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Within mammalian brain circuits, activity-dependent synaptic adaptations, such as synaptic scaling, stabilize neuronal activity
in the face of perturbations. Stability afforded through synaptic scaling involves uniform scaling of quantal amplitudes across
all synaptic inputs formed on neurons, as well as on the postsynaptic side. It remains unclear whether activity-dependent uni-
form scaling also operates within peripheral circuits. We tested for such scaling in a Drosophila larval neuromuscular circuit,
where the muscle receives synaptic inputs from different motoneurons. We used motoneuron-specific genetic manipulations
to increase the activity of only one motoneuron and recordings of postsynaptic currents from inputs formed by the different
motoneurons. We discovered an adaptation which caused uniform downscaling of evoked neurotransmitter release across all
inputs through decreases in release probabilities. This “presynaptic downscaling” maintained the relative differences in neuro-
transmitter release across all inputs around a homeostatic set point, caused a compensatory decrease in synaptic drive to the
muscle affording robust and stable muscle activity, and was induced within hours. Presynaptic downscaling was associated
with an activity-dependent increase in Drosophila vesicular glutamate transporter expression. Activity-dependent uniform
scaling can therefore manifest also on the presynaptic side to produce robust and stable circuit outputs. Within brain circuits,
uniform downscaling on the postsynaptic side is implicated in sleep- and memory-related processes. Our results suggest that
evaluation of such processes might be broadened to include uniform downscaling on the presynaptic side.

Key words: Drosophila neuromuscular junction; firing rates; homeostatic plasticity; motor patterns; quantal content; syn-
aptic scaling

Significance Statement

To date, compensatory adaptations which stabilise target cell activity through activity-dependent global scaling have been observed
only within central circuits, and on the postsynaptic side. Considering that maintenance of stable activity is imperative for the ro-
bust function of the nervous system as a whole, we tested whether activity-dependent global scaling could also manifest within pe-
ripheral circuits. We uncovered a compensatory adaptation which causes global scaling within a peripheral circuit and on the
presynaptic side through uniform downscaling of evoked neurotransmitter release. Unlike in central circuits, uniform scaling main-
tains functionality over a wide, rather than a narrow, operational range, affording robust and stable activity. Activity-dependent
global scaling therefore operates on both the presynaptic and postsynaptic sides to maintain target cell activity.
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Introduction
Changes in neuronal activity can alter synaptic strength and
refine synaptic connections as part of normal developmental and
behavioral plasticity (Flavell and Greenberg, 2008). Abnormal
levels of activity could disrupt normal activity-dependent synap-
tic modifications, leading to pathophysiological imbalances in ac-
tivity within neural circuits (Turrigiano, 2008; Swann and Rho,
2014; Whitt et al., 2014). Neurons have however evolved the
capacity to functionally adapt and maintain stable activities in
the face of perturbations (Turrigiano, 2011; Vitureira et al.,
2012). The most intensely studied adaptation, which stabilizes
neuronal activity within mammalian brain circuits, is synaptic
scaling (Turrigiano et al., 1998). It operates globally by uniformly
scaling quantal amplitudes across all synaptic inputs formed on a
neuron, through changes in postsynaptic receptor numbers
(O’Brien et al., 1998; Turrigiano et al., 1998). Synaptic scaling
causes compensatory changes in excitatory synaptic drive to the
neuron in a direction that enables its firing rate, which has
strayed out of set point range, to return back within range
(Turrigiano and Nelson, 2004). Uniform scaling is also proposed
to maintain the relative differences in synaptic weights among
inputs, thereby maintaining the ability of neural circuits to
appropriately process and interpret divergent inputs with physio-
logical relevance (Turrigiano, 2008). Considering that mainte-
nance of stable activity is imperative for the robust function of
the nervous system as a whole, we tested whether activity-de-
pendent uniform scaling could also operate within peripheral
circuits.

Peripheral circuits also exhibit compensatory adaptations and
activity-dependent synaptic modifications. One such circuit is
the Drosophila larval neuromuscular circuit which drives crawl-
ing (Atwood and Karunanithi, 2002; Newman et al., 2017; Clark
et al., 2018). This is a converging circuit, where different gluta-
matergic motoneurons form discrete neuromuscular junctions
(NMJs) on each muscle (see Fig. 1) (Hoang and Chiba, 2001).
The highly active 1b and the less active 1s motoneurons form
NMJs on virtually all larval muscles (Chouhan et al., 2010;
Newman et al., 2017) (see Fig. 1, middle). Compensatory adapta-
tions observed at those NMJs are mainly those which preserve
strong muscular excitation by homeostatically maintaining syn-
aptic drive to the muscle. They include presynaptic homeostatic
potentiation, presynaptic homeostatic depression (PHD), and
synaptic homeostasis through structural compensations (Stewart
et al., 1996; Petersen et al., 1997; Davis and Goodman, 1998;
Daniels et al., 2004; Frank et al., 2006; Gavino et al., 2015). Those
adaptations are recruited through changes at synapses them-
selves, rather than through changes in neuronal and muscle
activities (firing rates), and are therefore not regarded as activity-
dependent (Turrigiano, 1999; Davis and Muller, 2014). It is
unclear whether there are activity-dependent adaptations that
manifest at NMJs, involving uniform scaling, to afford robust
muscle activity.

Activity-dependent synaptic modifications, which appear
within the larval neuromuscular circuit following long-term
increases in neuronal activity, have been associated with synapse
formation and maturation, and with synaptic modifications cor-
related to information storage (Martin and Kandel, 1996;
Thomas and Sigrist, 2012; Harris and Littleton, 2015). Such work
used fly strains where activity was chronically increased in all
neurons or motoneurons (Budnik et al., 1990; Zhong et al., 1992;
Davis et al., 1996; Schuster et al., 1996; Mosca et al., 2005). With
current knowledge regarding activity-dependent compensatory

adaptations, we wondered whether such synaptic modifications
were fully or partly compensatory to afford robust muscle activ-
ity. We also wondered whether compensatory adaptations could
be recruited by increasing the activity of only one of the two
motoneuron types.

Using genetic manipulations, we transformed the activity of
the 1s motoneuron, innervating muscle 2, from being lowly
active to being highly active (see Fig. 1, middle). We then
assessed whether that transformation recruited compensatory
adaptations by testing for alterations in muscle activity and NMJ
properties formed by the genetically manipulated 1s and the
unmanipulated 1b motoneurons (see Fig. 1, right). We uncov-
ered a compensatory adaptation, which we termed “presynaptic
downscaling,” which uniformly downscaled 1b and 1s evoked
neurotransmitter release to afford robust and stable muscle activ-
ity. Activity-dependent uniform scaling can therefore manifest
also within the periphery and on the presynaptic side.

Materials and Methods
Drosophila strains. Fly stocks were reared at 25°C, relative humidity

of 70%. The Gal4/UAS system was used to drive transgene expression in
selected tissues. The following Gal4 stocks were used: (A) RRAGal4,
UAS-mCD8-GFP (RRA; third chromosome): to drive transgene expres-
sion in the 1s motoneuron innervating muscle 2 (Fujioka et al., 2003),
provided by Dr. Miki Fujioka; and (B) w-; P[tubP-Gal80ts]20; RRAGal4,
UAS-mCD8-GFP (RRAGal80ts): to conditionally drive transgene expres-
sion in the 1s motoneuron innervating muscle 2 on exposure to elevated
temperatures (Srinivasan et al., 2012), provided by Dr. Carsten Duch.

The following UAS stocks were used: (A) UAS-eagD932, UAS-SDN/+
(eagSh(DN); second chromosome): to elevate neuronal activity by driv-
ing expression of dominant-negative forms of ether-à-go-go and Shaker
voltage-gated potassium channels (Wang et al., 2016), provided by Dr.
Subhabrata Sanyal; (B) UAS-DVGLUT2 (DVGLUT; second chromo-
some): to overexpress the Drosophila vesicular glutamate transporter
(DVGLUT) (Daniels et al., 2004), provided by Dr. Aaron DiAntonio;
(C): UAS-DVGLUT RNAi (DVGLUT RNAi; second chromosome): to
knock down endogenous levels of DVGLUT (Vienna Drosophila
Resource Centre, transformant ID 104324); and (D) UAS-dTRPA1
(dTRPA1; second chromosome): using the heat-activated Drosophila
transient receptor potential cation channel, dTRPA1, to conditionally
elevated neuronal activity during exposure to elevated temperatures
(Pulver et al., 2009). Transgenic lines were generated by crossing Gal4
virgin females with UAS males. The controls were Gal4/1 and UAS/+
lines. Experiments were conducted on muscle 2, segment 3 in wandering
third instar larvae of either sex.

Conditional increase in 1s motoneuron activity. We used two meth-
ods to conditionally increase the activity of the 1s motoneuron innervat-
ing muscle 2 in the late stages of third instar larval development: (A) by
using the TARGET gene expression system (McGuire et al., 2003;
Srinivasan et al., 2012). Temperature-sensitive Gal80 (Gal80ts) was used
to block Gal4 activity and prevent transgene expression until exposure
to elevated temperature (McGuire et al., 2003). In RRAGal80ts.eagSh
(DN) larvae, dominant-negative EAG and Sh were conditionally
expressed in the 1s motoneuron upon exposure to 32°C. At 32°C,
Gal80ts activity was blocked, enabling Gal4 to drive transgene expres-
sion. The transgenic and control lines were mated in vials and main-
tained at 19°C for 7 d. At 19°C, Gal4 activity was blocked by Gal80ts,
preventing transgene expression. Three days after mating, the adult flies
were removed from the vial. On the seventh night, the vials were trans-
ferred to 32°C for 36 h (between the mid and the late third instar devel-
opmental stages) to increase 1s activity (Srinivasan et al., 2012); (B) by
using heat-activated dTRPA1 cation channels. At elevated temperature,
the channels open and the large influx of cations depolarizes the mem-
brane, causing the firing of action potentials (Pulver et al., 2009). In
RRA> dTRPA1 larvae, dTRPA1 was expressed in only the 1s moto-
neuron. The transgenic and control lines were mated in vials and main-
tained at 19°C for 7 d. Three days after mating, the adult flies were
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removed from the vial. On the eighth night, the vial was transferred to
32°C for 12 h to increase 1s activity.

For both methods, control and transgenic lines were subjected to the
same conditional transgene activation protocols and electrophysiological
experiments were conducted on wandering third instar larvae straight
after exposure to 32°C.

RT-PCR analysis. A quantitative RT-PCR assay was used to confirm
knockdown of the VGLUT relative to that of the housekeeping gene
Act88F (Ferguson et al., 2017). Act88F was first determined to be stably
expressed across all experimental conditions (data not shown). Larvae
were collected and snap frozen, and stored at �80°C. Five pools of five
larvae (30 larvae total) were placed into a 1.5 ml Eppendorf tube. Total
RNA was purified using TRIzol according to the manufacturer’s proto-
cols (Invitrogen), immediately after dissection. Total RNA was treated
with DNase (Sigma Millipore) to eliminate genomic DNA; ;0.5mg of
total RNA was reverse transcribed using random primers (Invitrogen)
and reverse transcriptase (Invitrogen) according to the manufacturer’s
protocols. Gene expression was estimated with two technical replicates
using a standard qPCR assay (Rohrscheib et al., 2015). Each qPCR mix-
ture contained 12.5ml of 2� SYBR premix (Invitrogen), 1ml of forward
primer, 1ml of reverse primer, 100 ng of DNA, and H2O to a final vol-
ume of 25ml. The expression of the two genes was estimated relative to
Act88F using the d -d (where Ct is threshold cycle) Ct method (Pfaffl,
2001). Averages of expression were compared using unpaired t test.

Immunohistochemistry. The Bruchpilot (BRP) active zone marker
(Developmental Studies Hybridoma Bank) was used to ascertain the
number of active zones per bouton (Smith and Taylor, 2011). Motor
nerve terminals were double-stained using HRP conjugated to Cy3, ena-
bling determination of the number of boutons per nerve terminal
(Hoang and Chiba, 2001). Imaging was performed on a 510 Meta confo-
cal microscope (Carl Zeiss), and image processing was conducted using
Fiji (ImageJ.) Bouton and active zone counts were conducted in seven
different preparations for each genotype. The live staining of nerve ter-
minals using the mitochondrial dye, 4-Di-2-Asp, was undertaken as pre-
viously described (Kurdyak et al., 1994).

Intracellular and focal macropatch recordings.Details of the methods
and analysis for performing focal macropatch and intracellular record-
ings have been previously described (Macleod et al., 2006; Karunanithi
et al., 2018). Recordings were conducted at room temperature (22°C) in
HL6 hemolymph-like solution (Macleod et al., 2006) using [Ca2+]o = 1.0
mM, unless otherwise specified. Evoked responses were elicited by stimu-
lating the 1b and 1s motor axons together at 1Hz using suprathreshold
stimulus strengths. The recorded signals were amplified under bridge/I-
clamp mode. Following amplification, signals were filtered. For focal
macropatch recordings, signals were high- and low-pass filtered at 1Hz
and 3 kHz, respectively. For intracellular recordings, signals were low-
pass filtered at 3 kHz, and there was no high-pass filtering. The filtered
signals were then digitized and stored on a computer. In all cases, sam-
pling rates for digitization were set according the Nyquist sampling rate,
where rates were set to at least twice the highest frequency component of

the signal (;0.3-0.4 kHz and 1-1.5 kHz for intracellular and focal macro-
patch recordings, respectively).

Intracellular recording. Intracellular recordings were used to record
evoked excitatory junction potentials (EJPs), spontaneously occurring
miniature excitatory junction potentials (mEJPs) and resting membrane
potentials. Such recordings were also used to determine muscle input
resistances and muscle membrane time constant. Intracellular recording
electrodes (50-80 MV) were filled with a 2:1 mixture of 3 M potassium ac-
etate to 3 M potassium chloride. The EJPs are compound responses pro-
duced on activating both 1b and 1s NMJs. Those compound responses
are also referred to as synaptic drive in the text. Synaptic drive represents
the total strength of synaptic activation of the postsynaptic cell. mEJPs
were recorded in the absence of nerve stimulation for ;1-2 min. For
each genotype, recordings were made from at least eight different prepa-
rations; and in each experiment, 100 EJPs and 25-50 mEJPs were
recorded. The recorded EJPs and mEJPs were digitized at a sampling
rate of 40 kHz.

Focal macropatch recording. Drosophila larval muscles are multiply
innervated and the 1b and 1s motoneurons form NMJs on virtually all
larval muscles (Hoang and Chiba, 2001), generating different types of
postsynaptic responses (Kurdyak et al., 1994; Lnenicka and Keshishian,
2000; Newman et al., 2017). To discriminate between the two response
types at the level of individual boutons, we used the focal macropatch re-
cording technique. Focal macropatching enables the recording of evoked
excitatory junctional currents (EJCs) and spontaneously occurring mini-
ature excitatory junctional currents (mEJCs) from individual 1b and 1s
boutons (Heckmann and Dudel, 1998; Karunanithi et al., 2002, 2018,
2020; Pawlu et al., 2004; Kittel et al., 2006; Dawson-Scully et al., 2007).
We also used focal macropatching because it satisfies the requirements
for conducting proper quantal analysis, and those requirements have
been previously discussed by Karunanithi et al. (2020). Focal macro-
patching was also used because we can detect individual action-potential
evoked postsynaptic currents during high-frequency motor bursts, re-
flective of motoneuron firing properties (Fox et al., 2006) (see Motor
pattern recordings from nerve and muscle during fictive locomotion
section).

A brief account of the methods for conducting focal macropatching
is provided as follows. The preparation was viewed with a 60� water
immersion lens (NA 1.0) using Nomarski optics. Live images of the
nerve terminals were captured using a low-light video camera and pro-
jected onto a computer monitor. Such a setup enabled selection of well-
isolated, single 1b and 1s boutons for focal macropatch recordings and
positioning of the focal macropatch electrode at the site of recording. 1b
nerve terminals are composed of large synaptic boutons, whereas 1s
nerve terminals are composed of small synaptic boutons, and these size
differences are readily discerned under Nomarski optics. The focal mac-
ropatch electrodes possessed open tip diameters of ;5mm and were
filled with HL6 solution. The open tip, when placed on the muscle to
enclose the bouton from which recordings are conducted, does not exert
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Figure 1. Third instar larval NMJ preparation. Experimental third instar larval NMJ preparation (left). Diagram represents the larval brain (CNS) and the commonly studied muscles (2, 6, and
7 in segment A3). The 1b and 1s motoneurons innervating muscle 2 (left) form a converging neuromuscular circuit (middle). 1s activity was increased. A live preparation showing the 1b (red)
and 1s (yellow) synaptic boutons, which form NMJs with the muscle (right). The mitochondrial dye, 4-Di-2-Asp (5 mM; red), was used to visualize the boutons. On muscle 2, RRAGal4 drives
gene expression in only the 1s motoneuron, as shown by the GFP expression in only the 1s boutons (yellowish green; produced by the merger of the red and green channels). Scale bar,
10mm.
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pressure on the bouton during recordings (Karunanithi et al., 2002). The
recorded signals were amplified using an Axoclamp 900A (under bridge/
I-clamp mode) (Molecular Devices), and digitized and stored on a com-
puter using the PowerLab 4/35 data acquisition system (ADInstruments).
The recorded EJCs and mEJCs were digitized at a sampling rate of 40kHz.
In each experiment, recordings were made from either a single 1b or 1s
bouton, or from two boutons of each type; mostly, the former. The assess-
ment of the quality of postsynaptic current recordings, and the analysis and
interpretation of the results have been previously described (Karunanithi et
al., 2002, 2018). In experiments conducted in [Ca2+]o = 1.0 mM, we recorded
and made measurements from 150-200 EJCs and 25-50 mEJCs in each
experiment (Karunanithi et al., 2018). For each bouton type in each geno-
type, recordings were made from at least 10 different boutons, and each
from a different preparation. In experiments conducted in [Ca2+]o = 0.5
mM, we used 150-200 stimuli and for each bouton type in each genotype,
recordings were made from at least seven different boutons, and each from
a different preparation.

It is important to note that the focal macropatch electrode does not
form a seal with the larval muscle membrane, but forms a contact resist-
ance which remains constant throughout recordings and appears not to
affect current flow (Karunanithi et al., 2002). The sizes of quantal events
were not therefore related to the contact resistance, and the observed 1b-
1s differences in evoked and spontaneous responses appeared consistently
different in recordings conducted by ourselves and others, providing a
good comparison of relative 1b-1s EJC and mEJC amplitude differences
among genotypes (Karunanithi et al., 2002; Pawlu et al., 2004; Dawson-
Scully et al., 2007). Those 1b-1s evoked and spontaneous amplitude differ-
ences were also recently replicated using optical measurements (Newman
et al., 2017; Li et al., 2018). It is also important to note that amplitude
measurements of EJCs are not influenced by the timing of quantal release.
That was indicated by the lack of correlation between the amplitudes and
rise times of EJCs (Heckmann and Dudel, 1998).

The currents recorded using focal macropatching are referred to in
millivolts (Karunanithi et al., 2018). This technique is a form of extracel-
lular voltage recording that was originally pioneered by Bernard Katz
and colleagues (Del Castillo and Katz, 1956). In this recording configura-
tion, the recorded quantal events represent voltage changes in the extrac-
ellular solution. As the quantal current flows through the resistance of
the extracellular solution, it produces a voltage drop across that resist-
ance. The amplitude of the voltage drop is directly proportional to the
amplitude of the quantal current because the resistance of the extracellu-
lar solution remains constant. The quantal events are therefore referred
to as quantal currents, despite being measured in millivolts (Del Castillo
and Katz, 1956).

Quantal analysis. The measured EJC and mEJC amplitudes were
used to derive quantal size (q; average mEJC amplitude), average EJC
amplitude, quantal content (QC; average EJC amplitude/average mEJC
amplitude), and the quanta released per stimulus (Bademosi et al., 2018;
Karunanithi et al., 2018). In each experiment, the quanta released per
stimulus was calculated by dividing each EJC amplitude in the train by
the average mEJC amplitude (Bademosi et al., 2018). The cumulative rel-
ative frequency histogram for each group represents the pooled data
from all the experiments in that group. For each experiment, QC equals
the average quanta released per stimulus.

At high [Ca2+]o (1 mM), neurotransmitter release can be described by
the binomial model, where QC = p · n (Del Castillo and Katz, 1954;
McLachlan, 1978). n equates to the average number of functionally
active release sites/units and p equates to the average release probability
of all the functionally active release sites/units. In each experiment, p was
calculated using the following equation:

p ¼ 1� S2

QCq2
þ s 2

q2

where q is the quantal size, S2 is the variance of the EJC amplitudes, and s2

is the variance of the mEJC amplitudes (Bennett and Florin, 1974;
McLachlan, 1978; Bennett et al., 1991). nwas calculated by dividingQC by p.

In experiments that were conducted at low [Ca2+]o = 0.5 mM, neuro-
transmitter release can be described using the Poisson model. In this model

for low neurotransmitter release (usually, when p , 0.3) (Bennett et al.,
1991), QC was derived in each experiment using the method of failures
(Del Castillo and Katz, 1954; McLachlan, 1978; Daniels et al., 2004):

QC ¼ ln
Number of stimuli
Number of failures

� �

where the Number of stimuli represents the number of times the nerve
was stimulated during a low-frequency train of stimuli and the Number
of failures represents the number of times the stimuli failed to produce
an EJC. Although the parameter p does not hold any meaning in the
Poisson model of neurotransmitter release, it was reported that, at the
larval NMJ, the probability of observing the release of one packet (a
quantum) of neurotransmitter during a train of stimuli reflected p
(Paradis et al., 2001); one quantum being released by one vesicle. Under
low release conditions, fewer stimuli in a train release a packet of trans-
mitter. The probability of observing a quantum (p1) can be derived using
the following equation (Katz, 1966):

p1¼QC:e�QC

Motor pattern recordings from nerve and muscle during fictive loco-
motion. We recorded centrally generated rhythmic motor bursts during
fictive locomotion (Suster et al., 2004; Klose et al., 2005) to assess neuro-
nal and muscle activity. Robust motor discharge was elicited in the third
instar larval NMJ preparation by perfusing the bath with HL3 solution
([Ca2+]o = 1.0 mM) heated to 27°C (Suster et al., 2004; Klose et al., 2005).
The CNS and the segmental nerves were left intact. Neuronal activity
was assessed by recording the motor bursts from individual boutons
using focal macropatch electrodes (Fox et al., 2006) (see Fig. 2A, left). In
such recordings, signals were high- and low-pass filtered at 1 and 3 kHz,
respectively, and then digitized at a sampling rate of 40 kHz. This
method of recording assesses the EJCs resulting purely from action
potential firing in the motoneuron, indicative of neuronal activity.
Motoneuron activity was assessed by measuring the frequency of EJCs
per burst (motoneuron firing rate). Recordings were made from at least
five different boutons for each bouton type within each genotype. To
determine the frequency of EJCs per burst, we first found the first-order
derivative of the raw data files in LabChart Pro (version 8.1.5,
ADInstruments). This accentuates the changes in the signal, making the
EJCs within bursts easily detected. Figure 2A (right) compares the raw
data (red traces) and the derivative (gray trace). The first-order deriva-
tive was calculated at each sampled point by determining the slope of a
line fitted across a time window that was centered at that point (where
the window width = 27 points on each side of the center point). The
time window was determined empirically. These files were then con-
verted into Axon PClamp files (Axon Binary Format: pClamp10), and
Clampfit (version 10.5.0.9, Molecular Devices) was used to detect indi-
vidual EJCs events using a threshold-based algorithm with a negative
crossing threshold set at 2-3 times the SD of the baseline noise (see Fig.
2A, right, blue dots on gray trace). The baseline was determined from a
region of ;200ms that was free of events. Once event detection was
completed, we determined bursts of events using the Burst Analysis
function in Clampfit. The minimum number of events in a burst was set
at 5, and a maximal time between events in a burst (Burst delimiting
interval) was set at 200-400ms (both determined empirically to visually
match the data; see Fig. 2). That analysis provided the frequency of EJCs
per burst. Our estimates of control 1b and 1s motoneuron firing rates
reported here are similar to those determined by others using a different
method, supporting our findings (Chouhan et al., 2010).

Motor discharge recorded from the muscle is influenced by the activ-
ities of the 1b and the 1s motoneurons (Chouhan et al., 2010; Newman
et al., 2017), the properties of the NMJs, and the properties of the muscle
that control its excitability (Paradis et al., 2001). Because of such influen-
ces, the motor discharge when recorded from muscle display different
properties from those recorded from motoneurons. Motor discharges
produce muscle contractions that drive larval locomotion, and the
strengths of those contractions appear to be affected by the amplitude
and frequency of EJPs within bursts (Paterson et al., 2010; Ormerod et
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al., 2015, 2016; Aponte-Santiago et al., 2020). Motor discharge was
recorded from muscle 2, using intracellular electrodes (see Fig. 2B, left).
In such recordings, signals were low-pass filtered at 3 kHz without any
high-pass filtering, and then digitized at a sampling rate of 3 kHz.
Muscle activity was determined by measuring the frequency of EJPs per
burst (muscle firing rate) (see Fig. 2B, right). Recordings were made
from at least 11 different preparations for each genotype. On the muscle
side, the frequency of EJPs per burst in motor pattern recordings was deter-
mined using the same protocols used for determining the frequency of EJCs
per burst, but with changes to some of the following parameters: (1) win-
dow width = 3 was applied when using the Derivative function in LabChart
Pro; and (2) category = 1, positive-going was used when applying the
Threshold Search function in Clampfit (raw data: red traces; derivative data:
gray traces; detected events: blue dots; see Fig. 2B, right). Our estimates of
the range of muscle firing rates in controls, which are reported here, are
similar to those determined previously for muscle 6, supporting our find-
ings (Barclay et al., 2002; Suster et al., 2004; Klose et al., 2005).

Experimental design and statistical analysis. Statistical and data anal-
ysis was performed using Excel (Microsoft) and Prism 6 (GraphPad)
software. To assess statistical differences between two groups, the unpaired

Student’s t test was used. The nonparametric tests, one-way ANOVA and
the Kolmogorov–Smirnov test, were used to assess statistical differences.
In all cases, significance was set at p , 0.05. The Kolmogorov–Smirnov
test was used to compare the shapes of standardized distributions.
Distributions were standardized by subtracting the average and then nor-
malizing to 1 SD (Frerking et al., 1995; Nusser et al., 1997; Karunanithi et
al., 2002). The coefficient of variation (CV) was obtained by dividing the
SD of a population by its average. Where possible, normalized parameters
were provided in the main figures to improve readability. Parameters were
normalized to their respective averages in RRA/+ controls. Throughout
the text, we have used N rather than n to represent sample size because
the latter, by convention, represents the number of active release sites in
binomial analysis (see Quantal analysis section).

Results
Chronic increase in 1s activity caused a compensatory
decrease in muscle activity
Within the larval neuromuscular circuit, we assessed the conse-
quence to muscle activity on perturbing neuronal activity
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Figure 2. Determination of the neuronal and muscle firing rates within each motor burst. A, Left, Diagram represents the configuration for recording motor bursts from single synaptic bou-
tons (which constitute the nerve terminal). The CNS was left intact. Right, Exemplary trace showing EJCs within a neuronal burst (red), and the first-order derivative of that raw data (gray)
used for detecting the occurrence of EJCs within a burst. Blue asterisks on the gray traces indicate those events detected as EJCs. The selection box is magnified to show the clear detection of
EJCs as events using the described settings. B, Left, Configuration for recording motor bursts from the muscle), presented as in A. Right, Same as in A, but for detecting the EJPs within a burst
when recorded from muscle.
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(neuronal firing rate) by chronically increasing 1s motoneuron
activity (Fig. 1, middle). 1s activity was increased by using the
RRAGal4 driver (Fujioka et al., 2003; Newman et al., 2017) to
express dominant-negative forms of ether-à-go-go (EAG) and
Shaker (Sh) potassium channels (Wang et al., 2016) throughout
development into the 1s motoneuron innervating muscle 2
(RRA>eagSh(DN) larvae) (Fig. 1, right). We tested for increased
1s activity by recording centrally generated motor bursts which

drive crawling. To distinguish between 1b and 1s activities, we
used focal macropatch electrodes to record EJCs, which appeared
at single 1b and 1s synaptic boutons (Fig. 2A, left). These EJCs
occur in response to each presynaptic action potential, and there-
fore faithfully reflect motoneuron action potential discharge dur-
ing bursts (Fox et al., 2006) (Fig. 3A, left). The frequency of EJCs
per burst was representative of motoneuron firing rate (Fox et
al., 2006), and we determined the mean firing rate across
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multiple bursts within each experiment. In RRA>eagSh(DN) lar-
vae, we increased mean 1s firing rate by 89%, without any change
in the mean 1b firing rate (Fig. 3A, right). There was, however,
no change in the frequencies of 1b and 1s bursts (1b: RRA/+ =
0.063+ 0.009Hz, N = 13; RRA>eagSh(DN) = 0.042+ 0.005Hz,
N = 10; p = 0.066; 1s: RRA/+ = 0.080+ 0.028Hz, N = 6;
RRA>eagSh(DN) = 0.084+ 0.025Hz, N = 6; p = 0.929), but there
was an increase in 1s burst duration (1b: RRA/+ = 3.51+ 0.056 s,
N = 12; RRA>eagSh(DN) = 3.23+ 0.45 s, N = 12; p = 0.698; 1s:
RRA/+ = 0.79+ 0.09 s, N = 8; RRA>eagSh(DN) = 3.74+ 1.09 s,
N = 6; p = 0.0419).

We next tested whether the near-doubling of 1s firing rate
also resulted in a similar increase in muscle firing rate in
RRA>eagSh(DN) larvae. We tested for that by recording the
motor bursts which appeared in the muscle, following bursts of
motoneuron action potentials, to produce the rhythmic waves of
muscle contractions which drive larval crawling (Barclay et al.,
2002; Suster et al., 2004; Klose et al., 2005). Using intracellular
electrodes, we recorded the bursts of EJPs generated at NMJs
(Figs. 2B, 3B, left) following bursts of 1b and 1s motoneuron
action potentials (Fig. 3A, left). The frequency of EJPs per burst
was representative of muscle firing rate (Pulver et al., 2009), and
we calculated the mean firing rate across multiple bursts within
each experiment. Surprisingly, the mean muscle firing rate was
halved (decreased by 52%; Fig. 3B, right), compensating for the
near-doubling of 1s firing rate. That decrease was not because of
decreases in the passive muscle membrane properties, as indi-
cated by no significant changes in the resting membrane poten-
tial (RRA/+ = �60.4 + 1.0mV, N = 8; RRA>eagSh(DN) =
�61.3 + 1.5mV, N = 9; p = 0.6075), muscle input resistance
(RRA/+ = 14.2 + 0.9 MOhm, N = 9; RRA>eagSh(DN) = 13.7 + 0.8
MOhm, N = 10; p = 0.666) and membrane time constant (RRA/+
= 25.7 + 1.2ms, N = 9; RRA>eagSh(DN) = 25.6 + 0.5ms, N = 8;
p = 0.9031). The variation in mean muscle firing rates across
experiments within each genotype (Fig. 3B, right), expressed as
the CV (= SD/mean) (Hengen et al., 2013, 2016), was small
(0.19) and similar to control (0.20), indicating that the mean fir-
ing rates within each genotype were maintained stably and
tightly around set points (steady states). The frequency of bursts,
which correspond to the rhythm frequency of peristaltic contrac-
tions driving larval crawling (Klose et al., 2005), was also
decreased by 40.1% (Fig. 3C), representative of slower crawling.
These results show that, when the muscle is overloaded with
abnormally high motoneuron activity, compensatory adaptations
strongly decrease muscle activity. We next elucidated those com-
pensatory adaptations.

Muscle activity is decreased through a reduction in excitatory
synaptic drive
In vertebrate skeletal muscles, action potential firing rates follow
those in the innervating motoneurons because NMJs produce
strong excitatory synaptic drive to the muscle fibers (Ouanounou
et al., 2016). In RRA>eagSH(DN) larvae, synaptic drive to the mus-
cle appears to be decreased because the mean muscle firing rate
was decreased (Fig. 3B, right) despite an increase in mean 1s firing
rate and no change in mean 1b firing rate (Fig. 3A, right). The
relationship between muscle firing rate and excitatory synaptic
drive is yet to be comprehensively assessed in this preparation. In
neurons, however, firing rates are positively correlated with the
degree of excitatory synaptic drive neurons receive, and changes
in firing rates can therefore arise from changes in synaptic drive
(Turrigiano and Nelson, 2000, 2004) (Fig. 4A). We therefore

tested whether the decrease in mean muscle firing rate resulted
from an activity-dependent decrease in excitatory synaptic drive.

The mean peak amplitude of motor bursts recorded from
muscles was decreased in RRA>eagSH(DN) larvae, consistent
with a decrease in synaptic drive (RRA/+ = 22.15+ 1.3mV, N =
11; RRA>eagSh(DN) = 13.66 + 1.37mV, N = 11; p = 0.0002).
Excitatory synaptic drive to the muscle was determined by re-
cording the compound EJPs produced on activating both 1b and
1s NMJs in response to 1Hz nerve stimulation (Fig. 4B, left and
middle). We found that mean EJP amplitude was indeed
decreased by 29.7% (Fig. 4B, right). That decrease could not be
attributed to reduced neurotransmitter release: (1) from individ-
ual synaptic vesicles since mEJP amplitudes (produced by neuro-
transmitter release from individual vesicles) were larger than in
control (Fig. 4C); and (2) from fewer 1b and 1s synaptic boutons
because there were no changes in their numbers compared with
control (Fig. 4D,E). Before presenting the analysis of the factors
that decreased synaptic drive, it was imperative to address
whether the decrease in muscle firing rate produced by the
decrease in synaptic drive compromised muscle activity.

Decrease in synaptic drive affords robust and stable muscle
activity
In RRA>eagSH(DN) larvae, we assessed whether the decrease in
synaptic drive (Fig. 4B, right): (1) displaced muscle firing rates
outside of the physiological range, compromising robust muscle
activity; and (2) decreased the variation in muscle firing rates
around the downshifted set point, potentially limiting the range
of muscle contractions.

Robustness refers to maintaining functionality, whereas sta-
bility (homeostasis) refers to maintaining functionality around a
steady state (or set point), against perturbations (Kitano, 2004,
2007). We tested for robustness by determining whether firing
rates were maintained within the muscle’s physiological range in
RRA>eagSH(DN) larvae despite the downshift in the set point.
We first determined the muscle’s physiological range by pooling
the firing rates from all experiments in control. Larval muscles
produce wide variations in evoked muscle contractions to drive a
range of movements, such as linear crawling, turning, and rolling
(Ormerod et al., 2016; Clark et al., 2018). To produce such varied
contractions, the range of firing rates of motoneurons and mus-
cle is anticipated to be wide. In control, this was indeed the case
for both 1b and 1s motoneurons (Fig. 4F, 1b: 7–146.6Hz, black
crosses; 1s: 7.6–53.6Hz, red crosses) and muscle (Fig. 4G, rang-
ing between 8.4 and 104.1Hz and represented by the gray area).
That range of muscle firing rates represents the physiological
range (Fig. 4G, gray area).

In RRA>eagSH(DN) larvae, we determined whether muscle
firing rates were displaced outside of the muscle’s wide physio-
logical range. We calculated the range of firing rates of moto-
neurons and muscle in that genotype. 1b and 1s motoneuron
firing rates varied widely (Fig. 4F, 1b: 9–123.1Hz, black circles;
1s: 7.8–94.2Hz, red circles), but the range of muscle firing rates
was, however, smaller than in control (Fig. 4G; ranging between
5.1 and 54.7Hz). The muscle firing rates were not, however, dis-
placed outside of the physiological range (gray area), indicating
that muscle activity remained robust.

Because of the decrease in the range of muscle firing rates in
RRA>eagSH(DN) larvae (Fig. 4G), we tested, in individual
experiments, whether the relative variation in firing rates around
the downshifted set point (Fig. 3B, right) was also decreased.
Such a decrease could curtail the range of muscle contractions
and in turn the range of movements. In each experiment, we
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24.76 + 1.0 mV, N = 11; mEJP = 0.60+ 0.02 mV, N = 12), they yielded the same significant results (EJP: p = 0.0018; mEJP: p = 0.0024) as when compared with RRA/+ control (EJP =
27.04 + 0.78mV, N = 11; mEJP = 0.55 + 0.78 mV, N = 12; comparisons shown in B, C). We also ruled out that synaptic physiology was unaffected by the position of transgene insertion and
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antibodies in the indicated genotypes. Selected BRP-labeled boutons were similarly magnified to highlight the occurrence of the active zones on boutons (1b: *; 1s: #). Scale bar, 10mm. Active
zone numbers per bouton were determined by counting the BRP puncta per bouton for 1s (RRA/+ = 4.50+ 0.26, N = 81; RRA>eagSh(DN) = 6.70 + 0.42, N = 81; p, 0.0001), and 1b (RRA/
+ = 10.57 + 0.59, N = 69; RRA>eagSh(DN) = 10.05 + 0.64, N = 94; p = 0.5578) boutons in both genotypes. E, No changes in absolute 1b and 1s nerve terminal bouton numbers (left), or
when normalized to muscle surface area (MSA) (right). F, For each motoneuron type within each genotype, individual symbols in each column represent the motoneuron firing rates within
individual bursts, pooled from all experiments (whereas in Fig. 3A, right, each symbol represents the mean value across multiple bursts in each experiment). Each column therefore displays the
full range of firing rates recorded for each motoneuron type within each genotype. G, For each genotype, individual symbols in each column represent the muscle firing rates within individual
bursts, pooled from all experiments (whereas in Fig. 3B, right, each symbol represents the mean value across multiple bursts in each experiment). Each column therefore displays the full range
of muscle firing rates recorded for each genotype. The physiological range represents the full range of firing rates observed in control (gray shaded area). H, The CV of muscle firing rates in indi-
vidual experiments for both genotypes. I, In RRA>eagSh(DN) larvae, the decrease in synaptic drive (black arrow) caused the decrease in mean muscle firing rate from the old set point (black
dot) to the new set point (blue dot). The decrease in synaptic drive did not, however, displace firing rates out of physiological range (gray shaded area, as shown in G), or change the relative
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determined the relative variation by calculating the CV. In both
control and RRA>eagSH(DN) larvae, the CVs were similar and
large (Fig. 4H; CV � 0.20 was considered as small in Fig. 3B),
showing that variations were similar and wide ranging around
set points, and homeostatically maintained in RRA>eagSH(DN)
larvae (Fig. 4H). Those results indicate that a wide range of con-
tractions could still be produced as in controls, but those con-
tractions may be weaker because of decreases in the magnitudes
of firing rates (Fig. 3B, right). Our findings therefore indicate
that the compensatory decrease in synaptic drive: (1) did not dis-
place firing rates outside of the physiological range; and (2) did
not disrupt the homeostatic maintenance of the wide variation in
firing rates around the downshifted set point (Fig. 4I). Muscle ac-
tivity therefore remained robust and stable.

Decrease in EJP amplitude resulted a from decrease in 1b
EJC amplitude
We next elucidated the mechanisms that caused the compensa-
tory decrease in synaptic drive, affording robust and stable mus-
cle activity. Since the genetic manipulation was only to 1s
motoneuron activity, we hypothesized that the decrease in com-
pound EJP amplitude (Fig. 4B, right) resulted from a selective
decrease in 1s rather than in 1b postsynaptic response amplitude.
To discriminate between 1b and 1s postsynaptic responses, we
used focal macropatch electrodes to record postsynaptic currents
at the resolution of single boutons (Pawlu et al., 2004; Kittel et
al., 2006; Karunanithi et al., 2018, 2020) (Fig. 5A). Measures of
EJC and mEJC amplitudes from such recordings were used to
derive quantal parameters to assess the release characteristics at
the two bouton types (for further details, see Focal macropatch
recording and Quantal analysis sections in the Materials and
Methods) (Karunanithi et al., 2020). We recorded the evoked
EJCs at 1Hz nerve stimulation and the mEJCs that resulted when
individual vesicles spontaneously released neurotransmitter (Fig.
5B). Despite an increase in 1s activity, 1s EJC amplitude was
unchanged; and despite no alteration in 1b activity, 1b EJC ampli-
tude decreased by 29.3% (Fig. 5C, EJC). The decrease in com-
pound EJP amplitude therefore resulted from decreases in the
amplitudes of the evoked postsynaptic currents at 1b boutons.

Average EJC amplitude is determined by quantal size (average
amplitude of the postsynaptic response resulting from spontane-
ous neurotransmitter release from individual vesicles) and QC
(average number of vesicles released per stimulus). The decrease
in 1b EJC amplitude did not result from a decrease in quantal
size (Fig. 5C, mEJC), but from a decrease in QC (by 28.1%; Fig.
5C, QC). Interestingly, 1s QC was also decreased by 22.5%
(Fig. 5C, QC). However, 1s quantal size was increased by 28.4%
(Fig. 5C, mEJC). The compensatory increase in 1s quantal size
offset the decrease in 1s QC to homeostatically maintain 1s EJC
amplitude near control level (Fig. 5C, EJC). Without that homeo-
static compensation, the decrease in 1s QC would have decreased
1s EJC amplitude, further decreasing synaptic drive and poten-
tially causing muscle firing rates to be displaced out of their
physiological range (Fig. 4G,I). In summary, an increase in 1s fir-
ing rate caused both 1b and 1s QCs to be decreased. The decrease

in 1b QC decreased 1b EJC amplitude, whereas the decrease in
1s QC did not decrease 1s EJC amplitude because of a compensa-
tory increase in 1s quantal size. The decrease in synaptic drive
therefore resulted from decreases in the strengths of the evoked
postsynaptic currents at 1b boutons.

Presynaptic downscaling is a form of multiplicative scaling
A novel and important observation was that the 1b and 1s QCs
were decreased proportionally (Fig. 5C, QC), indicating that
their relative differences were maintained around a homeostatic
set point (Turrigiano et al., 1998) (i.e., a similar 1s/1b ratio to
control, Fig. 5C). This suggested that the 1b and 1s QCs were
uniformly downscaled through multiplication by a constant
(multiplicative scaling) (Turrigiano et al., 1998). We tested that
idea by measuring the number of quanta released per stimulus
during a train of stimuli.

During a train of nerve stimuli, the quanta released per stimu-
lus represents the number of vesicles released by each stimulus,
whereas QC represents the average number of vesicles released
by a stimulus (Bademosi et al., 2018; Karunanithi et al., 2020)
(Fig. 5D). For each bouton type within each genotype, we calcu-
lated the quanta released per stimulus during each train and con-
structed a cumulative distribution plot of this parameter by
pooling the data from all experiments (Fig. 5E). The distributions
in RRA>eagSH(DN) larvae for both bouton types were found to
be significantly left-shifted from controls using the Kolmogorov–
Smirnov nonparametric test, indicating that the decreases in
QCs were because of each stimulus releasing fewer vesicles. If the
left-shifted distributions arose through multiplicative scaling by
a constant, the shapes of the standardized or scaled distributions
should be indistinguishable from that of the control distribu-
tions. That was indeed the case for both bouton types in
RRA>eagSH(DN) larvae, with no significant differences in the
frequency distribution plots compared with controls (Fig. 5F; 1b:
p . 0.1, 1s: p . 0.4). QC was therefore uniformly downscaled
through multiplicative scaling at single boutons. We termed this
process as “presynaptic downscaling.” “Presynaptic” indicated
that the presynaptic side was affected. “Downscaling” indicated
that QC was uniformly downscaled across 1b and 1s boutons
so that their relative differences remained around a homeostatic
set point (1s/1b ratio remaining close or equal to 1; Fig. 5C).

Finally, we used an alternative method, the method of fail-
ures, at low [Ca2+]o (0.5 mM), to test for presynaptic downscaling
by deriving QC independently of EJC and mEJC amplitudes (see
Materials and Methods). Consistently, both 1b and 1s QCs in
RRA>eagSH(DN) larvae were uniformly downscaled by 39.9%
and 50.2%, respectively, with the 1s/1b ratio remaining close to
unity (0.8) (QC, Fig. 5G,H). In summary, activity-dependent pre-
synaptic downscaling produced the decrease in synaptic drive.

Presynaptic downscaling is caused by a decrease in release
probability
What caused presynaptic downscaling? In high [Ca2+]o, QC is
influenced by n (average number of functionally active
release sites) and p (average chance of a vesicle releasing neu-
rotransmitter from an active release site following a stimu-
lus) (Del Castillo and Katz, 1954; McLachlan, 1978). The
model of quantal release from a bouton can be visualized as
vesicles releasing neurotransmitter from a population of n
active release sites, with each release site possessing an aver-
age probability, p (Fig. 6A). We found that presynaptic
downscaling (Fig. 6B, QC) was not caused by decreases in n,
but from decreases in p (Fig. 6B, p and n).

/

variation in firing rates around the downshifted set point (CV2, blue shaded area represents
the mean value in H) compared with control (CV1, charcoal shaded area represents the mean
value in H). Muscle activity therefore remained robust and stable. ***p, 0.001,
#p, 0.0001. NS, Not significant, p. 0.05. Graphs represent individual data points. Error
bars indicate average + SEM.
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We next examined whether an increase in 1s firing rate differen-
tially affected boutons exhibiting different p values. To do this, we
rank-ordered, in ascending order, p collated from both 1b and 1s
boutons in control and in RRA>eagSh(DN) larvae, and plotted
them against one another (Karunanithi et al., 2020) (Fig. 6C).
Points clustered close to the dashed line represent p values that were
unaffected.We found that release probabilities at boutons exhibiting
lower p values were decreased to a greater extent than at boutons
with higher p values (Fig. 6C). Consistent with the grouped data
(Fig. 6B), n was unaffected for all sites regardless of the rank of n
(Fig. 6D). These results indicate that, regardless of bouton type, bou-
tons displaying lower p values have their release probabilities
decreased to a greater extent than those boutons displaying higher p
values, following an increase in 1s firing rate.

At low [Ca2+]o, where evoked quantal release follows the
Poisson model, the parameter p does not hold any meaning in
that model (Katz, 1966; McLachlan, 1978). It was, however,
shown that the parameter p1, the probability of observing a
released quantum, which is the chance of observing the release of
one packet of neurotransmitter following a stimulus, was
reported to reflect release probability (Paradis et al., 2001) (see
Materials and Methods). We used p1 to gauge for changes in
release probability at low [Ca2+]o since our results at high
[Ca2+]o indicated that the downscaling of QCs was because of
decreases in p rather than in n (Fig. 6B). Presynaptic downscaling
that was observed in low [Ca2+]o (QC in Figs. 5G,H, 6E) was
found to be accompanied by a decrease in p1 (Fig. 6E, p1). As fail-
ure rates are reflective of QC and p1, we found that, in
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RRA>eagSh(DN) larvae, the higher percent failures corresponded
with the lower values of QC and p1 for both bouton types (1b:
RRA/+ = 74.1 + 1.8%, N = 9; RRA>eagSh(DN) = 83.9 + 3.0%, N =
10; p = 0.0139; 1s: RRA/+ = 45.4 + 2.8%, N = 7; RRA>eagSh(DN)
= 68.3 + 5.3%, N = 7; p = 0.0037). As observed in high [Ca2+]o,
boutons that displayed lower p1 values had that parameter decreased
to a greater extent following an increase in 1s firing rate than in bou-
tons displaying higher p1 values (Fig. 6F). Our findings therefore

indicate that presynaptic downscaling
resulted from a decrease in release probability
(Fig. 6G).

A summary of the order of processes
observed so far is as follows: chronic increase
in 1s firing rate decreased 1b and 1s release
probabilities, causing presynaptic downscal-
ing (Fig. 6B, QC and p; Fig. 6E, QC and p1).
The downscaling decreased the strengths of
evoked postsynaptic currents at 1b boutons,
but not at 1s boutons because of compensa-
tory increases in 1s quantal size (Fig. 5C).
The cumulative effect of presynaptic down-
scaling on the strengths of 1b and 1s evoked
postsynaptic currents caused a decrease in
synaptic drive to the muscle (Fig. 4B). That
decrease caused a decrease in muscle firing
rates (Fig. 3B, right), maintained muscle fir-
ing rates within physiological range (Fig.
4G), and homeostatically maintained the
wide variation in firing rates around the
downshifted set point (Fig. 4H). Muscle ac-
tivity thereby remained robust and stable
(Fig. 4G,I).

Presynaptic downscaling can be
produced by an acute elevation in 1s
activity
The above results demonstrate that presyn-
aptic downscaling was induced by increasing
1s activity throughout development. Was
presynaptic downscaling therefore a devel-
opmental compensation rather than a
homeostatic compensation resulting from
increased activity per se? To test this possi-
bility, we acutely increased 1s activity by
conditionally inducing the expression of
dominant-negative forms of EAG and Sh in
the 1s motoneuron using the TARGET gene
expression system (McGuire et al., 2003)
(Fig. 7A,B). Acutely increased 1s activity
produced the following: (1) presynaptic
downscaling and the maintenance of the rel-
ative QC differences around a set point (sim-
ilar 1s/1b ratio as in control); and (2)
decreases in p1 (QC and p1 in graph, Fig.
7B). Similar results were obtained using a
different method to increase acutely 1s activ-
ity, by conditionally activating Drosophila
TRPA1 (dTRPA1) cation channels (Pulver
et al., 2009) (Fig. 7C,D). Presynaptic down-
scaling was therefore an adaptation resulting
from a change in activity, rather than from a
developmental compensation. That change
in activity caused the decreases in release
probabilities, as indicated by decreases in p1,
to produce the downscaling.

Activity-dependent increase in 1s DVGLUT expression can
produce presynaptic downscaling
What presynaptic molecule(s) could induce presynaptic down-
scaling by responding to an increase in 1s activity? Previous
work showed that, when the Drosophila vesicular glutamate
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those active release sites release neurotransmitter with an average release probability p. B, Normalized QC, n, and p presented as in
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3.17+ 0.22, N = 11; p =0.0115), p (1b: 0.78+ 0.04, N = 13; 1s: 0.77+ 0.04, N = 9; p = 0.9658), and n (1b: 3.08+ 0.23, N =
12; 1s: 4.25+ 0.45, N = 10; p = 0.0383). C, Rank-ordered plot of p in RRA.eagSh(DN) larvae versus those in control. D, Rank-or-
dered plot of n as in C. E, Normalized QC and p1 presented as in B from experiments performed in 0.5 mM [Ca21]o. Those parame-
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those in control. G, Figure summarizes the concept of presynaptic downscaling. The increase in 1s firing rate causes the uniform
downscaling of 1b and 1s QCs (downward arrows), where fewer vesicles release neurotransmitter because of decreases in release
probabilities. Presynaptic downscaling causes the decrease in synaptic drive to afford robust and stabilize muscle activity. *p, 0.05,
**p, 0.01. NS, Not significant, p. 0.05. Graphs represent individual data points. Error bars indicate average + SEM.

Karunanithi et al. · Presynaptic Downscaling of Quantal Content J. Neurosci., October 14, 2020 • 40(42):8025–8041 • 8035



transporter (DVGLUT) (Fig. 8A), which loads glutamate into
synaptic vesicles, was overexpressed into both 1b and 1s moto-
neurons, it caused a homeostatic maintenance of the compound
EJP amplitude through an increase in quantal size to compensate
for the decrease in QC (Daniels et al., 2004; Gavino et al., 2015;
Li et al., 2018). We observed phenotypic changes, similar to those
described above, at 1s boutons following an increase in 1s activ-
ity, where the homeostatic maintenance of EJC amplitude
occurred through an increase in quantal size to compensate for
the decrease in QC (Fig. 5C). The similarity, therefore, of our
results to previous results suggested that DVGLUT expression
may have increased in the 1s motoneuron following an increase
in 1s activity, resulting in presynaptic downscaling. Previous
work at mammalian glutamatergic synapses supports the idea
that vesicular glutamate transporter (VGLUT) expression can be
altered through changes in activity (De Gois et al., 2005;
Erickson et al., 2006). We therefore tested our ideas in the follow-
ing ways. DVGLUT was overexpressed only into the 1s
motoneuron (RRA>DVGLUT) (Fig. 8B), and then we used intra-
cellular recordings of postsynaptic potentials from muscle 2 to
test whether this manipulation produced the same phenotypic
changes as those observed in RRA>eagSh(DN) larvae (Fig. 8C,D,

gray traces and bar graphs). That was indeed the case, where we
observed decreased compound EJP amplitude, increased mEJP
amplitude, and decreased QC (Fig. 8C,D, red traces and bar
graphs). By performing focal macropatch recordings of postsy-
naptic currents from single boutons at low [Ca2+]o (Fig. 8E),
we next tested whether 1b and 1s QCs were also uniformly
downscaled in RRA>DVGLUT larvae, like that observed in
RRA>eagSh(DN) larvae (Fig. 6E). We observed the following at
1b and 1s boutons (RRA>DVGLUT; Fig. 8E,F): (1) uniform
downscaling of QCs and maintenance of the relative 1b-1s QC
difference around a set point (similar 1s/1b ratio to control); and
(2) uniform decreases in p1, indicative of decreases in release
probabilities (QC and p1 in Fig. 8F).

If increasing 1s DVGLUT expression results in uniform
downscaling, we tested whether decreasing DVGLUT expression
prevented that downscaling. 1s DVGLUT expression was
decreased in the 1s motoneuron using RNA interference
(RRA>DVGLUT RNAi; Fig. 8G). Intracellular recordings of post-
synaptic potentials from the muscle revealed that the phenotypic
changes in EJP, mEJP, and QC in RRA>DVGLUT RNAi larvae
were dissimilar to those seen in RRA>DVGLUT larvae (Fig.
8C,D, blue traces and bar graphs), indicating that uniform

0.0

0.5

1.0

1.5

N
or

m
al

is
ed

 to
 c

on
tr

ol

1b
1s

QC p1

1s/1b 1.1

***
#

##

0.0

0.5

1.0

1.5

N
or

m
al

is
ed

 to
 c

on
tr

ol

QC p1

1s/1b 1.2

**

*
**

*

1b
1s

0.5 mV

5 ms

RRAGal80ts/+ RRAGal80ts > eagSh(DN)

1b

1s

19 oC 32 oC 22 oC

E L1 L2 L3
Experiments

36 hr

E L1 L2 L3

12 hr
19 oC 32 oC22 oC

Experiments

32 oC

19 oC

A

B

C

D

Figure 7. Acute increase in 1s activity caused presynaptic downscaling. A, B, 1s activity was acutely increased using the TARGET gene expression system. Exemplary 1b and 1s EJC traces for
the indicated genotypes (A). Elevated temperature shift protocol for conditionally increasing neuronal activity (B, top). Shown are the developmental stages (E: embryo; L1-3: larval stages), the
developmental stage of and the duration of temperature elevation, and the time of experimentation (B). In GFP-tagged RRAGal80ts>eagSh(DN) larvae, GFP fluorescence was only detected in
motoneurons when larvae were exposed to 32°C, but not to 19°C (right), indicative of transgene activation at only the elevated temperature (B, right). Scale bar, 200 mm. Graph rep-
resents normalized QC and p1 for RRA
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downscaling may not have resulted. This was indeed confirmed
through focal macropatch recordings of postsynaptic currents
from single boutons at low [Ca2+]o (QC, RRA>DVGLUT RNAi;
Fig. 8E,F), where we observed the following: (1) only 1s QC was
decreased, producing no uniform downscaling and no mainte-
nance of the relative QC differences around a set point (dissimi-
lar 1s/1b ratio to control); and (2) only 1s p1 was decreased (QC
and p1 in Fig. 8F). Together, our findings show that increased
DVGLUT expression in the 1s motoneuron resulted in uniform
downscaling of QCs (Fig. 8H).

Increasing 1s activity (Fig. 6E) or increasing 1s DVGLUT
expression (Fig. 8F) independently produced uniform downscal-
ing. We therefore tested whether increased 1s activity produced
presynaptic downscaling via an increase in 1s DVGLUT expres-
sion (schema, Fig. 8I, top). If true, overexpression of DVGLUT
into the 1s motoneuron in the RRA>eagSh(DN) line (where 1s
motoneuron activity was already elevated) should not cause any
further changes, as when DVGLUT was overexpressed alone.
We tested for that by conducting focal macropatch recordings of
postsynaptic currents from single boutons at low [Ca2+]o (Fig.
8I). That was the case (compare RRA>eagSh(DN), DVGLUT in
Fig. 8J with RRA>DVGLUT in Fig. 8F). We tested the same idea
differently. If increased 1s DVGLUT expression resulted from
increased 1s activity, knocking down DVGLUT expression in the
1s motoneuron in the RRA>eagSh(DN) line should not produce
presynaptic downscaling, producing a similar result as when
DVGLUT alone was knocked down. Again, this was the case
(compare RRA>eagSh(DN), DVGLUT RNAi in Fig. 8J with
RRA>DVGLUT RNAi in Fig. 8F). Increased 1s DVGLUT

expression following increased 1s activity therefore results in pre-
synaptic downscaling.

Discussion
Activity-dependent uniform scaling of a determinant of synaptic
strength has previously been reported to occur only on the post-
synaptic side within central circuits (O’Brien et al., 1998;
Turrigiano et al., 1998). In this work, we show that such scaling
of a determinant of synaptic strength can also occur on the pre-
synaptic side within peripheral circuits. Presynaptic downscaling
describes the uniform decreases in QCs across all inputs, main-
taining their relative neurotransmitter release differences around
a homeostatic set point. Presynaptic downscaling was induced by
increasing the activity of only the 1s motoneuron but was mani-
fest by decreasing release probabilities at both the manipulated
1s and the unmanipulated 1b boutons. Presynaptic downscaling
decreased synaptic drive to the muscle: (1) stabilizing muscle fir-
ing rates around the downshifted set point and homeostatically
maintaining the wide variation in firing rates around that set
point; and (2) maintaining robust muscle activity by preventing
muscle firing rates from being displaced outside of the physiologi-
cal range. An activity-dependent increase in 1s DVGLUT expres-
sion resulted in presynaptic downscaling, adding support to the
idea that regulation of VGLUT expression plays a role in the
recruitment of presynaptic compensatory adaptations (Daniels et
al., 2004; De Gois et al., 2005; Gavino et al., 2015). Figure 9 sum-
marises our findings.

Set point variations, robustness, and stability
Our findings regarding muscle activity appear to fit within the
framework of biological robustness, a concept in systems biology
which accounts for variations in set points to maintain robust
function against perturbations (Csete and Doyle, 2002; Kitano,
2004, 2007; Stelling et al., 2004). Within that framework, a robust
system/component can operate stably at different set points
(Kitano, 2004, 2007). That framework also accounts for set point
shifts, as here, where excessive 1s neural drive to the muscle
causes the muscle firing rate set point to downshift, without fir-
ing rates overshooting the physiological range (Fig. 4I) (Kitano,

/

RRA>eagSh(DN) larvae (J). Experiments performed in 0.5 mM [Ca21]o. The percentage of fail-
ures is inversely correlated with the values of QC and p1 for both bouton types in both geno-
types (1b: RRA/+ = 74.2 + 1.8%, N = 9; RRA>eagSh(DN), DVGLUT = 87.5 + 2.0%, N = 12,
p, 0.0001; RRA>eagSh(DN), DVGLUT RNAi = 71.2 + 1.9%, N = 12, p = 0.6033; 1s:
RRA/1= 45.4 + 2.8%, N = 7; RRA> eagSh(DN),DVGLUT = 74.6 + 2.9%, N = 11,
p, 0.0001; RRA>eagSh(DN), DVGLUT RNAi = 79.0 + 1.2%, N = 11, p, 0.0001),
*p, 0.05, **p, 0.01, ***p, 0.001, #p, 0.0001. NS, Not significant, p. 0.05.
Graphs represent individual data points. Error bars indicate mean + SEM.
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2004; Giachello and Baines, 2015). Through such shifts, robust
muscle activity is afforded to potentially generate a wide range
of contractions to drive varied movements under adverse
conditions.

Synaptic downscaling and presynaptic downscaling
In synaptic downscaling, which operates centrally on the postsy-
naptic side, the quantal amplitudes are uniformly downscaled
across all inputs, decreasing synaptic drive to the postsynaptic
neuron (Turrigiano et al., 1998; Turrigiano and Nelson, 2004).
That decrease in synaptic drive affords stability by lowering fir-
ing rates back within the narrow set point range (Turrigiano et
al., 1998; Turrigiano and Nelson, 2004). In presynaptic down-
scaling, QCs are uniformly downscaled across all glutamatergic
inputs through decreases in release probabilities (although uni-
form downscaling of QCs could also occur through decreases in
active release site numbers (Karunanithi et al., 2020)). The down-
scaling of QCs decreases synaptic drive, affording robust and sta-
ble muscle activity. Activity-dependent uniform scaling appears
to therefore operate on both the presynaptic and postsynaptic
sides by scaling different determinants of synaptic strength to
maintain target cell firing rates within operational range. When
the operational range is narrow, as in neurons, uniform down-
scaling stabilizes firing rates around a set point (Turrigiano et al.,
1998; Turrigiano and Nelson, 2004). But when the range is wide,
as in larval muscle, uniform downscaling stabilizes firing rates
around a different set point without displacing firing rates out-
side of the physiological range, maintaining robust outputs.
Activity-dependent uniform downscaling appears to therefore
operate in different capacities in mammalian neurons and larval
muscle.

Presynaptic downscaling induction
A difference between the induction of synaptic scaling centrally
and of presynaptic downscaling peripherally is that the former
can be produced cell-autonomously, but not the latter. Synaptic
scaling can be produced by directly changing the activity of a
postsynaptic neuron (Ibata et al., 2008). Such scaling can be swift,
produced in an hour, as the signals activated in response to
changes in activity directly affect the synapses formed on that
postsynaptic neuron (Ibata et al., 2008). Presynaptic downscal-
ing, on the other hand, is produced by increasing the activity of a
single input neuron. Induction signals, once initiated in that
input neuron, would need to travel anterograde to the target
cell, and then retrograde from the target cell to the different syn-
aptic inputs to produce uniform downscaling. Induction signals
could also involve signaling between 1b and 1s inputs, possibly
like those reported among mammalian glutamatergic inputs
(Kullmann, 2000; Weber et al., 2016). Those signaling pathways
suggest that presynaptic downscaling induction is a relatively
slow (requiring more than an hour, Fig. 7) and nonautonomous
process. Some candidate molecules carrying anterograde signals
being vesicular glutamate and postsynaptic receptors, and retro-
grade signals could include Glass bottom boat (McCabe et al.,
2003), Dystrophin (van der Plas et al., 2006), and Semaphorin
(Davis and Muller, 2014; Orr et al., 2017). Molecules evidenced
to mediate signaling among mammalian glutamatergic inputs
include glutamate, calcium, protein kinase A, and neurotrophic
factors (Colgan et al., 2018; Dittmer et al., 2019).

Our experiments argue for presynaptic downscaling resulting
from increased 1s DVGLUT expression following increased 1s
motoneuron activity (Fig. 8J). That order of process leading to
presynaptic downscaling does not however imply direct causality

among those steps. A number of intermediate steps may likely be
involved, including retrograde signaling from the muscle (dis-
cussed above) to calibrate neurotransmitter release in order to
prevent muscle activity from overshooting its physiological
range. These possibilities need to be investigated in future work.

Preservation of synaptic diversity
Uniform scaling is proposed to maintain the relative differences
among synapses around a set point to prevent disruption of
mechanisms which rely on such differences being preserved
(Turrigiano et al., 1998; Turrigiano, 2008). For example, in post-
synaptic neurons within brain circuits, synaptic downscaling
would enable synaptic inputs which underwent Hebbian poten-
tiation to retain their stronger synaptic weighting relative to
other inputs, while concurrently preventing such strengthening
from causing runaway excitation (Turrigiano et al., 1998;
Turrigiano, 2008). In the periphery, recent work at the larval
NMJ shows that 1b synapses primarily drive larval muscle con-
tractions during crawling, whereas 1s synapses drive interseg-
mental coordination of muscle contractions (Newman et al.,
2017). Neurotransmitter release differences between 1b and 1s
synapses underlie the differential execution of these two func-
tions (Ashley and Budnik, 2017; Newman et al., 2017). Our find-
ings therefore suggest that uniform downscaling could preserve
the relative neurotransmitter release differences to enable 1b and
1s synapses to continue driving these two functions against per-
turbations. Uniform downscaling on the presynaptic or postsy-
naptic sides could therefore afford stability within circuits by
maintaining the relative differences among synaptic inputs
around a homeostatic set point.

PHD and presynaptic downscaling
Larval NMJs display forms of compensatory adaptations, which
preserve strong muscular excitation in the face of perturbations.
In those forms, EJP amplitude is homeostatically maintained
through compensatory changes in both QC and quantal size
(Davis, 2013; Davis and Muller, 2014). PHD is one such adapta-
tion (Daniels et al., 2004; Gavino et al., 2015), where the increases
in quantal sizes are offset by compensatory decreases in QCs at
both 1b and 1s boutons (Li et al., 2018). PHD is induced by
directly overexpressing DVGLUT into both 1b and 1s motoneur-
ons (Daniels et al., 2004; Gavino et al., 2015), and as such, has
not been shown to be induced by altered activity. By contrast,
presynaptic downscaling causes a compensatory decrease in EJP
amplitude (Fig. 4B) to afford robust and stable muscle activity. It
results following an activity-dependent increase in only 1s
DVGLUT expression, causing the uniform downscaling of both
1b and 1s QCs (Fig. 8J). PHD is therefore a compensatory adap-
tation that preserves muscular excitation by homeostatically
maintaining EJP amplitude, whereas presynaptic downscaling is
a compensatory adaptation which stabilizes muscle activity by
decreasing EJP amplitude. The two different adaptations are pro-
duced by two different patterns of DVGLUT expression, but
both involve uniform decreases in QCs across inputs. However,
in the case of presynaptic downscaling, the uniform decreases
are activity-dependent. In this preparation, compensatory adap-
tations therefore not only regulate muscle excitation, but also
muscle activity.

Implications for central processes
Uniform downscaling has been implicated in processes related to
sleep and memory. Work in mammalian brain circuits proposes
that uniform downscaling of quantal amplitudes on the
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postsynaptic side renormalizes synapses during sleep following
Hebbian potentiation throughout the day, and prevents runaway
excitation following Hebbian potentiation during memory for-
mation (Turrigiano et al., 1998; de Vivo et al., 2017; Diering et
al., 2017; Turrigiano, 2017). Our finding suggests that the scope
for evaluating such a process should be broadened to include any
uniform downscaling on the presynaptic side, and questions
whether such downscaling would involve changes in vesicular
neurotransmitter transporter expression.

In future work, the molecular mechanisms underlying pre-
synaptic downscaling will need to be elucidated, including identi-
fication of retrograde and anterograde signals, and the role of
DVGLUT in such signaling. Assessments are also needed of how
regulatory molecules, and changes in the activity profiles of the
1b motoneuron and both 1b and 1s motoneurons, contribute to
robust and stable circuit function. Finally, detailed analysis of the
frequency components within muscle bursts could provide better
understanding of the mechanisms shaping muscle activity.
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