.." frontiers

in Cellular Neuroscience

BRIEF RESEARCH REPORT
published: 26 June 2020
doi: 10.3389/fncel.2020.00196

OPEN ACCESS

Edited by:

Mathieu Letellier,

UMR5297 Institut Interdisciplinaire de
Neurosciences (IINS), France

Reviewed by:

Robert J. Kittel,

Leipzig University, Germany

C. Andrew Frank,

University of lowa, United States

*Correspondence:
Dion Dickman
dickman@usc.edu

tORCID:
Dion Dickman
orchid.org/0000-0003-1884-284X

Specialty section:

This article was submitted to Cellular
Neurophysiology, a section of the
journal Frontiers in Cellular
Neuroscience

Received: 15 April 2020
Accepted: 05 June 2020
Published: 26 June 2020

Citation:

Goel R, Nishimura S, Chetlapalli K,
Li X, Chen C and Dickman D (2020)
Distinct Target-Specific Mechanisms
Homeostatically Stabilize
Transmission at Pre- and
Post-synaptic Compartments.
Front. Cell. Neurosci. 14:196.

doi: 10.3389/fncel.2020.00196

®

Check for
updates

Distinct Target-Specific Mechanisms
Homeostatically Stabilize
Transmission at Pre- and
Post-synaptic Compartments

Pragya Goel, Samantha Nishimura, Karthik Chetlapalli, Xiling Li, Catherine Chen
and Dion Dickman**

Department of Neurobiology, University of Southern California, Los Angeles, CA, United States

Neurons must establish and stabilize connections made with diverse targets, each
with distinct demands and functional characteristics. At Drosophila neuromuscular
junctions (NMJs), synaptic strength remains stable in a manipulation that simultaneously
induces hypo-innervation on one target and hyper-innervation on the other. However, the
expression mechanisms that achieve this exquisite target-specific homeostatic control
remain enigmatic. Here, we identify the distinct target-specific homeostatic expression
mechanisms. On the hypo-innervated target, an increase in postsynaptic glutamate
receptor (GIuR) abundance is sufficient to compensate for reduced innervation, without
any apparent presynaptic adaptations. In contrast, a target-specific reduction in
presynaptic neurotransmitter release probability is reflected by a decrease in active
zone components restricted to terminals of hyper-innervated targets. Finally, loss
of postsynaptic GluRs on one target induces a compartmentalized, homeostatic
enhancement of presynaptic neurotransmitter release called presynaptic homeostatic
potentiation (PHP) that can be precisely balanced with the adaptations required for
both hypo- and hyper-innervation to maintain stable synaptic strength. Thus, distinct
anterograde and retrograde signaling systems operate at pre- and post-synaptic
compartments to enable target-specific, homeostatic control of neurotransmission.

Keywords: active zone, homeostasis, synaptic plasticity, Drosophila, neuromuscular junction

INTRODUCTION

Synapses are spectacularly diverse in their morphology, architecture, and functional characteristics.
These differences are reflected in the molecular composition and abundance of synaptic
components at heterogeneous synaptic subtypes in central and peripheral nervous systems (Atwood
and Karunanithi, 2002; Branco and Staras, 2009; O'Rourke et al., 2012). Interestingly, the structure
and function of synapses can also vary substantially across terminals of an individual neuron
(Guerrero et al., 2005; Grillo et al., 2018; Fekete et al., 2019) and drive input-specific presynaptic
plasticity (Letellier et al., 2019). Both Hebbian and homeostatic plasticity mechanisms can work
locally and globally at specific synapses to tune synapse function, enabling stable yet flexible
ranges of synaptic strength (Turrigiano, 2012; Vitureira and Goda, 2013; Diering and Huganir,
2018). For example, homeostatic receptor scaling globally adjusts glutamate receptor (GluR)
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abundance, subtype, and/or functionality at dendrites
(Turrigiano and Nelson, 2004) yet there is also evidence for
synapse specificity (Sutton et al., 2006; Hou et al., 2008; Béique
etal., 2011). Although studies have begun to elucidate the factors
that enable both local and global modes of synaptic plasticity
at synaptic compartments, it is less appreciated how and why
specific synapses undergo plasticity within the context and needs
of information transfer in a neural circuit.

One major force that sculpts the heterogeneity of synaptic
strength is imposed through the specific targets being innervated.
For example, studies at neuromuscular synapses in the
stomatogastric system of lobsters have demonstrated that
presynaptic terminals of the same motor axon can concurrently
undergo facilitation and depression due to differences in the
synapses made onto two postsynaptic muscle fibers (Katz
etal., 1993). Furthermore, at vertebrate neuromuscular junctions
(NMJs), secreted factors from muscles can dictate which motor
neurons survive during development and in many cases their
neurotransmitter phenotype (Schotzinger and Landis, 1990;
Calderd et al,, 1998). Parallel target-dependent control of
neuropeptide identity has also been shown in the Drosophila
central nervous system (Allan et al,, 2003; Allan and Thor,
2015). In mammalian central neurons, factors such as BDNF
secreted from postsynaptic dendrites not only promote neuronal
survival but also can homeostatically enhance presynaptic
neurotransmitter release and functional properties of neural
circuits (Jakawich et al., 2010; Park and Poo, 2013), while
postsynaptic signaling through N-Cadherins and mTORC1 can
regulate presynaptic function (Vitureira et al., 2011; Henry et al,,
2012). Finally, at the Drosophila NM]J, presynaptic homeostatic
plasticity can be expressed at a subset of terminals within
a single motor neuron depending on GluR functionality at
particular targets (Li et al., 2018a), demonstrating that this
form of homeostatic plasticity is target-specific and strongly
suggesting it is also synapse-specific. Together, these studies
and others have demonstrated that the physiologic, metabolic,
and/or structural properties at terminals of a single neuron can
be selectively modulated according to the identity and needs of
the targets they innervate. However, the nature of the trans-
synaptic dialogue and the molecular mechanisms that achieve
target-specific plasticity are not well understood.

A seminal study published over 20 years ago found
that distinct target-specific modulations in synaptic activity
maintain stable neurotransmission following biased innervation
at terminals of motor neurons at the Drosophila NM]J
(Davis and Goodman, 1998). In this manipulation, biased
innervation is achieved by overexpression of the trans-synaptic
cell adhesion factor Fasciculin II (FaslI) on one of the
two muscle targets innervated by motor neurons (Davis and
Goodman, 1998). This leads to hyper-innervation of the target
overexpressing FasII at the expense of the adjacent target,
which is hypo-innervated. Remarkably, synaptic strength, as
assessed by electrophysiological recordings, was maintained
at levels similar in amplitude to normally innervated NM]J
targets. Since this pioneering study, however, the molecular and
cellular expression mechanisms that achieve this target-specific
homeostatic modulation have remained enigmatic.

We have investigated how terminals of an individual
neuron adapt to simultaneous hypo- and hyper-innervation
to maintain stable synaptic strength on two adjacent targets.
Our analysis reveals that a novel homeostatic signaling system
operates in the hypo-innervated target to precisely enhance
the abundance of postsynaptic GluRs, offsetting reduced
presynaptic neurotransmitter release and stabilizing synaptic
strength. In contrast, no apparent adaptations are observed
in the hyper-innervated target. Rather, presynaptic release
probability is homeostatically reduced, accompanied by a target-
specific decrease in the abundance and density of active zone
components. Finally, we find that presynaptic homeostatic
potentiation (PHP) can be selectively induced and expressed at
synapses on one target and balanced with biased innervation to
sustain stable synaptic strength. This work reveals the striking
interplay of target-specific homeostasis modulating the efficacy
of neurotransmission across synaptic terminals.

MATERIALS AND METHODS
Fly Stocks

Drosophila stocks were raised at 25°C on standard molasses food.
The w'!® strain is used as the wild type control unless otherwise
noted as this is the genetic background in which all genotypes
are bred. The H94-Gal4 driver, which expresses transiently early
in larval development (Davis et al., 1997), was sufficient to
induce biased innervation when crossed to UAS-FasII (Davis
and Goodman, 1998; used in Figures 1-3). However, this driver
alone is not sufficient to knock-down GIuRIIA when crossed
to UAS-GIuRITA-RNAi (Li et al,, 2018a). Therefore, the same
manipulation developed in (Li et al., 2018a) was used for the
experiments detailed in Figure 4 and Supplementary Figure S3,
where a cassette amplifies and maintains Gal4 expression after
transient activation by the H94-Gal4 driver. This results in
a persistently strong expression of the UAS-FasII and UAS-
GIuRIIA-RNAi transgenes in muscle 6. Details of all stocks
and their sources are listed in the Reagents and Resource
Supplementary Table S1.

Immunocytochemistry

Third-instar larvae were dissected in ice-cold 0 Ca?* HL-3 and
immunostained using a standard protocol as described (Perry
et al., 2017). In brief, larvae were either fixed in Bouin’s fixative
for 5 min (Sigma, HT10132-1L), 100% ice-cold ethanol for 5 min,
or 4% paraformaldehyde (PFA) for 10 min. Larvae were then
washed with PBS containing 0.1% Triton X-100 (PBST) for
30 min, blocked with 5% Normal Donkey Serum followed by
overnight incubation in primary antibodies at 4°C. Preparations
were then washed 3 x in PBST, incubated in secondary antibodies
for 2 h, washed 3x in PBST, and equilibrated in 70% glycerol.
Before imaging, samples were mounted in VectaShield (Vector
Laboratories). Details of all antibodies, their source, dilution, and
references are listed in Supplementary Table S1.

Confocal Imaging and Analysis
Samples were imaged using a Nikon A1R Resonant Scanning
Confocal microscope equipped with NIS Elements software and
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FIGURE 1 | Biased innervation at the neuromuscular junction (NMJ) elicits distinct target-specific homeostatic adaptations. (A) Schematic of a motor neuron
innervating both muscle 6 and 7 at the Drosophila larval NMJ. Biased innervation is achieved by overexpressing the cell adhesion factor Fas// specifically on muscle
6 using H94-Gal4 (M6 >Fasll: w; UAS-Fasll/+; H94-Gal4/+). Red outlines highlight the likely synaptic compartment in which the adaptation occurs.

(B) Representative images of muscle 6/7 neuromuscular junctions (NMJs) immunostained with antibodies that recognize the neuronal membrane (Horshradish
Peroxidase; HRP) and synaptic vesicles (Synapsin; SYN) in wild type (w'"'®) and M6 >Fasll. Note that while boutons labeled by SYN puncta are roughly equally split
between muscles 6 and 7 in wild type, M6 >Fasll causes biased innervation on muscle 6 at the expense of muscle 7. (C) Representative electrophysiological traces
of recordings from muscles 7 and 6 in wild type and M6 >Fasll NMJs. Note that while EPSP amplitudes are similar across all muscles, miniature excitatory
postsynaptic potentials (MEPSPs) are increased only on muscle 7 of M6 >Fasll. (D) Quantification of bouton number, EPSP amplitude, mEPSP amplitude, quantal
content, and quantal content normalized per bouton on muscle 7 in M6 >Fasll. All values are normalized to the values at wild type muscle 7. Enhanced mEPSP
amplitude (shaded bar) implies reduced quantal content and no change in quanta released per bouton. (E) Quantification of all values in (D) on muscle 6 of

M6 >Fasll normalized to wild type muscle 6 values. Note that the estimated quantal content per bouton (shaded bar) is significantly reduced. Error bars indicate
+SEM (n > 16; one-way ANOVA; Supplementary Table S2). **p < 0.01; **p < 0.001; ***p < 0.0001; ns, not significant.
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FIGURE 2 | Hyper-innervation elicits a homeostatic decrease in presynaptic
release probability. (A) Schematic illustrating a reduction in readily releasable
pool (RRP) size and functional release site number on hyper-innervated
muscle 6. (B) Failure analysis reveals no significant change in failure rate on
muscle 6 in M6 >Fasill, consistent with unaltered quantal content on this
target. (C) Representative paired-pulse EPSC traces at 0.4 mM extracellular
Ca’* with an interstimulus interval of 16.7 ms in the indicated genotypes.
Increased paired-pulse facilitation (PPF) was observed on hyper-innervated
targets, consistent with reduced release probability. (D) Quantification of PPF
ratio (EPSC2/EPSCH1). (E) Representative paired-pulse EPSC traces at

1.5 mM extracellular Ca®* with an interstimulus interval of 16.7 ms in the
indicated genotypes. Reduced paired-pulse depression (PPD) was observed
on hyper-innervated targets, consistent with a reduced probability of release.
(F) Quantification of PPD ratio (EPSC2/EPSC1) shows an increase. (G)
Representative EPSC recordings of 30 stimuli at 3 mM extracellular Ca®*
during a 60 Hz stimulus train in the indicated genotypes. Insets represent the
average cumulative EPSC plotted as a function of time. A-line fit to the
18130 stimuli was back-extrapolated to time 0. (H) The estimated size of
the RRP is unchanged on muscle 6 in M6 >Fasll compared with wild type,
suggesting reduced RRP per bouton. (I) Scatter plot EPSC distribution of
recordings on muscle 6 from wild type and M6 >Fasll in the indicated
extracellular Ca?* concentrations. (J) Variance-mean plots for the indicated
genotypes. Dashed lines are the best-fit parabolas to the data points. (K) The
estimated number of functional release sites (N#) obtained from the
variance-mean plots in (J) showing no significant difference between the
genotypes. Error bars indicate £SEM (n > 9; one-way ANOVA;
Supplementary Table S2). “*p < 0.01; ns, not significant.

a 60x APO 1.4 NA oil immersion objective using separate
channels with four laser lines (405, 488, 561, and 637 nm) at

room temperature. Boutons were counted using NMJs stained
with anti-Synapsin or -vGlut, co-stained with anti-HRP on
muscle 6/7 of segment A2 and A3, considering each Synapsin or
vGlut punctum to be a bouton. For fluorescence quantifications
of postsynaptic GluRs and active zone proteins, all genotypes
within a data set were immunostained in the same tube with
identical reagents, then mounted and imaged in the same session.
Z-stacks were obtained using identical settings for all genotypes
with z-axis spacing between 0.15-0.2 pwm within an experiment
and optimized for detection without saturation of the signal.
Maximum intensity projections were used for quantitative image
analysis with the NIS Elements General Analysis toolkit.

To quantify the sum punctum intensity, the total fluorescence
intensity signal of each punctum was calculated without regard
to the area as described (Goel et al., 2019a). For each particular
sample set, thresholds were optimized to capture the dynamic
range of intensity levels within the wild type sample. This same
threshold was then used to image all other genotypes in the
sample set, and all intensities were normalized to wild type
values within an experimental set. Active zones too closely
spaced to be resolved (~5% of all analyzed) were excluded from
the analysis. Spot detection in the Nikon Elements Software
was used to identify individual BRP and Cac puncta as it
resolves closely spaced puncta more accurately compared to
thresholding. Finally, to quantify total intensity per NM], the
fluorescence intensity for each punctum (sum intensity) was
added together across the entire NM]J. For calculation of BRP
and Cac puncta density, the total number of puncta at a
particular muscle was divided by the neuronal membrane area
labeled by HRP spanning that muscle (Goel et al., 2019a).
For image representation only, the gain and contrast were
adjusted identically for all genotypes within a dataset. To show
representative images of individual boutons, a particular area
was selected from the entire NMJ (denoted with a white box)
and rotated and cropped to demonstrate changes at boutons
more clearly.

Electrophysiology
All dissections and recordings were performed in modified
HL-3 saline (Stewart et al, 1994; Kikuma et al, 2017)
containing (in mM): 70 NaCl, 5 KCl, 10 MgCl,, 10 NaHCOs,
115 Sucrose, 5 Trehalose, 5 HEPES, and 0.4 CaCl, (unless
otherwise specified), pH 7.2. Neuromuscular junction sharp
electrode (electrode resistance between 10-35 MS2) recordings
were performed on muscles 6 and 7 of abdominal segments
A2 and A3 in wandering third-instar larvae (Kiragasi et al.,
2017). Recordings were performed on an Olympus BX61 WI
microscope using a 40x/0.80 NA water-dipping objective.
Recordings were acquired using an Axoclamp 900A amplifier,
Digidata 1440A acquisition system, and pClamp 10.5 software
(Molecular Devices). Electrophysiological sweeps were digitized
at 10 kHz and filtered at 1 kHz. Data were analyzed using
Clampfit (Molecular devices), MiniAnalysis (Synaptosoft), and
Excel (Microsoft) software.

Miniature excitatory postsynaptic potentials (mEPSPs) were
recorded in the absence of any stimulation and cut motor
axons were stimulated to elicit excitatory postsynaptic potentials
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FIGURE 3 | Target-specific reductions in both active zone density and intensity at hyper-innervated NMJs. (A) Schematic illustrating a reduction in the number and
intensity of active zones at individual boutons on hyper-innervated muscle 6. (B) Representative images of muscle 6/7 NMJs in the indicated genotypes (wild type:
cacS'GFPN: M6 >Fasll: cacs®FPN; UAS-Fasll/+; H94-Gal4/+) immunostained with antibodies against the active zone scaffold bruchpilot (BRP) and GFP to label
endogenously tagged Ca?* channels (CAC). (C) Individual boutons from selected areas (white rectangles) of NMJs stained with BRP and CAC in the indicated
genotypes and muscles. Note the reduction in the number and intensity of BRP and CAC puncta specifically on muscle 6 in M6 >Fasll, while no change is observed
on muscle 7 relative to wild type controls. Quantification of BRP and CAC puncta number (D) and density (E) on muscle 6 in M6 >Fasll normalized as a percentage
of wild type muscle 6 values reveals a small but significant increase in BRP puncta number, while BRP and CAC puncta density is significantly reduced on muscle

6 in M6 >Fasll. Quantification of BRP and CAC intensity (F) shows a significant reduction in muscle 6 in M6 >Fasll, while the total fluorescence intensity of all BRP
and CAC puncta summed across the entire muscle 6 NMJ (G) is unchanged compared to wild type muscle 6. Error bars indicate +=SEM (n > 13; one-way ANOVA,;
Supplementary Table S2). *p < 0.05; *p < 0.01; ns, not significant.

(EPSPs). An ISO-Flex stimulus isolator (A.M.P.I.) was used to  from both neurons innervating the muscle segment, but avoiding
modulate the amplitude of stimulatory currents. The intensity ~ overstimulation. Average mEPSP, EPSP, and quantal content
was adjusted for each cell, set to consistently elicit responses  were calculated for each genotype. Muscle input resistance
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FIGURE 4 | Distinct target-specific adaptations balance hyper-innervation and GIuR loss. (A) Schematic illustrating the dual manipulation used to both bias
innervation and inhibit GIuRIIA expression specifically on muscle 6 (M6 >Fasll+GIURIARNA: w, Tub-FRT-STOP-FRT-Gal4, UAS-FLP. UAS-CD8-GFP; H94-Gal4,
nSyb-Gal80/UAS-Fasll; UAS-GIURIARNA). (B) Representative images of muscle 6/7 NMJs from the indicated genotypes immunostained with anti-HRP, -vGlut, and
-GIuRIIA. (C) Individual boutons from selected areas (white rectangles) of NMJs shown in (B). Note the enhanced GIURIIA levels on hypo-innervated muscle 7 with a
loss on hyper-innervated muscle 6. (D) Electrophysiological traces of recordings from muscles 7 and 6 in the indicated genotypes. EPSP amplitudes on muscle

7 and 6 in M6 >Fasll+GIURIA™NA are similar to wild-type values. (E) Quantification of bouton numbers, GIURIIA puncta intensity, mEPSP amplitude, EPSP amplitude,
and quantal content on muscle 7 in M6 >Fasll+GIuRIIARNAL All values are normalized to baseline (M6 >Fasll muscle 7); no significant differences are observed.

(F) Quantification of all values in (D) on muscle 6 of M6 >Fasll+GIURIIARNA hormalized to baseline (M6 >Fasll muscle 6) values. Note that while GIURIIA levels and
mEPSP amplitudes are significantly reduced, EPSP amplitude remains unchanged because of a homeostatic increase in quantal content, indicating presynaptic
homeostatic potentiation (PHP) expression. Error bars indicate £SEM (n > 8; Student’s t-test; Supplementary Table S2). “***p < 0.0001; ns, not significant.
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(Rin) and resting membrane potential (Vyes) were monitored
during each experiment. Recordings were rejected if the Viyeq
was more depolarized than —60 mV, if the R;, was less than
5 MQ, or if either measurement deviated by more than 10%
during the experiment. Larvae were incubated with or without
philanthotoxin-433 (PhTx; Sigma; 20 wM) and resuspended in
HL-3 for 10 min as described (Frank et al., 2006; Dickman and
Davis, 2009).

The readily releasable pool (RRP) size was estimated by
analyzing cumulative EPSC amplitudes while recording in a
two-electrode voltage clamp (TEVC) configuration as described
(Goel etal., 2019¢). Muscles were clamped at —80 mV and EPSCs
were evoked with a 60 Hz, 60 stimulus train while recording in
3 mM Ca®* HL-3. A-line fit to the linear phase (stimuli #18-30)
of the cumulative EPSC data was back-extrapolated to time 0.
The RRP value was estimated by determining the extrapolated
EPSC value at time 0 and dividing this value by the average
mEPSC amplitude.

Data used in the variance-mean plot was obtained from TEVC
recordings using an initial 0.5 mM Ca?" concentration, which
was subsequently increased to 1.5, 3.0, and 6.0 mM through saline
exchange using a peristaltic pump (Langer Instruments, BT100-
2]). EPSC amplitudes were monitored during the exchange,
and 30 EPSC (0.5 Hz stimulation rate) events were performed
in each calcium condition (Li et al., 2018a). To obtain the
variance-mean plot, the variance (squared standard deviation)
and mean (averaged evoked amplitude) were calculated from the
30 EPSCs at each Ca?* concentration. The variance was then
plotted against the mean for each specific calcium condition
using MATLAB software (MathWorks, USA). One additional
data point, in which variance and mean are both theoretically at
0, was used for Ca’*-free saline. Data from these five conditions
were fit with a standard parabola (variance = Q*I;,—I;2/N),
where Q is the quantal size, I, is the mean evoked amplitude
(x-axis), and N is the number of functional release sites. N, as a
parameter of the standard parabola, was directly calculated for
each cell by best parabolic fit.

Failure analysis was performed in an HL-3 solution
containing 0.15 mM CaCl,. At this extracellular Ca?*
concentration, approximately half of the stimulations evoked
responses in the muscle in wild type larvae. A total of 40 trials
(stimulations) were performed at each NM]J in all genotypes. The
failure rate was obtained by dividing the total number of failures
by the total number of trials (40). Paired-pulse recordings were
performed at a Ca?* concentration of 0.3 mM to assay facilitation
(PPF) and 1.5 mM for depression (PPD). Following the first
stimulation, a second EPSC was evoked at an interstimulus
interval of 16.66 ms. Paired-pulse ratios were calculated as the
difference between the second peak and the maximum value
between both peaks (corresponding to the starting point of the
second response) divided by the first amplitude.

Statistical Analysis

Data were analyzed using GraphPad Prism (version 7.0)
or Microsoft Excel software (version 16.22). Sample values
were tested for normality using the D’Agostino and Pearson
omnibus normality test which determined that the assumption of

normality of the sample distribution was not violated. Data were
then compared using either a one-way ANOVA and tested for
significance using a Tukey’s multiple comparison test or using
an unpaired 2-tailed Student’s t-test with Welch’s correction.
All data are presented as mean £ SEM; n indicates sample
number and p denotes the level of significance assessed as
p < 0.05 (), p < 0.01 (*), p < 0.001 (**), p < 0.0001 (**);
ns = not significant. Statistics of all experiments are summarized
in Supplementary Table S2.

RESULTS

Target-Specific Mechanisms Maintain
Stable Synaptic Strength at Hypo- and
Hyper-innervated NMJs

We first sought to reproduce and confirm the biased innervation
and synaptic electrophysiology reported in Davis and Goodman,
1998. At Drosophila larval NMJs, motor neurons distribute
their synaptic terminals roughly evenly between two distinct
targets—as demonstrated by the NMJs made onto muscles 6 and
7 (Figure 1A; left). This stereotyped pattern of innervation can
be visualized by immunostaining the NMJ with antibodies that
recognize the neuronal membrane (HRP) and synaptic vesicles
(Synapsin; SYN), which demonstrates ~60% boutons on the
larger muscle 6 and ~40% on the smaller muscle 7 (Figure 1B;
left and Supplementary Table S2). To bias innervation on these
targets, we used the H94-Gal4 driver to drive expression of the
cell adhesion molecule Fasciculin II (FasII) early in development
selectively on muscle 6 (M6 >Fasll; Davis and Goodman,
1998). Immunostaining of M6 >FasII NM]Js confirmed biased
innervation with ~150% of boutons above controls on muscle
6 (hyper-innervated), and a parallel reduction of ~50% in
boutons on muscle 7 (hypo-innervated) (Figures 1A-E),
consistent with the previous study (Davis and Goodman,
1998). However, despite these opposing changes in bouton
numbers, electrophysiological recordings of M6 >FaslI found
that synaptic strength, measured by the excitatory postsynaptic
potential (EPSP) amplitude, was similar on both targets and
unchanged from their respective controls (Figures 1C-E). This
implies target-specific mechanisms modulate neurotransmission
on hypo- and hyper-innervated terminals to maintain stable
NM]J strength.

To gain insight into how EPSP amplitudes remain similar
to baseline values at NM]Js with biased innervation, we next
examined miniature neurotransmission. On hypo-innervated
muscle 7, mEPSP amplitudes were significantly increased
by ~40% compared to baseline values (Figures 1C,D), as
previously observed (Davis and Goodman, 1998). Quantal
content (QC) was thus decreased by ~40%, a value similar in
magnitude to the reduction in bouton number (Figure 1D).
In contrast, mEPSP amplitude was not significantly different
on the hyper-innervated muscle 6 NMJ compared to baseline
(Figures 1C,E), with no apparent change in quantal content
(Figure 1E), as previously observed (Davis and Goodman, 1998).
Finally, analysis of quantal content normalized per bouton
on muscle 6 NM]Js revealed an ~30% reduction (Figure 1E),
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suggesting a target-specific, homeostatic decrease in presynaptic
neurotransmitter release, consistent with the results of single
bouton recordings (Davis and Goodman, 1998). Together, this
data indicates that distinct target-specific mechanisms operate to
stabilize neurotransmission at hypo- vs. hyper-innervated NMJs.

A Homeostatic Increase in Postsynaptic
GlIuR Abundance Stabilizes Synaptic

Strength on Hypo-innervated Targets

It was previously reported that at hypo-innervated NM]Js
following M6 >FaslI, levels of the postsynaptic GluR subunit
GIuRIIA were increased (Goel and Dickman, 2018). We,
therefore, focused on postsynaptic adaptations to GluRs, as
we considered two possible presynaptic changes unlikely. First,
increased presynaptic vesicle size could in principle lead to
enhanced glutamate emitted per vesicle, as has been documented
in endocytosis mutants and following overexpression of the
vesicular glutamate transporter (Daniels et al., 2004; Goel et al.,
2019a). However, there is no evidence for endocytic defects
or increased vGlut expression induced by the M6 >Fasll
manipulation. Second, although multivesicular release has been
observed in some systems (Rudolph et al, 2015) and was
raised as a possibility in the original study to potentially
explain the increased quantal size (Davis and Goodman,
1998), multi-vesicular release at the fly NM]J is rarely if ever
observed (Melom et al., 2013; Brusich et al., 2018). Hence,
we focused on possible postsynaptic mechanisms to explain
the increased mEPSP amplitude on hypo-innervated NMJs,
which may parallel the ones that have been documented in
mammalian forms of homeostatic receptor scaling (Turrigiano,
2008; Diering and Huganir, 2018). These include increases
in the abundance, subtype, and/or functionality of additional
postsynaptic GluRs, including GluRIIB-containing receptors, as
enhanced levels of GIuRIIA-containing GluRs were recently
reported at hypo-innervated NM]Js in Drosophila (Goel and
Dickman, 2018; Goel et al., 2019b).

We, therefore, examined postsynaptic GluR levels in
hypo-innervated targets induced by M6 >FasIl. At the
Drosophila NM]J, the postsynaptic response to glutamate is
mediated by two subtypes of GluRs, GluRIIA- and GluRIIB-
containing receptors. Both subtypes are composed of the
essential subunits GIuRIIC, GluRIID, and GIuRIIE but differ in
containing either GIuRIIA or GluRIIB subunits (Qin et al., 2005;
DiAntonio, 2006). We immunostained hypo-innervated NMJs
using antibodies against GIuRIIA, GIuRIIB, and the common
GIuRIID subunits and observed an ~45% decrease in the number
of GluR puncta compared to wild type muscle 7 (Supplementary
Figures S1A,C), reflecting reduced innervation. However,
we found an increase in the intensity of all GluR subunits
in hypo-innervated NM]Js compared to wild type muscle 7
(Supplementary Figures S1B,D). In principle, the ~55%
increase in GluR abundance is sufficient to explain the increased
quantal size and to offset the ~40% reduction in quantal content
to homeostatically maintain stable synaptic strength despite
reduced innervation. Consistent with this, we observed no
adaptations in the anatomical or functional number of release

sites, nor in the size of the RRP (Supplementary Figure S2).
These lines of evidence indicate that presynaptic terminals of
hypo-innervated NM]Js function similarly to wild type, with
presynaptic neurotransmitter release onto the muscle 7 NMJ
simply reduced by 40%. Thus, a ~55% increase in postsynaptic
GluR abundance per receptor field is sufficient to maintain
synaptic strength at hypo-innervated NM]Js without reason to
invoke other homeostatic adaptations.

Hyper-innervation Induces a Homeostatic
Decrease in Presynaptic Release
Probability

We next sought to characterize the expression mechanism that
enables stable neurotransmitter output on the hyper-innervated
target. It was previously demonstrated that a homeostatic
reduction in presynaptic release probability was expressed
at hyper-innervated NM]Js, where single bouton recordings
measured a lower release probability for individual boutons
(Davis and Goodman, 1998). Consistent with this conclusion,
and in contrast to the adjacent hypo-innervated NMJs, we did
not observe any significant changes in postsynaptic GluR levels
(Supplementary Figures SIE-H). We next performed a series of
electrophysiological assays to probe presynaptic function on the
hyper-innervated NM]J. First, we used failure analysis to assess
presynaptic release independently of miniature transmission by
measuring the number of failed release events in very low
extracellular Ca** concentrations (0.15 mM; see “Materials
and Methods” section). We observed no significant difference
in the failure rates on hyper-innervated NMJs compared to
wild type (Figure 2B), consistent with overall quantal content
being unchanged at these NM]Js. Next, we probed short term
plasticity by determining paired-pulse ratios in moderate and
high extracellular Ca?*. At 0.4 mM Ca?", we observed an
increase in paired-pulse facilitation (PPF) at hyper-innervated
NM]Js compared to wild type (Figures 2C,D), while at 1.5 mM
Ca**, paired-pulse depression (PPD) was reduced at hyper-
innervated NMJs (Figures 2E,F). Since short term facilitation
and depression vary inversely with release probability, enhanced
PPF, and reduced PPD are indicative of reduced release
probability (Regehr, 2012). While overall release probability, as
calculated by failure analysis, is unchanged at hyper-innervated
NMyJs, the PPF/PPD findings may reflect altered short term Ca?*
and/or vesicle dynamics at individual release sites. Indeed, an
inverse effect on short-term facilitation was reported in rab3
mutants, which have reduced number but enhanced size of active
zones (Graf et al., 2009). These results suggest that a target-
specific, homeostatic decrease in presynaptic release probability
at individual release sites serves to stabilize transmission at
hyper-innervated NMJs.

Although the PPF/PPD recordings suggested reduced release
probability at individual active zones of hyper-innervated
terminals, the magnitude of the observed decrease (~25%) was
not sufficient to fully compensate for the ~50% increase in
bouton numbers. We found no change in the size of the RRP on
hyper-innervated NMJs compared to wild type (Figures 2G,H),
suggesting that the size of the RRP at individual boutons might
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be reduced on muscle 6 of M6 >FasII NMJs. Finally, no change
in the total number of functional release sites was observed on
hyper-innervated targets (Figures 2I-K), indicating a reduction
in the number of release sites participating in neurotransmission
per bouton at hyper-innervated NM]Js. Thus, a homeostatic
adjustment in the release probability of individual active zones
and the number of release sites per bouton selectively modulate
transmission at hyper-innervated NMJs without measurably
impacting release at adjacent hypo-innervated terminals.

A Target-Specific Reduction in Both Active
Zone Density and Intensity Is Observed at
Hyper-innervated NMJs

Our electrophysiological data above suggests a reduction in
both release probability and the number of functional release
sites at individual boutons of hyper-innervated NM]Js. In
principle, a target-specific reduction in the number and/or
function of anatomical release sites could explain these
electrophysiological properties. Also, recent evidence indicates
that bi-directional changes in the size and nano-structure
of active zone architecture at Drosophila NM]Js can adjust
release probability at individual active zones (Akbergenova
et al, 2018; Bohme et al, 2019; Goel et al., 2019a; Gratz
et al, 2019). We, therefore, characterized the number and
intensity of individual active zones on hyper-innervated NMJs
by immunostaining the central scaffold BRP and endogenously
tagged CaV2.1 calcium channels (Cac*CFP; Gratz et al., 2019),
defining each BRP punctum to be an active zone. Interestingly,
while a ~55% increase in bouton number was observed at
hyper-innervated NMJs, the number of active zones was only
increased by ~20%, reflected in a concomitant decrease in
active zone density (Figures 3A-E). Thus, hyper-innervated
NM]Js exhibit a target-specific reduction in the density of release
sites that is sufficient in magnitude to limit the increase in
active zones to only about 20% despite an ~50% increase
in innervation.

We also quantified the intensity of individual BRP puncta
on hyper-innervated NM]Js and observed an ~20% decrease in
the sum intensity of individual BRP puncta compared to wild
type (Figures 3B,C,F). Similar results for puncta density and
intensity were found for Cac*!“*? (Figures 3B-F). Finally, given
these reductions in the density and intensity of active zone
components, the total intensity of both BRP and Cac*C*" per
hyper-innervated NMJ was not significantly different from wild
type despite the increase in their total number (Figure 3G).
These results parallel recent studies that have shown that
while the number and intensity of individual active zones
can vary at NMJs, the total abundance of active zone protein
remains constant (Graf et al., 2009; Goel et al., 2019a,b) or
can reflect nanoscale remodeling of active zone components
(Bohme et al., 2019; Mrestani et al., 2020). Together, hyper-
innervated NM]Js express a target-specific reduction in both
the number and intensity of release sites per bouton and a
parallel reduction in presynaptic release probability that stabilizes
synaptic strength, while no reciprocal changes are observed at
hypo-innervated counterparts.

Distinct Target-Specific Adaptations Can
Homeostatically Balance

Hyper-innervation and GIuR Perturbation
When biased innervation of the NMJ is induced through
M6>Fasll, the hypo-innervated target responds by
homeostatically increasing GluR abundance, while the subset
of motor neuron terminals that hyper-innervate the adjacent
target selectively reduce the number and apparent abundance
of active zone components. In our final set of experiments, we
sought to determine whether the target-specific homeostatic
adaptations triggered by biased innervation could be balanced
with an additional target-specific homeostatic challenge.
PHP is a well-studied form of homeostatic plasticity at the
Drosophila NM]J. Here, rapid pharmacological or chronic
genetic manipulations that diminish postsynaptic GluR
functionality trigger a trans-synaptic retrograde signaling
system that homeostatically increases presynaptic glutamate
release to maintain stable synaptic strength (Frank et al,
2020). Recently, it was demonstrated that GluR knockdown
specifically on muscle 6 can trigger PHP selectively at the
subset of synapses innervating muscle 6 without influencing
transmission at the synaptic terminals of the same motor
neuron that innervate the adjacent muscle 7 (Li et al., 2018a),
demonstrating a remarkable degree of compartmentalized
expression of PHP. We combined these manipulations
to induce a simultaneous challenge of biased innervation
and GIuR loss using FasII overexpression combined with
GIuRIIA knockdown selectively on muscle 6 (referred to as
M6 >FasII+GIuRITARNAL see “Materials and Methods” section
for details). We first tested whether the combined manipulation
was successful by assaying synaptic growth and GIuRIIA levels.
Indeed, we observed the expected increase and decrease in
bouton numbers on muscles 6 and 7 respectively, with a near
absence of GIURIIA immunostaining selectively on muscle 6
(Figures 4B-F). Thus, target-specific, homeostatic challenges
of biased innervation and GluR loss can be simultaneously
induced by overexpressing FasIT and GIuRITARNA! selectively on
muscle 6.

We next performed synaptic electrophysiology at both targets.
On the hypo-innervated muscle 7 of M6 >FasII+GIuRTTARNAL
neurotransmission was indistinguishable from M6 >FaslII alone,
with elevated mEPSP amplitudes, stable EPSP amplitudes, and
reduced quantal content observed (Figures 4D,E). In contrast,
on the hyper-innervated muscle 6 of M6 >FasII+GIuRITARNAL
mEPSP amplitudes were selectively reduced due to GIuR
knockdown, but synaptic strength was maintained at baseline
levels due to a homeostatic increase in quantal content
(Figures 4D,F). This demonstrates that PHP can be robustly
expressed and balanced with the adaptations necessary to
adjust release for hyper-innervation in a target-specific
manner, without any apparent changes in transmission at
adjacent synapses of the hypo-innervated muscle 7. Finally,
we tested whether PHP can be acutely induced and balanced
at hypo-innervated NM]Js after the adjustments made at
muscle 6 of M6> FasIT+GIuRITARNAL We applied sub-blocking
concentrations of the GluR venom philanthotoxin-433 (PhTx) at
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NM]Js for 10 mins. This acutely induced PHP at wild type NM]Js,
with reduced mEPSP amplitude but EPSP amplitudes unchanged
from baseline due to a rapid, homeostatic increase in quantal
content (Supplementary Figures S3A-D). Application of PhTx
to M6 >FasIT+GIuRITARNA NMJs had no significant change in
mEPSP amplitude or quantal content at muscle 6 due to GluRITA
knockdown (Supplementary Figures S3A,B,D). However, PhTx
application also induced robust PHP at muscle 7 NMJs in
M6 >Fasll+GIuRITARNAL with a significant reduction in mEPSP
amplitude but normal EPSP amplitude due to enhanced quantal
content (Supplementary Figures S3A,C,E). These results
demonstrate that presynaptic release sites at terminals of the
same neuron can be selectively modulated with exquisite target
specificity to compensate for GluR loss and can be superimposed
with the homeostatic plasticity induced by biased innervation.

DISCUSSION

Recent studies have shed light on how neurotransmission is
stabilized when synaptic growth and function is challenged
(Davis and Miiller, 2015; Li et al., 2018b; Goel et al., 2019a,b;
Frank et al., 2020). However, less is known about how this
stability is maintained when neuronal terminals confront
diverse and even opposing challenges in synaptic growth and
function. Here, we have utilized a manipulation pioneered
by Davis and Goodman (1998) to induce biased innervation
and provoke target-specific plasticity and combined this with
acute and chronic challenges to postsynaptic GluR function at
distinct targets shared by individual neurons. These experiments
have revealed two distinct target-specific mechanisms that
enable stable transmission despite biased innervation,
operating at either pre- or postsynaptic compartments, and
that can be balanced with postsynaptic GluR perturbation.
Importantly, these processes occur independently, without
impacting transmission within the same neuron on neighboring
synapses made on the adjacent target. This demonstrates
a remarkable degree of compartmentalized autonomy in
homeostatic signaling and suggests the independence of
local and global homeostats that work in concert to balance
synaptic strength.

Target-Specific Homeostatic Scaling of
Postsynaptic GIuR Receptors

We took advantage of a previously established manipulation to
bias synaptic innervation using the target-specific expression
of the trans-synaptic cell adhesion protein FasIl (Davis and
Goodman, 1998). On the hypo-innervated target, a selective
upregulation in postsynaptic GluR abundance was elicited
sufficient in magnitude to offset reduced neurotransmitter
release and stabilize synaptic strength. This scaling of
GluR abundance parallels a well-established mechanism of
homeostatic synaptic plasticity in mammalian neurons termed
homeostatic receptor scaling (Turrigiano, 2008; Chowdhury and
Hell, 2018; Diering and Huganir, 2018). Although optogenetic
activity can be used to provoke GluRs to rapidly traffic at the fly
NMJ in ways that parallel the dynamics of GluRs in mammalian
dendritic spines (Ljaschenko et al, 2013), the GluR scaling

revealed in this study is unique. GluRs at the Drosophila NMJ
are typically quite stable, and this receptor stasis may reflect a
fundamental property of NM]Js, where postsynaptic receptors
have half-lives of ~7 days in rodents (Salpeter and Harris,
1983) and over 24 h in flies (Rasse et al., 2005). While NMJ
receptors appear to be relatively stable under basal conditions
and even in mutants in which synaptic transmission and
growth are perturbed (Saitoe et al., 2001; Lee et al, 2013;
Goel et al, 2019b), there is emerging evidence that specific
challenges, including activity, injury, and disease, can provoke
relatively rapid remodeling of neurotransmitter receptors at
postsynaptic compartments of the NMJ (Rich and Lichtman,
1989; Palma et al., 2011; Ljaschenko et al., 2013; Perry et al,,
2017; Goel and Dickman, 2018). The temporal regulation and
dynamics of the hypo-innervation-induced GluR plasticity are
unclear but likely to be intertwined with NMJ development
and growth.

The induction mechanisms that enable reduced innervation
to be sensed and to ultimately instruct an adaptive increase
in postsynaptic GluR abundance are unclear. Two different
types of motor neurons innervate most muscles in Drosophila,
called type Is (phasic) and type Ib (tonic; Atwood et al., 1993;
Kurdyak et al., 1994; Lnenicka and Keshishian, 2000). Differences
in GluR composition have been noted at terminals of Is and
Ib inputs (Schmid et al., 2008), and there is evidence that
these motor neuron subtypes may possess different plasticity
rules (Newman et al.,, 2017; Li et al., 2018b; Aponte-Santiago
et al,, 2020). Although no major differences in the adaptations
related to hypo- and hyper-innervation were observed between
Is and Ib inputs (Davis and Goodman, 1998), future work
may uncover input-specific distinctions. It is notable that while
hypo-innervation in the M6>FasII manipulation elicits GluR
scaling, a variety of mutations that lead to synaptic undergrowth
do not consistently change receptor levels (Kaufmann et al,
2002; Marqués et al., 2002; Banovic et al., 2010; Goel et al,
2019b). Further, mutations that severely reduce neurotransmitter
release, including synaptotagmin and complexin mutants, do
not change GluR levels (Saitoe et al., 2001; Huntwork and
Littleton, 2007; Lee et al., 2013). Hence, hypo-innervation
and/or reduced neurotransmitter release alone is unlikely to
be sufficient to induce postsynaptic GluR scaling. Rather,
this form of homeostatic plasticity may be dependent on the
phenomenon of biased innervation between two targets shared
by a single neuron itself, implying some signaling between
the motor neuron and/or the adjacent muscles is involved.
What is clear is that the postsynaptic signal transduction
system that mediates hypo-innervation-dependent GluR scaling
is distinct from that which mediates retrograde PHP signaling,
as GluR scaling can still be expressed in conditions in which
postsynaptic PHP signaling is blocked (Goel and Dickman,
2018). Finally, it is interesting to note that the induction of
PHP signaling is initiated by loss or blockade of GluRs, while
the ultimate expression mechanism of GluR scaling involves
a homeostatic upregulation in the abundance of these same
GluRs at postsynaptic compartments. Thus, postsynaptic GluRs
are central targets for both the induction and expression of
homeostatic synaptic plasticity.
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Target-Specific Modulation of Active

Zones

In contrast to the exclusively postsynaptic adaptation observed
in response to reduced innervation, an entirely presynaptic
mechanism stabilizes synaptic strength at hyper-innervated
muscles, expressed by a target-specific reduction in the number
and intensity of active zone components. Although a similar
reduction in the abundance of active zone proteins at individual
release sites has recently been found in mutations that cause
synaptic overgrowth at the NMJ (Goel et al, 2019a,b), the
adaptations observed in the case of hyper-innervation are
distinct in that they are: (1) target-specific; and (2) involve a
reduction in active zone density in addition to their apparent
intensity. Although increased fluorescence intensity is typically
interpreted to reflect enhanced protein abundance, a recent study
using Localization Microscopy showed that increased active
zone intensity may instead reflect a more compact nanoscopic
arrangement (Mrestani et al., 2020). Nonetheless, it is remarkable
that both the number and intensity of active zone components
can be selectively reduced and calibrated at hyper-innervated
terminals without any apparent changes at adjacent terminals
shared by the same neuron on the hypo-innervated target. This
suggests the intriguing possibility that target-specific modulation
of active zone structure might homeostatically control a cargo
delivery process at synapses. One attractive candidate pathway
may involve the lysosomal adaptor Arl-8. Arl-8 regulates the
delivery of synaptic vesicle and active zone cargo to synapses
(Klassen et al., 2010; Vukoja et al., 2018), and was recently shown
to promote the delivery of synaptic cargo necessary to remodel
active zones during PHP (Goel et al., 2019a). Because active zone
components are remodeled during PHP (Weyhersmiiller et al.,
2011; Bohme et al., 2016; Goel et al., 2017; Gratz et al., 2019)
through an arl-8 dependent mechanism (Goel et al.,, 2019a),
and PHP can be expressed at a subset of terminals with target-
specificity (Li et al., 2018a), it is tempting to speculate that Arl-8
may also be involved in the target-specific reduction in active
zones following hyper-innervation.

Biased Innervation, Presynaptic
Homeostatic Plasticity, and Information

Transfer at Synapses

Global synaptic strength is established during development
through intrinsic genetic programs and a dialogue between pre-
and post-synaptic compartments. Robustness in this process
is ensured by signaling systems that can sense and adapt to
deviations outside of physiological ranges, such as reductions
or enhancements in synaptic growth (Tripodi et al, 2008;
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