://doi.org/10.2174/1381612822666161208120835
https://doi.org/10.2174/1381612822666161208120835
https://doi.org/10.1016/j.neuron.2013.01.013
https://doi.org/10.1113/jphysiol.1953.sp004949
https://doi.org/10.1113/jphysiol.1953.sp004949
https://doi.org/10.1113/jphysiol.1953.sp004948
https://doi.org/10.1002/cne.903500310
https://doi.org/10.1126/science.aaf1204
https://doi.org/10.1016/j.biopsych.2016.05.011
https://doi.org/10.1016/j.biopsych.2016.05.011
https://doi.org/10.1016/j.pneurobio.2011.05.002
https://doi.org/10.1016/j.pneurobio.2011.05.002
https://doi.org/10.1016/j.neuron.2007.08.002
https://doi.org/10.1016/j.neuron.2007.08.002
https://doi.org/10.7554/eLife.34338
https://doi.org/10.1016/s0896-6273(00)80893-4
https://doi.org/10.1016/0896-6273(94)90022-1
https://doi.org/10.1016/j.neulet.2020.135110
https://doi.org/10.1523/jneurosci.06-08-02252.1986
https://doi.org/10.1523/jneurosci.06-08-02252.1986
https://doi.org/10.1523/JNEUROSCI.2665-06.2006
https://doi.org/10.1523/jneurosci.11-04-01040.1991
https://doi.org/10.1523/jneurosci.11-04-01040.1991
https://doi.org/10.1002/(sici)1097-4695(200005)43:2<186::aid-neu8>3.0.co;2-n
https://doi.org/10.1002/(sici)1097-4695(200005)43:2<186::aid-neu8>3.0.co;2-n
https://doi.org/10.1002/neu.10133
https://doi.org/10.1016/j.cub.2016.07.032
https://doi.org/10.1113/jphysiol.2010.186999
https://doi.org/10.1146/annurev-neuro-090919-022842
https://doi.org/10.1016/s0896-6273(02)00595-0
https://doi.org/10.1016/s0896-6273(02)00595-0
https://doi.org/10.1523/JNEUROSCI.1575-03.2004
https://doi.org/10.1523/JNEUROSCI.1575-03.2004
https://doi.org/10.1101/cshperspect.a005751
https://doi.org/10.1101/cshperspect.a005751
https://doi.org/10.1002/jmor.1051660208
https://doi.org/10.1523/JNEUROSCI.3334-13.2013
https://doi.org/10.1523/JNEUROSCI.3334-13.2013
https://doi.org/10.1016/j.gde.2011.01.002
https://doi.org/10.7554/eLife.46089
https://doi.org/10.7554/eLife.56898
https://doi.org/10.7554/eLife.56898
https://doi.org/10.1002/wdev.108
https://doi.org/10.1093/icb/44.1.4
https://doi.org/10.1523/jneurosci.22-22-09661.2002
https://doi.org/10.1523/jneurosci.22-22-09661.2002
https://doi.org/10.1523/JNEUROSCI.0508-12.2012
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

Monastirioti, M., Gorczyca, M., Rapus, J., Eckert, M., White, K., and Budnik, V.
(1995). Octopamine immunoreactivity in the fruit fly Drosophila melanogaster.
J. Comp. Neurol. 356, 275-287. doi: 10.1002/cne.903560210

Mosca, T. J., Carrillo, R. A., White, B. H., and Keshishian, H. (2005). Dissection
of synaptic excitability phenotypes by using a dominant-negative Shaker K+
channel subunit. Proc. Natl. Acad. Sci. U. S. A. 102, 3477-3482. doi: 10.1073/
pnas.0406164102

Mosca, T.]., Hong, W., Dani, V. S., Favaloro, V., and Luo, L. (2012). Trans-synaptic
Teneurin signalling in neuromuscular synapse organization and target choice.
Nature 484, 237-241. doi: 10.1038/nature10923

Mrestani, A., Kollmannsberger, P., Pauli, M., Repp, F., Kittel, R. ], Eilers, J., et al.
(2019). Active zone compaction for presynaptic strength. BioRxiv [Preprint]
doi: 10.1101/802843

Msghina, M., Govind, C. K., and Atwood, H. L. (1998). Synaptic structure and
transmitter release in crustacean phasic and tonic motor neurons. J. Neurosci.
18, 1374-1382. doi: 10.1523/jneurosci.18-04-01374.1998

Msghina, M., Millar, A. G., Charlton, M. P., Govind, C. K., and Atwood, H. L.
(1999). Calcium entry related to active zones and differences in transmitter
release at phasic and tonic synapses. J. Neurosci. 19, 8419-8434. doi: 10.1523/
jneurosci.19-19-08419.1999

Muhammad, K., Reddy-Alla, S., Driller, J. H., Schreiner, D., Rey, U., Béhme,
M. A, etal. (2015). Presynaptic spinophilin tunes neurexin signalling to control
active zone architecture and function. Nat. Commun. 6:8362. doi: 10.1038/
ncomms9362

Miiller, M., and Davis, G. W. (2012). Transsynaptic control of presynaptic Ca>*
influx achieves homeostatic potentiation of neurotransmitter release. Curr. Biol.
22, 1102-1108. doi: 10.1016/j.cub.2012.04.018

Miiller, M., Liu, K. S. Y., Sigrist, S. J., and Davis, G. W. (2012). RIM controls
homeostatic plasticity through modulation of the readily-releasable vesicle pool.
J. Neurosci. 32, 16574-16585. doi: 10.1523/J]NEUROSCI.0981-12.2012

Miiller, M., Pym, E. C. G., Tong, A., and Davis, G. W. (2011). Rab3-GAP controls
the progression of synaptic homeostasis at a late stage of vesicle release. Neuron
69, 749-762. doi: 10.1016/j.neuron.2011.01.025

Nahmani, M., and Turrigiano, G. G. (2014). Adult cortical plasticity following
injury: recapitulation of critical period mechanisms? Neuroscience 283, 4-16.
doi: 10.1016/j.neuroscience.2014.04.029

Nelson, S. B., and Valakh, V. (2015). Excitatory/inhibitory balance and circuit
homeostasis in autism spectrum disorders. Neuron 87, 684-698. doi: 10.1016/j.
neuron.2015.07.033

Newman, Z. L., Hoagland, A., Aghi, K., Worden, K., Levy, S. L., Son, J. H,,
et al. (2017). Input-Specific plasticity and homeostasis at the Drosophila larval
neuromuscular junction. Neuron 93, 1388-1404.e10. doi: 10.1016/j.neuron.
2017.02.028

Nguyen, P. V., and Atwood, H. L. (1994). Altered impulse activity modifies synaptic
physiology and mitochondria in crayfish phasic motor neurons. J. Neurophysiol.
72,2944-2955. doi: 10.1152/jn.1994.72.6.2944

Nguyen, P. V., Marin, L, and Atwood, H. L. (1997). Synaptic physiology
and mitochondrial function in crayfish tonic and phasic motor neurons.
J. Neurophysiol. 78, 281-294. doi: 10.1152/jn.1997.78.1.281

Nicoll, R. A. (2017). A brief history of long-term potentiation. Neuron 93, 281-290.
doi: 10.1016/j.neuron.2016.12.015

Ortega, J. M., Geng, O, and Davis, G. W. (2018). Molecular mechanisms
that stabilize short term synaptic plasticity during presynaptic homeostatic
plasticity. Elife 7:¢40385. doi: 10.7554/eLife.40385

Ortiz, C., Navarro, J. F., Jurek, A., Martin, A., Lundeberg, J., and Meletis, K.
(2020). Molecular atlas of the adult mouse brain. Sci. Adv. 6:eabb3446. doi:
10.1126/sciadv.abb3446

Owald, D., Khorramshahi, O., Gupta, V. K., Banovic, D., Depner, H., Fouquet,
W., et al. (2012). Cooperation of Syd-1 with Neurexin synchronizes pre- with
postsynaptic assembly. Nat. Neurosci. 15, 1219-1226. doi: 10.1038/nn.3183

Pan, L., Zhang, Y. Q., Woodruff, E., and Broadie, K. (2004). The Drosophila fragile
X gene negatively regulates neuronal elaboration and synaptic differentiation.
Curr. Biol. 14, 1863-1870. doi: 10.1016/j.cub.2004.09.085

Park, D., Coleman, M. J., Hodge, J. J. L., Budnik, V., and Griffith, L. C. (2002).
Regulation of neuronal excitability in Drosophila by constitutively active
CaMKIL. J. Neurobiol. 52, 24-42.

Peled, E. S., and Isacoff, E. Y. (2011). Optical quantal analysis of synaptic
transmission in wild-type and rab3-mutant Drosophila motor axons. Nat.
Neurosci. 14, 519-526. doi: 10.1038/nn.2767

Peled, E. S., Newman, Z. L., and Isacoff, E. Y. (2014). Evoked and spontaneous
transmission favored by distinct sets of synapses. Curr. Biol. 24, 484-493. doi:
10.1016/j.cub.2014.01.022

Pérez-Moreno, J. J., and O’Kane, C. J. (2019). GAL4 drivers specific for type ib and
type is motor neurons in drosophila. G3 (Bethesda) 9, 453-462. doi: 10.1534/g3.
118.200809

Petersen, S. A., Fetter, R. D., Noordermeer, J. N., Goodman, C. S., and DiAntonio,
A. (1997). Genetic analysis of glutamate receptors in Drosophila reveals a
retrograde signal regulating presynaptic transmitter release. Neuron 19, 1237-
1248. doi: 10.1016/50896-6273(00)80415-8

Phan, A., Thomas, C. I, Chakraborty, M., Berry, J. A., Kamasawa, N., and Davis,
R. L. (2019). Stromalin constrains memory acquisition by developmentally
limiting synaptic vesicle pool size. Neuron 101, 103-118.e5. doi: 10.1016/j.
neuron.2018.11.003

Piccioli, Z. D., and Littleton, J. T. (2014). Retrograde BMP signaling modulates
rapid activity-dependent synaptic growth via presynaptic LIM kinase regulation
of cofilin. J. Neurosci. 34, 4371-4381. doi: 10.1523/]NEUROSCI.4943-13.2014

Poulin, J.-F., Tasic, B., Hjerling-Leffler, J., Trimarchi, J. M., and Awatramani, R.
(2016). Disentangling neural cell diversity using single-cell transcriptomics.
Nat. Neurosci. 19, 1131-1141. doi: 10.1038/nn.4366

Pozo, K., and Goda, Y. (2010). Unraveling mechanisms of homeostatic synaptic
plasticity. Neuron 66, 337-351. doi: 10.1016/j.neuron.2010.04.028

Puig, M. V., and Miller, E. K. (2012). The role of prefrontal dopamine D1 receptors
in the neural mechanisms of associative learning. Neuron 74, 874-886. doi:
10.1016/j.neuron.2012.04.018

Puig, M. V., and Miller, E. K. (2015). Neural substrates of dopamine D2 receptor
modulated executive functions in the monkey prefrontal cortex. Cereb. Cortex
25, 2980-2987. doi: 10.1093/cercor/bhu096

Qin, G., Schwarz, T., Kittel, R. J., Schmid, A., Rasse, T. M., Kappei, D., et al. (2005).
Four different subunits are essential for expressing the synaptic glutamate
receptor at neuromuscular junctions of Drosophila. J. Neurosci. 25, 3209-3218.
doi: 10.1523/JNEUROSCI.4194-04.2005

Rasse, T. M., Fouquet, W., Schmid, A,, Kittel, R. J., Mertel, S., Sigrist, C. B., et al.
(2005). Glutamate receptor dynamics organizing synapse formation in vivo.
Nat. Neurosci. 8, 898-905. doi: 10.1038/nn1484

Rieckhof, G. E., Yoshihara, M., Guan, Z., and Littleton, J. T. (2003). Presynaptic
N-type calcium channels regulate synaptic growth. J. Biol. Chem. 278, 41099—
41108. doi: 10.1074/jbc.M306417200

Sanes, J. R, and Lichtman, J. W. (1999). Development of the vertebrate
neuromuscular junction. Annu. Rev. Neurosci. 22, 389-442. doi: 10.1146/
annurev.neuro.22.1.389

Schaefer, J. E., Worrell, J. W., and Levine, R. B. (2010). Role of intrinsic properties
in Drosophila motoneuron recruitment during fictive crawling. J. Neurophysiol.
104, 1257-1266. doi: 10.1152/jn.00298.2010

Schmid, A., Hallermann, S., Kittel, R. J., Khorramshahi, O., Frolich, A. M. J.,
Quentin, C,, et al. (2008). Activity-dependent site-specific changes of glutamate
receptor composition in vivo. Nat. Neurosci. 11, 659-666. doi: 10.1038/nn.
2122

Schuster, C. M., Ultsch, A., Schloss, P., Cox, J. A., Schmitt, B., and Betz, H. (1991).
Molecular cloning of an invertebrate glutamate receptor subunit expressed in
Drosophila muscle. Science 254, 112-114. doi: 10.1126/science.1681587

Seamans, J. K., Floresco, S. B., and Phillips, A. G. (1998). D1 receptor modulation
of hippocampal-prefrontal cortical circuits integrating spatial memory with
executive functions in the rat. J. Neurosci. 18, 1613-1621. doi: 10.1523/
jneurosci.18-04-01613.1998

Sheng, M., and Greenberg, M. E. (1990). The regulation and function of c-fos
and other immediate early genes in the nervous system. Neuron 4, 477-485.
doi: 10.1016/0896-6273(90)90106-p

Sheng, M., and Kim, E. (2011). The postsynaptic organization of synapses. Cold
Spring Harb. Perspect. Biol. 3:a005678. doi: 10.1101/cshperspect.a005678

Sheng, M., McFadden, G., and Greenberg, M. E. (1990). Membrane depolarization
and calcium induce c-fos transcription via phosphorylation of transcription
factor CREB. Neuron 4, 571-582. doi: 10.1016/0896-6273(90)90115-v

Shishido, E., Takeichi, M., and Nose, A. (1998). Drosophila synapse formation:
regulation by transmembrane protein with Leu-rich repeats. CAPRICIOUS. Sci.
280, 2118-2121. doi: 10.1126/science.280.5372.2118

Sigrist, S. J., Reiff, D. F., Thiel, P. R,, Steinert, J. R., and Schuster, C. M. (2003).
Experience-dependent strengthening of Drosophila neuromuscular junctions.
J. Neurosci. 23, 6546-6556. doi: 10.1523/jneurosci.23-16-06546.2003

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1002/cne.903560210
https://doi.org/10.1073/pnas.0406164102
https://doi.org/10.1073/pnas.0406164102
https://doi.org/10.1038/nature10923
https://doi.org/10.1101/802843
https://doi.org/10.1523/jneurosci.18-04-01374.1998
https://doi.org/10.1523/jneurosci.19-19-08419.1999
https://doi.org/10.1523/jneurosci.19-19-08419.1999
https://doi.org/10.1038/ncomms9362
https://doi.org/10.1038/ncomms9362
https://doi.org/10.1016/j.cub.2012.04.018
https://doi.org/10.1523/JNEUROSCI.0981-12.2012
https://doi.org/10.1016/j.neuron.2011.01.025
https://doi.org/10.1016/j.neuroscience.2014.04.029
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1016/j.neuron.2017.02.028
https://doi.org/10.1016/j.neuron.2017.02.028
https://doi.org/10.1152/jn.1994.72.6.2944
https://doi.org/10.1152/jn.1997.78.1.281
https://doi.org/10.1016/j.neuron.2016.12.015
https://doi.org/10.7554/eLife.40385
https://doi.org/10.1126/sciadv.abb3446
https://doi.org/10.1126/sciadv.abb3446
https://doi.org/10.1038/nn.3183
https://doi.org/10.1016/j.cub.2004.09.085
https://doi.org/10.1038/nn.2767
https://doi.org/10.1016/j.cub.2014.01.022
https://doi.org/10.1016/j.cub.2014.01.022
https://doi.org/10.1534/g3.118.200809
https://doi.org/10.1534/g3.118.200809
https://doi.org/10.1016/s0896-6273(00)80415-8
https://doi.org/10.1016/j.neuron.2018.11.003
https://doi.org/10.1016/j.neuron.2018.11.003
https://doi.org/10.1523/JNEUROSCI.4943-13.2014
https://doi.org/10.1038/nn.4366
https://doi.org/10.1016/j.neuron.2010.04.028
https://doi.org/10.1016/j.neuron.2012.04.018
https://doi.org/10.1016/j.neuron.2012.04.018
https://doi.org/10.1093/cercor/bhu096
https://doi.org/10.1523/JNEUROSCI.4194-04.2005
https://doi.org/10.1038/nn1484
https://doi.org/10.1074/jbc.M306417200
https://doi.org/10.1146/annurev.neuro.22.1.389
https://doi.org/10.1146/annurev.neuro.22.1.389
https://doi.org/10.1152/jn.00298.2010
https://doi.org/10.1038/nn.2122
https://doi.org/10.1038/nn.2122
https://doi.org/10.1126/science.1681587
https://doi.org/10.1523/jneurosci.18-04-01613.1998
https://doi.org/10.1523/jneurosci.18-04-01613.1998
https://doi.org/10.1016/0896-6273(90)90106-p
https://doi.org/10.1101/cshperspect.a005678
https://doi.org/10.1016/0896-6273(90)90115-v
https://doi.org/10.1126/science.280.5372.2118
https://doi.org/10.1523/jneurosci.23-16-06546.2003
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

Sink, H., and Whitington, P. M. (1991a). Early ablation of target muscles modulates
the arborisation pattern of an identified embryonic Drosophila motor axon.
Development 113, 701-707.

Sink, H., and Whitington, P. M. (1991b). Location and connectivity of abdominal
motoneurons in the embryo and larva of Drosophila melanogaster. J. Neurobiol.
22,298-311. doi: 10.1002/neu.480220309

St Onge, J. R., Abhari, H., and Floresco, S. B. (2011). Dissociable contributions by
prefrontal D1 and D2 receptors to risk-based decision making. J. Neurosci. 31,
8625-8633. doi: 10.1523/JNEUROSCI.1020-11.2011

St Onge, J. R, Ahn, S., Phillips, A. G., and Floresco, S. B. (2012). Dynamic
fluctuations in dopamine efflux in the prefrontal cortex and nucleus accumbens
during risk-based decision making. J. Neurosci. 32, 16880-16891. doi: 10.1523/
JNEUROSCI.3807-12.2012

Stefani, M. R,, and Moghaddam, B. (2006). Rule learning and reward contingency
are associated with dissociable patterns of dopamine activation in the rat
prefrontal cortex, nucleus accumbens, and dorsal striatum. J. Neurosci. 26,
8810-8818. doi: 10.1523/JNEUROSCI.1656-06.2006

Stocker, B., Bochow, C., Damrau, C., Mathejczyk, T., Wolfenberg, H., Colomb,
J., et al. (2018). Structural and molecular properties of insect type II
motor axon terminals. Front. Syst. Neurosci. 12:5. doi: 10.3389/fnsys.2018.
00005

Stratton, M. M., Chao, L. H., Schulman, H., and Kuriyan, J. (2013). Structural
studies on the regulation of Ca2+/calmodulin dependent protein kinase II.
Curr. Opin. Struct. Biol. 23,292-301. doi: 10.1016/j.sb1.2013.04.002

Sun, M., Xing, G., Yuan, L., Gan, G., Knight, D., With, S. L, et al. (2011). Neuroligin
2 is required for synapse development and function at the Drosophila
neuromuscular junction. J. Neurosci. 31, 687-699. doi: 10.1523/JNEUROSCIL
3854-10.2011

Takeda, K., and Kennedy, D. (1964). Soma potentials and modes of activation
of crayfish motoneurons. J. Cell Comp. Physiol. 64, 165-181. doi: 10.1002/jcp.
1030640203

Takeda, K., and Kennedy, D. (1965). The mechanism of discharge pattern
formation in crayfish interneurons. J. Gen. Physiol. 48, 435-453. doi: 10.1085/
jgp.48.3.435

Tapia, J. C., Wylie, J. D., Kasthuri, N., Hayworth, K. J., Schalek, R., Berger,
D. R, et al. (2012). Pervasive synaptic branch removal in the mammalian
neuromuscular system at birth. Neuron 74, 816-829. doi: 10.1016/j.neuron.
2012.04.017

Thomas, U., Kim, E., Kuhlendahl, S., Koh, Y. H., Gundelfinger, E. D., Sheng, M.,
et al. (1997). Synaptic clustering of the cell adhesion molecule fasciclin II by
discs-large and its role in the regulation of presynaptic structure. Neuron 19,
787-799. doi: 10.1016/s0896-6273(00)80961-7

Turrigiano, G. (2012). Homeostatic synaptic plasticity: local and global
mechanisms for stabilizing neuronal function. Cold Spring Harb. Perspect. Biol.
4:a005736. doi: 10.1101/cshperspect.a005736

Ulian-Benitez, S., Bishop, S., Foldi, I., Wentzell, J., Okenwa, C., Forero, M. G.,
etal. (2017). Kek-6: a truncated-Trk-like receptor for Drosophila neurotrophin
2 regulates structural synaptic plasticity. PLoS Genet. 13:¢1006968. doi: 10.1371/
journal.pgen.1006968

Vonbhoff, F., and Keshishian, H. (2017). Cyclic nucleotide signaling is required
during synaptic refinement at the Drosophila neuromuscular junction. Dev.
Neurobiol. 77, 39-60. doi: 10.1002/dneu.22407

Wagh, D. A, Rasse, T. M., Asan, E., Hofbauer, A., Schwenkert, L., Diirrbeck, H.,
etal. (2006). Bruchpilot, a protein with homology to ELKS/CAST, is required for
structural integrity and function of synaptic active zones in Drosophila. Neuron
49, 833-844. doi: 10.1016/j.neuron.2006.02.008

Wairkar, Y. P., Toda, H., Mochizuki, H., Furukubo-Tokunaga, K., Tomoda,
T., and Diantonio, A. (2009). Unc-51 controls active zone density and
protein composition by downregulating ERK signaling. J. Neurosci. 29,
517-528.

Walsh, M. K., and Lichtman, J. W. (2003). In vivo time-lapse imaging of synaptic
takeover associated with naturally occurring synapse elimination. Neuron 37,
67-73. doi: 10.1016/50896-6273(02)01142-x

Wan, H. I, DiAntonio, A., Fetter, R. D., Bergstrom, K, Strauss, R., and Goodman,
C. S. (2000). Highwire regulates synaptic growth in Drosophila. Neuron 26,
313-329. doi: 10.1016/S0896-6273(00)81166-6

Wang, T., Hauswirth, A. G., Tong, A., Dickman, D. K., and Davis, G. W. (2014).
Endostatin is a trans-synaptic signal for homeostatic synaptic plasticity. Neuron
83, 616-629. doi: 10.1016/j.neuron.2014.07.003

Wang, T., Jones, R. T., Whippen, J. M., and Davis, G. W. (2016). a23-3 Is required
for rapid transsynaptic homeostatic signaling. Cell Rep. 16, 2875-2888. doi:
10.1016/j.celrep.2016.08.030

Wang, Y., Lobb-Rabe, M., Ashley, J., and Carrillo, R. A. (2020). Structural and
functional synaptic plasticity induced by convergent synapse loss requires co-
innervation in the Drosophila neuromuscular circuit. BioRxiv [Preprint] doi:
10.1101/2020.06.12.147421

Weyhersmiiller, A., Hallermann, S., Wagner, N., and Eilers, J. (2011). Rapid active
zone remodeling during synaptic plasticity. J. Neurosci. 31, 6041-6052. doi:
10.1523/JNEUROSCI.6698-10.2011

White, B. H., Osterwalder, T. P., Yoon, K. S., Joiner, W. J.,, Whim, M. D.,
Kaczmarek, L. K., et al. (2001). Targeted attenuation of electrical activity in
Drosophila using a genetically modified K(+) channel. Neuron 31, 699-711.
doi: 10.1016/S0896-6273(01)00415-9

Whitlock, J. R., Heynen, A. J., Shuler, M. G., and Bear, M. F. (2006). Learning
induces long-term potentiation in the hippocampus. Science 313, 1093-1097.
doi: 10.1126/science.1128134

Wiesel, T. N., and Hubel, D. H. (1963). Effects of visual deprivation on morphology
and physiology of cells in the cats lateral geniculate body. J. Neurophysiol. 26,
978-993. doi: 10.1152/jn.1963.26.6.978

Wiesel, T. N., and Hubel, D. H. (1965). Comparison of the effects of unilateral and
bilateral eye closure on cortical unit responses in kittens. J. Neurophysiol. 28,
1029-1040. doi: 10.1152/jn.1965.28.6.1029

Wojtowicz, J. M., Marin, L., and Atwood, H. L. (1994). Activity-induced changes
in synaptic release sites at the crayfish neuromuscular junction. J. Neurosci. 14,
3688-3703. doi: 10.1523/jneurosci.14-06-03688.1994

Wong, C.-O., Chen, K,, Lin, Y. Q., Chao, Y., Duraine, L., Lu, Z., et al. (2014).
A TRPV channel in Drosophila motor neurons regulates presynaptic resting
Ca2+ levels, synapse growth, and synaptic transmission. Neuron 84, 764-777.
doi: 10.1016/j.neuron.2014.09.030

Worrell, J. W., and Levine, R. B. (2008). Characterization of voltage-dependent
Ca2+ currents in identified Drosophila motoneurons in situ. J. Neurophysiol.
100, 868-878. doi: 10.1152/jn.90464.2008

Xing, X., and Wu, C.-F. (2018a). Inter-relationships among physical dimensions,
distal-proximal rank orders, and basal GCaMP fluorescence levels in Ca2+
imaging of functionally distinct synaptic boutons at Drosophila neuromuscular
junctions. ] Neurogenet. 32, 195-208. doi: 10.1080/01677063.2018.1504043

Xing, X., and Wu, C.-F. (2018b). Unraveling synaptic gcamp signals: differential
excitability and clearance mechanisms underlying distinct ca2+ dynamics in
tonic and phasic excitatory, and aminergic modulatory motor terminals in
drosophila. Eneuro 5:ENEURO.362. doi: 10.1523/ENEURO.0362-17.2018

Yap, E.-L., and Greenberg, M. E. (2018). Activity-Regulated transcription: bridging
the gap between neural activity and behavior. Neuron 100, 330-348. doi: 10.
1016/j.neuron.2018.10.013

Yizhar, O., Fenno, L. E., Prigge, M., Schneider, F., Davidson, T.J., O’Shea, D.]., et al.
(2011). Neocortical excitation/inhibition balance in information processing and
social dysfunction. Nature 477, 171-178. doi: 10.1038/nature10360

Yoshihara, M., Adolfsen, B., Galle, K. T., and Littleton, J. T. (2005). Retrograde
signaling by Syt 4 induces presynaptic release and synapse-specific growth.
Science 310, 858-863. doi: 10.1126/science.1117541

Younger, M. A., Miiller, M., Tong, A., Pym, E. C,, and Davis, G. W. (2013). A
presynaptic ENaC channel drives homeostatic plasticity. Neuron 79, 1183-1196.
doi: 10.1016/j.neuron.2013.06.048

Zarin, A. A., Mark, B., Cardona, A., Litwin-Kumar, A., and Doe, C. Q. (2019).
A multilayer circuit architecture for the generation of distinct locomotor
behaviors in Drosophila. Elife 8:e51781. doi: 10.7554/eLife.51781

Zeng, H., and Sanes, J. R. (2017). Neuronal cell-type classification: challenges,
opportunities and the path forward. Nat. Rev. Neurosci. 18, 530-546. doi: 10.
1038/nrn.2017.85

Zengel, ]. E., Reid, S. A., Sypert, G. W., and Munson, J. B. (1985). Membrane
electrical properties and prediction of motor-unit type of medial gastrocnemius
motoneurons in the cat. J. Neurophysiol. 53, 1323-1344. doi: 10.1152/jn.1985.
53.5.1323

Zheng, C.-Y., Seabold, G. K., Horak, M., and Petralia, R. S. (2011). MAGUKs,
synaptic development, and synaptic plasticity. Neuroscientist 17, 493-512. doi:
10.1177/1073858410386384

Zito, K., Fetter, R. D., Goodman, C. S., and Isacoff, E. Y. (1997). Synaptic clustering
of Fascilin II and Shaker: essential targeting sequences and role of DIg. Neuron
19, 1007-1016. doi: 10.1016/50896-6273(00)80393-1

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1002/neu.480220309
https://doi.org/10.1523/JNEUROSCI.1020-11.2011
https://doi.org/10.1523/JNEUROSCI.3807-12.2012
https://doi.org/10.1523/JNEUROSCI.3807-12.2012
https://doi.org/10.1523/JNEUROSCI.1656-06.2006
https://doi.org/10.3389/fnsys.2018.00005
https://doi.org/10.3389/fnsys.2018.00005
https://doi.org/10.1016/j.sbi.2013.04.002
https://doi.org/10.1523/JNEUROSCI.3854-10.2011
https://doi.org/10.1523/JNEUROSCI.3854-10.2011
https://doi.org/10.1002/jcp.1030640203
https://doi.org/10.1002/jcp.1030640203
https://doi.org/10.1085/jgp.48.3.435
https://doi.org/10.1085/jgp.48.3.435
https://doi.org/10.1016/j.neuron.2012.04.017
https://doi.org/10.1016/j.neuron.2012.04.017
https://doi.org/10.1016/s0896-6273(00)80961-7
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1371/journal.pgen.1006968
https://doi.org/10.1371/journal.pgen.1006968
https://doi.org/10.1002/dneu.22407
https://doi.org/10.1016/j.neuron.2006.02.008
https://doi.org/10.1016/s0896-6273(02)01142-x
https://doi.org/10.1016/S0896-6273(00)81166-6
https://doi.org/10.1016/j.neuron.2014.07.003
https://doi.org/10.1016/j.celrep.2016.08.030
https://doi.org/10.1016/j.celrep.2016.08.030
https://doi.org/10.1101/2020.06.12.147421
https://doi.org/10.1101/2020.06.12.147421
https://doi.org/10.1523/JNEUROSCI.6698-10.2011
https://doi.org/10.1523/JNEUROSCI.6698-10.2011
https://doi.org/10.1016/S0896-6273(01)00415-9
https://doi.org/10.1126/science.1128134
https://doi.org/10.1152/jn.1963.26.6.978
https://doi.org/10.1152/jn.1965.28.6.1029
https://doi.org/10.1523/jneurosci.14-06-03688.1994
https://doi.org/10.1016/j.neuron.2014.09.030
https://doi.org/10.1152/jn.90464.2008
https://doi.org/10.1080/01677063.2018.1504043
https://doi.org/10.1523/ENEURO.0362-17.2018
https://doi.org/10.1016/j.neuron.2018.10.013
https://doi.org/10.1016/j.neuron.2018.10.013
https://doi.org/10.1038/nature10360
https://doi.org/10.1126/science.1117541
https://doi.org/10.1016/j.neuron.2013.06.048
https://doi.org/10.7554/eLife.51781
https://doi.org/10.1038/nrn.2017.85
https://doi.org/10.1038/nrn.2017.85
https://doi.org/10.1152/jn.1985.53.5.1323
https://doi.org/10.1152/jn.1985.53.5.1323
https://doi.org/10.1177/1073858410386384
https://doi.org/10.1177/1073858410386384
https://doi.org/10.1016/s0896-6273(00)80393-1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Aponte-Santiago and Littleton

Invertebrate Tonic and Phasic Neurons

Zito, K., Parnas, D., Fetter, R. D., Isacoff, E. Y, and Goodman, C. S.
(1999). Watching a synapse grow: noninvasive confocal imaging of synaptic
growth in Drosophila. Neuron 22, 719-729. doi: 10.1016/s0896-6273(00)
80731-x

Zoghbi, H. Y., and Bear, M. F. (2012). Synaptic dysfunction in neurodevelopmental
disorders associated with autism and intellectual disabilities. Cold Spring Harb.
Perspect. Biol. 4:a009886. doi: 10.1101/cshperspect.a009886

Zwart, M. F., Pulver, S. R., Truman, J. W., Fushiki, A., Fetter, R. D., Cardona, A.,
et al. (2016). Selective inhibition mediates the sequential recruitment of motor
pools. Neuron 91, 615-628. doi: 10.1016/j.neuron.2016.06.031

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Aponte-Santiago and Littleton. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

19

December 2020 | Volume 11 | Article 611982


https://doi.org/10.1016/s0896-6273(00)80731-x
https://doi.org/10.1016/s0896-6273(00)80731-x
https://doi.org/10.1101/cshperspect.a009886
https://doi.org/10.1016/j.neuron.2016.06.031
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Synaptic Properties and Plasticity Mechanisms of Invertebrate Tonic and Phasic Neurons
	Introduction
	Overview of Tonic and Phasic Neuronal Subtypes
	Structure and Function of Invertebrate Tonic and Phasic Motoneurons
	Distinct Synaptic Plasticity Mechanisms for Tonic and Phasic Motoneurons
	Conclusion and Future Directions
	Author Contributions
	Funding
	References


