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Abstract 36 

Within mammalian brain circuits, activity-dependent synaptic adaptations 37 

such as synaptic scaling stabilise neuronal activity in the face of 38 

perturbations. Stability afforded through synaptic scaling involves uniform 39 

scaling of quantal amplitudes across all synaptic inputs formed on neurons, 40 

as well as on the postsynaptic side. It remains unclear whether activity-41 

dependent uniform scaling also operates within peripheral circuits. We tested 42 

for such scaling in a Drosophila larval neuromuscular circuit, where the 43 

muscle receives synaptic inputs from different motoneurons. We employed 44 

motoneuron-specific genetic manipulations to increase the activity of only one 45 

motoneuron and recordings of postsynaptic currents from inputs formed by 46 

the different motoneurons. We discovered an adaptation which caused 47 

uniform downscaling of evoked neurotransmitter release across all inputs 48 

through decreases in release probabilities. This ‘presynaptic downscaling’ 49 

maintained the relative differences in neurotransmitter release across all 50 

inputs around a homeostatic set point, caused a compensatory decrease in 51 

synaptic drive to the muscle affording robust and stable muscle activity, and 52 

was induced within hours. Presynaptic downscaling was associated with an 53 

activity-dependent increase in Drosophila vesicular glutamate transporter 54 

(DVGLUT) expression. Activity-dependent uniform scaling can therefore 55 

manifest also on the presynaptic side to produce robust and stable circuit 56 

outputs. Within brain circuits, uniform downscaling on the postsynaptic side is 57 

implicated in sleep- and memory-related processes. Our results suggest that 58 

evaluation of such processes might be broadened to include uniform 59 

downscaling on the presynaptic side. 60 
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 61 

Significance Statement 62 

To date, compensatory adaptations which stabilise target cell activity through 63 

activity-dependent global scaling have been observed only within central circuits, 64 

and on the postsynaptic side. Considering that maintenance of stable activity is 65 

imperative for the robust function of the nervous system as a whole, we tested 66 

whether activity-dependent global scaling could also manifest within peripheral 67 

circuits. We uncovered a compensatory adaptation which causes global scaling 68 

within a peripheral circuit and on the presynaptic side through uniform downscaling 69 

of evoked neurotransmitter release. Unlike in central circuits, uniform scaling 70 

maintains functionality over a wide rather than a narrow operational range, affording 71 

robust and stable activity. Activity-dependent global scaling therefore operates on 72 

both the pre- and postsynaptic sides to maintain target cell activity. 73 

 74 

Introduction 75 

Changes in neuronal activity can alter synaptic strength and refine synaptic 76 

connections as part of normal developmental and behavioural plasticity (Flavell and 77 

Greenberg, 2008). Abnormal levels of activity could disrupt normal activity-78 

dependent synaptic modifications, leading to pathophysiological imbalances in 79 

activity within neural circuits (Turrigiano, 2008; Swann and Rho, 2014; Whitt et al., 80 

2014). Neurons have however evolved the capacity to functionally adapt and 81 

maintain stable activities in the face of perturbations (Turrigiano, 2011; Vitureira et 82 

al., 2012). The most intensely studied adaptation which stabilises neuronal activity 83 

within mammalian brain circuits is synaptic scaling (Turrigiano et al., 1998). It 84 

operates globally by uniformly scaling quantal amplitudes across all synaptic inputs 85 
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formed on a neuron, through changes in postsynaptic receptor numbers (O'Brien et 86 

al., 1998; Turrigiano et al., 1998). Synaptic scaling causes compensatory changes in 87 

excitatory synaptic drive to the neuron in a direction that enables its firing rate, which 88 

has strayed out of setpoint range, to return back within range (Turrigiano and 89 

Nelson, 2004). Uniform scaling is also proposed to maintain the relative differences 90 

in synaptic weights among inputs, thereby maintaining the ability of neural circuits to 91 

appropriately process and interpret divergent inputs with physiological relevance 92 

(Turrigiano, 2008). Considering that maintenance of stable activity is imperative for 93 

the robust function of the nervous system as a whole, we tested whether activity-94 

dependent uniform scaling could also operate within peripheral circuits. 95 

 96 

Peripheral circuits also exhibit compensatory adaptations and activity-dependent 97 

synaptic modifications. One such circuit is the Drosophila larval neuromuscular 98 

circuit which drives crawling (Atwood and Karunanithi, 2002; Newman et al., 2017; 99 

Clark et al., 2018). This is a converging circuit, where different glutamatergic 100 

motoneurons form discrete neuromuscular junctions (NMJs) on each muscle (Figure 101 

1) (Hoang and Chiba, 2001). The highly active 1b and the less active 1s 102 

motoneurons form NMJs on virtually all larval muscles (Chouhan et al., 2010; 103 

Newman et al., 2017) (Figure 1, middle). Compensatory adaptations observed at 104 

those NMJs are mainly those which preserve strong muscular excitation by 105 

homeostatically maintaining synaptic drive to the muscle. They include presynaptic 106 

homeostatic potentiation, presynaptic homeostatic depression and synaptic 107 

homeostasis through structural compensations (Stewart et al., 1996; Petersen et al., 108 

1997; Davis and Goodman, 1998; Daniels et al., 2004; Frank et al., 2006; Gavino et 109 

al., 2015). Those adaptations are recruited through changes at synapses 110 
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themselves, rather than through changes in neuronal and muscle activities (firing 111 

rates), and are therefore not regarded as activity-dependent (Turrigiano, 1999; Davis 112 

and Muller, 2014). It is unclear whether there are activity-dependent adaptations that 113 

manifest at NMJs, involving uniform scaling, to afford robust muscle activity. 114 

 115 

Activity-dependent synaptic modifications, which appear within the larval 116 

neuromuscular circuit following long-term increases in neuronal activity, have been 117 

associated with synapse formation and maturation, and with synaptic modifications 118 

correlated to information storage (Martin and Kandel, 1996; Thomas and Sigrist, 119 

2012; Harris and Littleton, 2015). Such work employed fly strains where activity was 120 

chronically increased in all neurons or motoneurons (Budnik et al., 1990; Zhong et 121 

al., 1992; Davis et al., 1996; Schuster et al., 1996; Mosca et al., 2005). With current 122 

knowledge regarding activity-dependent compensatory adaptations, we wondered 123 

whether such synaptic modifications were fully or partly compensatory to afford 124 

robust muscle activity. We also wondered whether compensatory adaptations could 125 

be recruited by increasing the activity of only one of the two motoneuron types. 126 

 127 

Using genetic manipulations, we transformed the activity of the 1s motoneuron, 128 

innervating muscle 2, from being lowly active to being highly active (Figure 1, 129 

middle). We then assessed whether that transformation recruited compensatory 130 

adaptations by testing for alterations in muscle activity and NMJ properties formed 131 

by the genetically manipulated 1s and the unmanipulated 1b motoneurons (Figure 1, 132 

right). We uncovered a compensatory adaptation, which we termed ‘presynaptic 133 

downscaling’, which uniformly downscaled 1b and 1s evoked neurotransmitter 134 
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release to afford robust and stable muscle activity. Activity-dependent uniform 135 

scaling can therefore manifest also within the periphery and on the presynaptic side. 136 

 137 

Materials and Methods 138 

Drosophila strains: Fly stocks were reared at 25 oC, relative humidity of 70%. The 139 

Gal4/UAS system was used to drive transgene expression in selected tissues. The 140 

following Gal4 stocks were used: (A) RRAGal4, UAS-mCD8-GFP (RRA; 3rd 141 

chromosome): to drive transgene expression in the 1s motoneuron innervating 142 

muscle 2 (Fujioka et al., 2003). Provided by Dr Miki Fujioka; and (B) w-; P[tubP-143 

Gal80ts]20; RRAGal4, UAS-mCD8-GFP (RRAGal80ts): to conditionally drive transgene 144 

expression in the 1s motoneuron innervating muscle 2 upon exposure to elevated 145 

temperatures (Srinivasan et al., 2012). Provided by Dr Carsten Duch. 146 

 147 

The following UAS stocks were used: (A) UAS-eag∆932, UAS-SDN/+ (eagSh(DN); 2nd 148 

chromosome): to elevate neuronal activity by driving expression of dominant-149 

negative forms of ether-à-go-go and Shaker voltage-gated potassium channels 150 

(Wang et al., 2016). Provided by Dr Subhabrata Sanyal; (B) UAS-DVGLUT2 151 

(DVGLUT; 2nd chromosome): to overexpress the Drosophila vesicular glutamate 152 

transporter (Daniels et al., 2004). Provided by Dr Aaron DiAntonio; (C): UAS-153 

DVGLUT RNAi (DVGLUT RNAi; 2nd chromosome): to knock down endogenous 154 

levels of DVGLUT (Vienna Drosophila Resource Centre, transformant ID 104324); 155 

and (D) UAS-dTRPA1 (dTRPA1; 2nd chromosome): using the heat-activated 156 

Drosophila transient receptor potential cation channel, dTRPA1, to conditionally 157 

elevated neuronal activity during exposure to elevated temperatures (Pulver et al., 158 

2009). Transgenic lines were generated by crossing Gal4 virgin females with UAS 159 
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males. The controls were Gal4/+ and UAS/+ lines. Experiments were conducted on 160 

muscle 2, segment 3 in wandering 3rd instar larvae of either sex. 161 

 162 

Conditional increase in 1s motoneuron activity: We used two methods to 163 

conditionally increase the activity of the 1s motoneuron innervating muscle 2 in the 164 

late stages of 3rd instar larval development: (A) by using the TARGET gene 165 

expression system (McGuire et al., 2003; Srinivasan et al., 2012). Temperature-166 

sensitive Gal80 (Gal80ts) was used to block Gal4 activity and prevent transgene 167 

expression until exposure to elevated temperature (McGuire et al., 2003). In 168 

RRAGal80ts>eagSh(DN) larvae, dominant-negative EAG and Sh were conditionally 169 

expressed in the 1s motoneuron upon exposure to 32 oC. At 32 Co, Gal80ts activity 170 

was blocked, enabling Gal4 to drive transgene expression. The transgenic and 171 

control lines were mated in vials and maintained at 19 Co for 7 days. At 19 Co, Gal4 172 

activity was blocked by Gal80ts, preventing transgene expression. Three days after 173 

mating, the adult flies were removed from the vial. On the seventh night, the vials 174 

were transferred to 32 Co for 36 hours (between the mid and the late third instar 175 

developmental stages) in order to increase 1s activity (Srinivasan et al., 2012); (B) 176 

by using heat-activated dTRPA1 cation channels. At elevated temperature, the 177 

channels open and the large influx of cations depolarizes the membrane, causing the 178 

firing of action potentials (Pulver et al., 2009). In RRA> dTRPA1 larvae, dTRPA1 179 

was expressed in only the 1s motoneuron. The transgenic and control lines were 180 

mated in vials and maintained at 19 Co for 7 days. Three days after mating, the adult 181 

flies were removed from the vial. On the eighth night, the vial was transferred to 32 182 

Co for 12 hours in order to increase 1s activity. 183 

 184 
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For both methods, control and transgenic lines were subjected to the same 185 

conditional transgene activation protocols and electrophysiological experiments were 186 

conducted on wandering 3rd instar larvae straight after exposure to 32 Co. 187 

 188 

RT-PCR analysis: A quantitative reverse transcriptase PCR assay was used to 189 

confirm knockdown of the VGLUT relative to that of the housekeeping gene Act88F 190 

(Ferguson et al., 2017). Act88F was first determined to be stably expressed across 191 

all experimental conditions (data not shown). Larvae were collected and snap frozen, 192 

and stored at −80°C. Five pools of five larvae (30 larvae total) were placed into a 193 

1.5-mL Eppendorf tube. Total RNA was purified using TRIzol according to the 194 

manufacturer’s protocols (Invitrogen, Carlsbad, CA, USA), immediately after 195 

dissection. Total RNA was treated with DNase (Sigma-Aldrich, St. Louis, MO, USA) 196 

to eliminate genomic DNA. Approximately 0.5 μg of total RNA was reverse 197 

transcribed using random primers (Invitrogen) and reverse transcriptase (Invitrogen) 198 

according to the manufacturer’s protocols. Gene expression was estimated with two 199 

technical replicates using a standard quantitative PCR (qPCR) assay (Rohrscheib et 200 

al., 2015). Each qPCR mixture contained 12.5 μL of 2X SYBR premix (Invitrogen), 201 

1 μL of forward primer, 1 μL of reverse primer, 100 ng of DNA, and H2O to a final 202 

volume of 25 μL. The expression of the two genes was estimated relative to Act88F 203 

using the delta-delta (where CT is threshold cycle) CT method (Pfaffl, 2001). 204 

Averages of expression were compared using unpaired t-test. 205 

 206 

Immunohistochemistry: The Bruchpilot (BRP) active zone marker (Developmental 207 

Studies Hybridoma Bank, Iowa, USA) was used to ascertain the number of active 208 

zones per bouton (Smith and Taylor, 2011). Motor nerve terminals were double-209 
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stained using HRP conjugated to Cy3, enabling determination of the number of 210 

boutons per nerve terminal (Hoang and Chiba, 2001). Imaging was performed on a 211 

Zeiss 510 Meta confocal microscope and image processing was conducted using Fiji 212 

(ImageJ.) Bouton and active zone counts were conducted in seven different 213 

preparations for each genotype. The live staining of nerve terminals using the 214 

mitochondrial dye, 4-Di-2-Asp, was undertaken as previously described (Kurdyak et 215 

al., 1994). 216 

 217 
Intracellular and focal macropatch recordings: Details of the methods and 218 

analysis for performing focal macropatch and intracellular recordings have been 219 

previously described (Macleod et al., 2006; Karunanithi et al., 2018). Recordings 220 

were conducted at room temperature (22 oC) in HL6 haemolymph-like solution 221 

(Macleod et al., 2006) using [Ca2+]o= 1.0 mM, unless otherwise specified. Evoked 222 

responses were elicited by stimulating the 1b and 1s motor axons together at 1 Hz 223 

using suprathreshold stimulus strengths. The recorded signals were amplified under 224 

bridge/I-clamp mode. Following amplification, signals were filtered. For focal 225 

macropatch recordings, signals were high- and low-pass filtered at 1 Hz and 3 kHz, 226 

respectively. For intracellular recordings, signals were low-pass filtered at 3 kHz and 227 

there was no high-pass filtering. The filtered signals were then digitised and stored 228 

on a computer. In all cases, sampling rates for digitisation were set according the 229 

Nyquist sampling rate, where rates were set to at least twice the highest frequency 230 

component of the signal (approximately 0.3-0.4 kHz and 1-1.5 kHz for intracellular 231 

and focal macropatch recordings, respectively). 232 

 233 

Intracellular recording: Intracellular recordings were used to record evoked excitatory 234 

junction potentials (EJPs), spontaneously occurring miniature excitatory junction 235 



 

 11 

potentials (mEJPs) and resting membrane potentials. Such recordings were also 236 

used to determine muscle input resistances and muscle membrane time constant. 237 

Intracellular recording electrodes (50-80 M ) were filled with a 2:1 mixture of 3M 238 

potassium acetate to 3M potassium chloride. The EJPs are compound responses 239 

produced upon activating both 1b and 1s NMJs. Those compound responses are 240 

also referred to as synaptic drive in the text. Synaptic drive represents the total 241 

strength of synaptic activation of the postsynaptic cell. mEJPs were recorded in the 242 

absence of nerve stimulation for approximately 1-2 mins. For each genotype, 243 

recordings were made from at least eight different preparations and in each 244 

experiment, 100 EJPs and 25-50 mEJPs were recorded. The recorded EJPs and 245 

mEJPs were digitised at a sampling rate of 40 kHz. 246 

 247 

Focal macropatch recording: Drosophila larval muscles are multiply innervated and 248 

the 1b and 1s motoneurons form NMJs on virtually all larval muscles (Hoang and 249 

Chiba, 2001), generating different types of postsynaptic responses (Kurdyak et al., 250 

1994; Lnenicka and Keshishian, 2000; Newman et al., 2017). To discriminate 251 

between the two response types at the level of individual boutons, we used the focal 252 

macropatch recording technique. Focal macropatching enables the recording of 253 

evoked excitatory junctional currents (EJCs) and spontaneously occurring miniature 254 

excitatory junctional currents (mEJCs) from individual 1b and 1s boutons (Heckmann 255 

and Dudel, 1998; Karunanithi et al., 2002; Pawlu et al., 2004; Kittel et al., 2006; 256 

Dawson-Scully et al., 2007; Karunanithi et al., 2018; Karunanithi et al., 2020). We 257 

also used focal macropatching because it satisfies the requirements for conducting 258 

proper quantal analysis and those requirements have been previously discussed in 259 

Karunanithi et al., (2020). Focal macropatching was also employed because we can 260 
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detect individual action-potential evoked postsynaptic currents during high frequency 261 

motor bursts, reflective of motoneuron firing properties (Fox et al., 2006) (see Motor 262 

pattern recordings from nerve and muscle during fictive locomotion section). 263 

 264 

A brief account of the methods for conducting focal macropatching are provided as 265 

follows. The preparation was viewed with a 60x water immersion lens (NA= 1.0) 266 

using Nomarski optics. Live images of the nerve terminals were captured using a 267 

low-light video camera and projected onto a computer monitor. Such a setup 268 

enabled selection of well-isolated, single 1b and 1s boutons for focal macropatch 269 

recordings and positioning of the focal macropatch electrode at the site of recording. 270 

1b nerve terminals are composed of large synaptic boutons, whereas 1s nerve 271 

terminals are composed of small synaptic boutons and these size differences are 272 

readily discerned under Nomarski optics. The focal macropatch electrodes 273 

possessed open tip diameters of approximately ~5 μm and were filled with HL6 274 

solution. The open tip, when placed on the muscle to enclose the bouton from which 275 

recordings are conducted, does not exert pressure on the bouton during recordings 276 

(Karunanithi et al., 2002). The recorded signals were amplified using an Axoclamp 277 

900A (under bridge/I-clamp mode) (Molecular Devices), and digitised and stored on 278 

a computer using the PowerLab 4/35 data acquisition system (ADInstruments). The 279 

recorded EJCs and mEJCs were digitised at a sampling rate of 40 kHz. In each 280 

experiment, recordings were made from either a single 1b or 1s bouton, or from two 281 

boutons of each type; mostly, the former. The assessment of the quality postsynaptic 282 

current recordings and the analysis and interpretation of the results have been 283 

previously described (Karunanithi et al., 2002; Karunanithi et al., 2018). In 284 

experiments conducted in [Ca2+]o= 1.0 mM, we recorded and made measurements 285 
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from 150-200 EJCs and 25-50 mEJCs in each experiment (Karunanithi et al., 2018). 286 

For each bouton type in each genotype, recordings were made from at least ten 287 

different boutons, and each from a different preparation. In experiments conducted in 288 

[Ca2+]o= 0.5 mM, we used 150-200 stimuli and for each bouton type in each 289 

genotype, recordings were made from at least seven different boutons, and each 290 

from a different preparation. 291 

 292 

It is important to note that the focal macropatch electrode does not form a seal with 293 

the larval muscle membrane, but forms a contact resistance which remains constant 294 

throughout recordings and appears not to affect current flow (Karunanithi et al., 295 

2002). The sizes of quantal events were not therefore related to the contact 296 

resistance, and the observed 1b-1s differences in evoked and spontaneous 297 

responses appeared consistently different in recordings conducted by ourselves and 298 

others, providing a good comparison of relative 1b-1s EJC and mEJC amplitude 299 

differences among genotypes (Karunanithi et al., 2002; Pawlu et al., 2004; Dawson-300 

Scully et al., 2007). Those 1b-1s evoked and spontaneous amplitude differences 301 

were also recently replicated using optical measurements (Newman et al., 2017; Li 302 

et al., 2018). It is also important to note that amplitude measurements of EJCs are 303 

not influenced by the timing of quantal release. That was indicated by the lack of 304 

correlation between the amplitudes and rise times of EJCs (Heckmann and Dudel, 305 

1998). 306 

 307 

The currents recorded using focal macropatching are referred to in millivolts (mV) 308 

(Karunanithi et al., 2018). This technique is a form of extracellular voltage recording 309 
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that was originally pioneered by Bernard Katz and colleagues (Del Castillo and Katz, 310 

1956). In this recording configuration, the recorded quantal events represent voltage 311 

changes in the extracellular solution. As the quantal current flows through the 312 

resistance of the extracellular solution, it produces a voltage drop across that 313 

resistance. The amplitude of the voltage drop is directly proportional to the amplitude 314 

of the quantal current because the resistance of the extracellular solution remains 315 

constant. The quantal events are therefore referred to as quantal currents, despite 316 

being measured in mV (Del Castillo and Katz, 1956). 317 

 318 

Quantal analysis: The measured EJC and mEJC amplitudes were used to derive 319 

quantal size (q; average mEJC amplitude), average EJC amplitude, QC (quantal 320 

content; average EJC amplitude/average mEJC amplitude), and the quanta released 321 

per stimulus (Bademosi et al., 2018; Karunanithi et al., 2018). In each experiment, 322 

the quanta released per stimulus was calculated by dividing each EJC amplitude in 323 

the train by the average mEJC amplitude (Bademosi et al., 2018). The cumulative 324 

relative frequency histogram for each group represents the pooled data from all the 325 

experiments in that group. For each experiment, QC equals the average quanta 326 

released per stimulus. 327 

 328 

At high [Ca2+]o (1 mM), neurotransmitter release can be described by the binomial 329 

model, where quantal content, QC= p.n (Del Castillo and Katz, 1954; McLachlan, 330 

1978). n equates to the average number of functionally active release sites/units and 331 

p equates to the average release probability of all the functionally active release 332 

sites/units. In each experiment, p was calculated using the equation: 333 

p= 1 − +   334 
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 where, q is the quantal size, S2 is the variance of the EJC amplitudes and 2 335 

is the variance of the mEJC amplitudes (Bennett and Florin, 1974; McLachlan, 1978; 336 

Bennett et al., 1991). n was calculated by dividing QC by p. 337 

 338 

In experiments which were conducted at low [Ca2+]o= 0.5 mM, neurotransmitter 339 

release can be described using the Poisson model. In this model for low 340 

neurotransmitter release (usually, when p< 0.3) (Bennett et al., 1991), quantal 341 

content was derived in each experiment using the method of failures (Del Castillo 342 

and Katz, 1954; McLachlan, 1978; Daniels et al., 2004):  343 

QC= ln      344 

 where, the Number of stimuli represents the number of times the nerve was 345 

stimulated during a low frequency train of stimuli and the Number of failures 346 

represents the number of times the stimuli failed to produce an EJC. Although, the 347 

parameter p does not hold any meaning in the Poisson model of neurotransmitter 348 

release, it was reported that at the larval NMJ, the probability of observing the 349 

release of one packet (a quantum) of neurotransmitter during a train of stimuli 350 

reflected p (Paradis et al., 2001); one quantum being released by one vesicle. Under 351 

low release conditions, fewer stimuli in a train release a packet of transmitter. The 352 

probability of observing a quantum (p1) can be derived using the equation (Katz, 353 

1966): 354 

p1= . e  355 

 356 

Motor pattern recordings from nerve and muscle during fictive locomotion: We 357 

recorded centrally-generated rhythmic motor bursts during fictive locomotion (Suster 358 

et al., 2004; Klose et al., 2005) to assess neuronal and muscle activity. Robust motor 359 
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discharge was elicited in the 3rd instar larval NMJ preparation by perfusing the bath 360 

with HL3 solution ([Ca2+]o= 1.0 mM) heated to 27 oC (Suster et al., 2004; Klose et al., 361 

2005). The CNS and the segmental nerves were left intact. Neuronal activity was 362 

assessed by recording the motor bursts from individual boutons using focal 363 

macropatch electrodes (Fox et al., 2006) (Figure 2A, left). In such recordings, signals 364 

were high- and low-pass filtered at 1 and 3 kHz, respectively, and then digitised at a 365 

sampling rate of 40 kHz. This method of recording assesses the EJCs resulting 366 

purely from action potential firing in the motoneuron, indicative of neuronal activity. 367 

Motoneuron activity was assessed by measuring the frequency of EJCs per burst 368 

(motoneuron firing rate). Recordings were made from at least five different boutons 369 

for each bouton type within each genotype. To determine the frequency of EJCs per 370 

burst, we first found the 1st order derivative of the raw data files in LabChart Pro 371 

(v8.1.5, ADInstruments). This accentuates the changes in the signal, making the 372 

EJCs within bursts easily detected. Figure 2A (right) compares the raw data (red 373 

traces) and the derivative (grey trace). The 1st-order derivative was calculated at 374 

each sampled point by determining the slope of a line fitted across a time window 375 

that was centred at that point (where the window width= 27 points on each side of 376 

the centre point). The time window was determined empirically. These files were 377 

then converted into Axon PClamp files (Axon Binary Format: pClamp10), and 378 

Clampfit (v10.5.0.9, Molecular Devices LLC) was used to detect individual EJCs 379 

events using a threshold-based algorithm with a negative crossing threshold set at 2-380 

3 times the standard deviation of the baseline noise (Figure 2A, right, blue dots on 381 

grey trace). The baseline was determined from a region of approximately 200 ms 382 

that was free of events. Once event detection was completed, we determined bursts 383 

of events using the Burst Analysis function in Clampfit. The minimum number of 384 
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events in a burst was set at 5, and a maximal time between events in a burst (Burst 385 

delimiting interval) was set at 200-400 ms (both determined empirically to visually 386 

match the data; Figure 2). That analysis provided the frequency of EJCs per burst. 387 

Our estimates of control 1b and 1s motoneuron firing rates reported here are similar 388 

to those determined by others using a different method, supporting our 389 

findings(Chouhan et al., 2010). 390 

 391 

Motor discharge recorded from the muscle is influenced by the activities of the 1b 392 

and the 1s motoneurons (Chouhan et al., 2010; Newman et al., 2017), the properties 393 

of the NMJs, and the properties of the muscle which control its excitability (Paradis et 394 

al., 2001). Due to such influences, the motor discharge when recorded from muscle 395 

display different properties from those recorded from motoneurons. Motor discharges 396 

produce muscle contractions which drive larval locomotion, and the strengths of 397 

those contractions appear to be affected by the amplitude and frequency of EJPs 398 

within bursts (Paterson et al., 2010; Ormerod et al., 2015; Ormerod et al., 2016; 399 

Aponte-Santiago et al., 2020). Motor discharge was recorded from muscle 2, using 400 

intracellular electrodes (Figure 2B, left). In such recordings, signals were low-pass 401 

filtered at 3 kHz without any high-pass filtering, and then digitised at a sampling rate 402 

of 3 kHz. Muscle activity was determined by measuring the frequency of EJPs per 403 

burst (muscle firing rate) (Figure 2B, right). Recordings were made from at least 404 

eleven different preparations for each genotype. On the muscle side, the frequency 405 

of EJPs per burst in motor pattern recordings were determined using the same 406 

protocols used for determining the frequency of EJCs per burst, but with changes to 407 

some of the following parameters: (a) window width= 3 was applied when using the 408 

Derivative function in LabChart Pro; (b) category= 1, positive-going was used when 409 



 

 18 

applying the Threshold Search function in Clampfit (raw data: red traces; Derivative 410 

data: grey traces; detected events: blue dots; Figure 2B, right). Our estimates of the 411 

range of muscle firing rates in controls, which are reported here, are similar to those 412 

determined previously for muscle 6, supporting our findings (Barclay et al., 2002; 413 

Suster et al., 2004; Klose et al., 2005). 414 

 415 

Experimental Design and Statistical Analysis: Statistical and data analysis was 416 

performed using Excel (Microsoft) and Prism 6 (GraphPad) software. To assess 417 

statistical differences between two groups, the unpaired Student’s t-test was used. 418 

The nonparametric tests, one- way ANOVA and the Kolmogorov–Smirnov (K–S) test 419 

were used to assess statistical differences. In all cases, significance was set at P< 420 

0.05. The K–S test was used to compare the shapes of standardized distributions. 421 

Distributions were standardized by subtracting the average and then normalizing to 422 

one standard deviation (SD) (Frerking et al., 1995; Nusser et al., 1997; Karunanithi 423 

et al., 2002). The coefficient of variation (CV) was obtained by dividing the SD of a 424 

population by its average. Where possible, normalised parameters were provided in 425 

the main figures to improve readability. Parameters were normalised to their 426 

respective averages in RRA/+ controls. Throughout the text, we have used N rather 427 

than n to represent sample size because the latter, by convention, represents the 428 

number of active release sites in binomial analysis (see the Quantal analysis section 429 

above). 430 

 431 

Results 432 
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Chronic increase in 1s activity caused a compensatory decrease in muscle 433 

activity 434 

Within the larval neuromuscular circuit, we assessed the consequence to muscle 435 

activity upon perturbing neuronal activity (neuronal firing rate) by chronically 436 

increasing 1s motoneuron activity (Figure 1, middle). 1s activity was increased by 437 

using the RRAGal4 driver (Fujioka et al., 2003; Newman et al., 2017) to express 438 

dominant-negative forms of ether-à-go-go (EAG) and Shaker (Sh) potassium 439 

channels (Wang et al., 2016) throughout development into the 1s motoneuron 440 

innervating muscle 2 (RRA>eagSh(DN) larvae) (Figure 1, right). We tested for 441 

increased 1s activity by recording centrally-generated motor bursts which drive 442 

crawling. To distinguish between 1b and 1s activities, we used focal macropatch 443 

electrodes to record EJCs which appeared at single 1b and 1s synaptic boutons 444 

(Figure 2A, left). These EJCs occur in response to each presynaptic action potential, 445 

and therefore faithfully reflect motoneuron action potential discharge during bursts 446 

(Fox et al., 2006) (Figure 3A, left). The frequency of EJCs per burst were 447 

representative of motoneuron firing rate (Fox et al., 2006) and we determined the 448 

mean firing rate across multiple bursts within each experiment. In RRA>eagSh(DN) 449 

larvae, we increased mean 1s firing rate by 89 %, without any change in the mean 450 

1b firing rate (Figure 3A, right). There was however no change in the frequencies of 451 

1b and 1s bursts (1b: RRA/+= 0.063 + 0.009 Hz, N= 13; RRA>eagSh(DN)= 0.042 + 452 

0.005 Hz, N= 10; P= 0.066; 1s: RRA/+= 0.080 + 0.028 Hz, N= 6; RRA>eagSh(DN)= 453 

0.084 + 0.025 Hz, N= 6; P= 0.929), but there was an increase in 1s burst duration 454 

(1b: RRA/+= 3.51 + 0.056 s, N= 12; RRA>eagSh(DN)= 3.23 + 0.45 s, N= 12; P= 455 

0.698; 1s: RRA/+= 0.79 + 0.09 s, N= 8; RRA>eagSh(DN)= 3.74 + 1.09 s, N= 6; P= 456 

0.0419). 457 
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 458 

We next tested whether the near-doubling of 1s firing rate also resulted in a similar 459 

increase in muscle firing rate in RRA>eagSh(DN) larvae. We tested for that by 460 

recording the motor bursts which appeared in the muscle, following bursts of 461 

motoneuron action potentials, to produce the rhythmic waves of muscle contractions 462 

which drive larval crawling (Barclay et al., 2002; Suster et al., 2004; Klose et al., 463 

2005). Using intracellular electrodes, we recorded the bursts of EJPs generated at 464 

NMJs (Figure 2B; Figure 3B, left) following bursts of 1b and 1s motoneuron action 465 

potentials (Figure 3A, left). The frequency of EJPs per burst were representative of 466 

muscle firing rate (Pulver et al., 2009) and we calculated the mean firing rate across 467 

multiple bursts within each experiment. Surprisingly, the mean muscle firing rate was 468 

halved (decreased by 52%; Figure 3B, right), compensating for the near-doubling of 469 

1s firing rate. That decrease was not due to decreases in the passive muscle 470 

membrane properties, as indicated by no significant changes in the resting 471 

membrane potential (RRA/+= -60.4 + 1.0 mV, N= 8; RRA>eagSh(DN)= -61.3+ 1.5 472 

mV, N= 9; P= 0.6075), muscle input resistance (RRA/+= 14.2 + 0.9 MOhm, N= 9; 473 

RRA>eagSh(DN)= 13.7+ 0.8 MOhm, N= 10; P= 0.666) and membrane time constant 474 

(RRA/+= 25.7 + 1.2 ms, N= 9; RRA>eagSh(DN)= 25.6 + 0.5 ms, N= 8; P= 0.9031). 475 

The variation in mean muscle firing rates across experiments within each genotype 476 

(Figure 3B, right), expressed as the coefficient of variation (CV= standard 477 

deviation/mean) (Hengen et al., 2013; Hengen et al., 2016), was small (0.19) and 478 

similar to control (0.20), indicating that the mean firing rates within each genotype 479 

were maintained stably and tightly around setpoints (steady states). The frequency 480 

of bursts, which correspond to the rhythm frequency of peristaltic contractions driving 481 

larval crawling (Klose et al., 2005), was also decreased by 40.1% (Figure 3C), 482 
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representative of slower crawling. These results show that when the muscle is 483 

overloaded with abnormally high motoneuron activity, compensatory adaptations 484 

strongly decrease muscle activity. We next elucidated those compensatory 485 

adaptations. 486 

 487 

Muscle activity is decreased through a reduction in excitatory synaptic drive 488 

In vertebrate skeletal muscles, action potential firing rates follow those in the 489 

innervating motoneurons because NMJs produce strong excitatory synaptic drive to 490 

the muscle fibres (Ouanounou et al., 2016). In RRA>eagSH(DN) larvae, synaptic 491 

drive to the muscle appears to be decreased because the mean muscle firing rate 492 

was decreased (Figure 3B, right) despite an increase in mean 1s firing rate and no 493 

change in mean 1b firing rate (Figure 3A, right). The relationship between muscle 494 

firing rate and excitatory synaptic drive is yet to be comprehensively assessed in this 495 

preparation. In neurons however, firing rates are positively correlated with the degree 496 

of excitatory synaptic drive neurons receive, and changes in firing rates can 497 

therefore arise from changes in synaptic drive (Turrigiano and Nelson, 2000, 2004) 498 

(Figure 4A). We therefore tested whether the decrease in mean muscle firing rate 499 

resulted from an activity-dependent decrease in excitatory synaptic drive. 500 

 501 

The mean peak amplitude of motor bursts recorded from muscles was decreased in 502 

RRA>eagSH(DN) larvae, consistent with a decrease in synaptic drive (RRA/+= 503 

22.15 + 1.3 mV, N= 11; RRA>eagSh(DN)= 13.66 + 1.37 mV, N= 11; P= 0.0002). 504 

Excitatory synaptic drive to the muscle was determined by recording the compound 505 

EJPs produced upon activating both 1b and 1s NMJs in response to 1 Hz nerve 506 

stimulation (Figure 4B, left and middle). We found that mean EJP amplitude was 507 
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indeed decreased by 29.7 % (Figure 4B, right). That decrease could not be attributed 508 

to reduced neurotransmitter release: (1) from individual synaptic vesicles since 509 

mEJP amplitudes (produced by neurotransmitter release from individual vesicles) 510 

were larger than in control (Figure 4C); and (2) from fewer 1b and 1s synaptic 511 

boutons because there were no changes in their numbers compared to control 512 

(Figure 4D-E). Before presenting the analysis of the factors which decreased 513 

synaptic drive, it was imperative to address whether the decrease in muscle firing 514 

rate produced by the decrease in synaptic drive compromised muscle activity. 515 

 516 

Decrease in synaptic drive affords robust and stable muscle activity 517 

In RRA>eagSH(DN) larvae, we assessed whether the decrease in synaptic drive 518 

(Figure 4B, right): (a) displaced muscle firing rates outside of the physiological range, 519 

compromising robust muscle activity; and (b) decreased the variation in muscle firing 520 

rates around the downshifted setpoint, potentially limiting the range of muscle 521 

contractions. 522 

 523 

Robustness refers to maintaining functionality, whereas stability (homeostasis) refers 524 

to maintaining functionality around a steady state (or setpoint), against perturbations 525 

(Kitano, 2004, 2007). We tested for robustness by determining whether firing rates 526 

were maintained within the muscle’s physiological range in RRA>eagSH(DN) larvae 527 

despite the downshift in the setpoint. We first determined the muscle’s physiological 528 

range by pooling the firing rates from all experiments in control. Larval muscles 529 

produce wide variations in evoked muscle contractions to drive a range of 530 

movements, such as linear crawling, turning and rolling (Ormerod et al., 2016; Clark 531 

et al., 2018). To produce such varied contractions, the range of firing rates of 532 
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motoneurons and muscle are anticipated to be wide. In control, this was indeed the 533 

case for both 1b and 1s motoneurons (Figure 4F: 1b: 7 – 146.6 Hz, black crosses; 534 

1s: 7.6 – 53.6 Hz, red crosses) and muscle (Figure 4G: ranging between 8.4 – 104.1 535 

Hz and represented by the grey area). That range of muscle firing rates represents 536 

the physiological range (Figure 4G, grey area). 537 

 538 

In RRA>eagSH(DN) larvae, we determined whether muscle firing rates were 539 

displaced outside of the muscle’s wide physiological range. We calculated the range 540 

of firing rates of motoneurons and muscle in that genotype. 1b and 1s motoneuron 541 

firing rates varied widely (Figure 4F: 1b: 9 – 123.1 Hz, black circles; 1s: 7.8 – 94.2 542 

Hz, red circles), but the range of muscle firing rates was however smaller than in 543 

control (Figure 4G; ranging between 5.1 –54.7 Hz). The muscle firing rates were not 544 

however displaced outside of the physiological range (grey area), indicating that 545 

muscle activity remained robust. 546 

 547 

Due to the decrease in the range of muscle firing rates in RRA>eagSH(DN) larvae 548 

(Figure 4G), we tested, in individual experiments, whether the relative variation in 549 

firing rates around the downshifted setpoint (Figure 3B, right) was also decreased. 550 

Such a decrease could curtail the range of muscle contractions and in turn the range 551 

of movements. In each experiment, we determined the relative variation by 552 

calculating the coefficient of variation, CV. In both control and RRA>eagSH(DN) 553 

larvae, the CVs were similar and large (Figure 4H; CV≤ 0.20 was considered as 554 

small in Figure 3B), showing that variations were similar and wide ranging around 555 

setpoints, and homeostatically maintained in RRA>eagSH(DN) larvae (Figure 4H). 556 

Those results indicate that a wide range of contractions could still be produced as in 557 
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controls, but those contractions may be weaker due to decreases in the magnitudes 558 

of firing rates (Figure 3B, right). Our findings therefore indicate that the 559 

compensatory decrease in synaptic drive: (a) did not displace firing rates outside of 560 

the physiological range; and (b) did not disrupt the homeostatic maintenance of the 561 

wide variation in firing rates around the downshifted setpoint (Figure 4I). Muscle 562 

activity therefore remained robust and stable. 563 

 564 

Decrease in EJP amplitude resulted a from decrease in 1b EJC amplitude 565 

We next elucidated the mechanisms which caused the compensatory decrease in 566 

synaptic drive, affording robust and stable muscle activity. Since the genetic 567 

manipulation was only to 1s motoneuron activity, we hypothesized that the decrease 568 

in compound EJP amplitude (Figure 4B, right) resulted from a selective decrease in 569 

1s rather than in 1b postsynaptic response amplitude. To discriminate between 1b 570 

and 1s postsynaptic responses, we used focal macropatch electrodes to record 571 

postsynaptic currents at the resolution of single boutons (Pawlu et al., 2004; Kittel et 572 

al., 2006; Karunanithi et al., 2018; Karunanithi et al., 2020) (Figure 5A). Measures of 573 

EJC and mEJC amplitudes from such recordings were used to derive quantal 574 

parameters to assess the release characteristics at the two bouton types (see the 575 

Focal macropatch recording and Quantal analysis sections in the Materials and 576 

Methods, and Karunanithi et al., (2020) for further details). We recorded the evoked 577 

EJCs at 1 Hz nerve stimulation and the mEJCs that resulted when individual vesicles 578 

spontaneously released neurotransmitter (Figure 5B). Despite an increase in 1s 579 

activity, 1s EJC amplitude was unchanged; and despite no alteration in 1b activity, 580 

1b EJC amplitude decreased by 29.3% (Figure 5C, EJC). The decrease in 581 
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compound EJP amplitude therefore resulted from decreases in the amplitudes of the 582 

evoked postsynaptic currents at 1b boutons. 583 

 584 

Average EJC amplitude is determined by quantal size (average amplitude of the 585 

postsynaptic response resulting from spontaneous neurotransmitter release from 586 

individual vesicles) and quantal content (QC, average number of vesicles released 587 

per stimulus). The decrease in 1b EJC amplitude did not result from a decrease in 588 

quantal size (Figure 5C, mEJC), but from a decrease in QC (by 28.1%; Figure 5C, 589 

QC). Interestingly, 1s QC was also decreased by 22.5% (Figure 5C, QC). However, 590 

1s quantal size was increased by 28.4% (Figure 5C, mEJC). The compensatory 591 

increase in 1s quantal size offset the decrease in 1s QC to homeostatically maintain 592 

1s EJC amplitude near control level (Figure 5C, EJC). Without that homeostatic 593 

compensation, the decrease in 1s QC would have decreased 1s EJC amplitude, 594 

further decreasing synaptic drive and potentially causing muscle firing rates to be 595 

displaced out of their physiological range (Figure 4G, I). In summary, an increase in 596 

1s firing rate caused both 1b and 1s QCs to be decreased. The decrease in 1b QC 597 

decreased 1b EJC amplitude, whereas the decrease in 1s QC did not decrease 1s 598 

EJC amplitude due to a compensatory increase in 1s quantal size. The decrease in 599 

synaptic drive therefore resulted from decreases in the strengths of the evoked 600 

postsynaptic currents at 1b boutons. 601 

 602 

Presynaptic downscaling is a form of multiplicative scaling 603 

A novel and important observation was that the 1b and 1s QCs were decreased 604 

proportionally (Figure 5C, QC), indicating that their relative differences were 605 

maintained around a homeostatic setpoint (Turrigiano et al., 1998) (i.e., a similar 606 
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1s/1b ratio to control, Figure 5C). This suggested that the 1b and 1s QCs were 607 

uniformly downscaled through multiplication by a constant (multiplicative scaling) 608 

(Turrigiano et al., 1998). We tested that idea by measuring the number of quanta 609 

released per stimulus during a train of stimuli. 610 

 611 

During a train of nerve stimuli, the quanta released per stimulus represents the 612 

number of vesicles released by each stimulus, whereas QC represents the average 613 

number of vesicles released by a stimulus (Bademosi et al., 2018; Karunanithi et al., 614 

2020) (Figure 5D). For each bouton type within each genotype, we calculated the 615 

quanta released per stimulus during each train and constructed a cumulative 616 

distribution plot of this parameter by pooling the data from all experiments (Figure 617 

5E). The distributions in RRA>eagSH(DN) larvae for both bouton types were found 618 

to be significantly left-shifted from controls using the K-S nonparametric test, 619 

indicating that the decreases in QCs were due to each stimulus releasing fewer 620 

vesicles. If the left-shifted distributions arose through multiplicative scaling by a 621 

constant, the shapes of the standardised or scaled distributions should be 622 

indistinguishable from that of the control distributions. That was indeed the case for 623 

both bouton types in RRA>eagSH(DN) larvae, with no significant differences in the 624 

frequency distribution plots compared with controls (Figure 5F; 1b: P> 0.1, 1s: P> 625 

0.4). QC was therefore uniformly downscaled through multiplicative scaling at single 626 

boutons. We termed this process as “presynaptic downscaling”. “Presynaptic” 627 

indicated that the presynaptic side was affected. “Downscaling” indicated that QC 628 

was uniformly downscaled across 1b and 1s boutons so that their relative differences 629 

remained around a homeostatic set point (1s/1b ratio remaining close or equal to 1; 630 

Figure 5C). 631 
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 632 

Finally, we used an alternative method, the method of failures, at low [Ca2+]o (0.5 633 

mM), to test for presynaptic downscaling by deriving QC independently of EJC and 634 

mEJC amplitudes (see Materials and Methods). Consistently, both 1b and 1s QCs in 635 

RRA>eagSH(DN) larvae were uniformly downscaled by 39.9% and 50.2%, 636 

respectively, with the 1s/1b ratio remaining close to unity (0.8) (QC, Figure 5G-H). In 637 

summary, activity-dependent presynaptic downscaling produced the decrease in 638 

synaptic drive. 639 

 640 

Presynaptic downscaling is caused by a decrease in release probability 641 

What caused presynaptic downscaling? In high [Ca2+]o, QC is influenced by n 642 

(average number of functionally active release sites) and p (average chance of a 643 

vesicle releasing neurotransmitter from an active release site following a stimulus) 644 

(Del Castillo and Katz, 1954; McLachlan, 1978). The model of quantal release from a 645 

bouton can be visualized as vesicles releasing neurotransmitter from a population of 646 

n active release sites, with each release site possessing an average probability, p 647 

(Figure 6A). We found that presynaptic downscaling (Figure 6B, QC) was not caused 648 

by decreases in n, but from decreases in p (Figure 6B, p and n). 649 

 650 

We next examined whether an increase in 1s firing rate differentially affected 651 

boutons exhibiting different p values. To do this, we rank-ordered, in ascending 652 

order, p collated from both 1b and 1s boutons in control and in RRA>eagSh(DN) 653 

larvae, and plotted them against one another (Karunanithi et al., 2020) (Figure 6C). 654 

Points clustered close to the dashed line represent p values which were unaffected. 655 

We found that release probabilities at boutons exhibiting lower p values were 656 
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decreased to a greater extent than at boutons with higher p values (Figure 6C). 657 

Consistent with the grouped data (Figure 6B), n was unaffected for all sites 658 

regardless of the rank of n (Figure 6D). These results indicate that, irrespective of 659 

bouton type, boutons displaying lower p values have their release probabilities 660 

decreased to a greater extent than those boutons displaying higher p values, 661 

following an increase in 1s firing rate. 662 

 663 

At low [Ca2+]o, where evoked quantal release follows the Poisson model, the 664 

parameter p does not hold any meaning in that model (Katz, 1966; McLachlan, 665 

1978). It was however shown that the parameter p1, the probability of observing a 666 

released quantum, which is the chance of observing the release of one packet of 667 

neurotransmitter following a stimulus, was reported to reflect release probability 668 

(Paradis et al., 2001) (see Materials and Methods). We used p1, to gauge for 669 

changes in release probability at low [Ca2+]o since our results at high [Ca2+]o 670 

indicated that the downscaling of QCs were due to decreases in p rather than in n 671 

(Figure 6B). Presynaptic downscaling that was observed in low [Ca2+]o (QC in Figure 672 

5G-H, 6E) was found to be accompanied by a decrease in p1 (Figure 6E, p1). As 673 

failure rates are reflective of QC and p1, we found that in RRA>eagSh(DN) larvae, 674 

the higher %failures corresponded with the lower values of QC and p1 for both 675 

bouton types (1b: RRA/+= 74.1 + 1.8 %, N= 9; RRA>eagSh(DN)= 83.9 + 3.0 %, N= 676 

10; P= 0.0139; 1s: RRA/+= 45.4 + 2.8 %, N= 7; RRA>eagSh(DN)= 68.3 + 5.3 %, N= 677 

7; P= 0.0037). As observed in high [Ca2+]o, boutons which displayed lower p1 values 678 

had that parameter decreased to a greater extent following an increase in 1s firing 679 

rate than in boutons displaying higher p1 values (Figure 6F). Our findings therefore 680 
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indicate that presynaptic downscaling resulted from a decrease in release probability 681 

(Figure 6G). 682 

 683 

A summary of the order of processes observed so far being: chronic increase in 1s 684 

firing rate decreased 1b and 1s release probabilities, causing presynaptic 685 

downscaling (Figure 6B, QC and p; Figure 6E, QC and p1). The downscaling 686 

decreased the strengths of evoked postsynaptic currents at 1b boutons, but not at 1s 687 

boutons due to compensatory increases in 1s quantal size (Figure 5C). The 688 

cumulative effect of presynaptic downscaling on the strengths of 1b and 1s evoked 689 

postsynaptic currents caused a decrease in synaptic drive to the muscle (Figure 4B). 690 

That decrease caused a decrease in muscle firing rates (Figure 3B, right), 691 

maintained muscle firing rates within physiological range (Figure 4G) and 692 

homeostatically maintained the wide variation in firing rates around the downshifted 693 

setpoint (Figure 4H). Muscle activity thereby remained robust and stable (Figure 4G, 694 

I). 695 

 696 

Presynaptic downscaling can be produced by an acute elevation in 1s activity 697 

The above results demonstrate that presynaptic downscaling was induced by 698 

increasing 1s activity throughout development. Was presynaptic downscaling 699 

therefore a developmental compensation rather than a homeostatic compensation 700 

resulting from increased activity per se? To test this possibility, we acutely increased 701 

1s activity by conditionally inducing the expression of dominant-negative forms of 702 

EAG and Sh in the 1s motoneuron using the TARGET gene expression system 703 

(McGuire et al., 2003) (Figure 7A-B). Acutely increased 1s activity produced the 704 

following: (1) presynaptic downscaling and the maintenance of the relative QC 705 
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differences around a setpoint (similar 1s/1b ratio as in control); and (2) decreases in 706 

p1 (QC and p1 in graph, Figure 7B). Similar results were obtained using a different 707 

method to increase acutely 1s activity, by conditionally activating Drosophila TRPA1 708 

(dTRPA1) cation channels (Pulver et al., 2009) (Figure 7C-D). Presynaptic 709 

downscaling was therefore an adaptation resulting from a change in activity, rather 710 

than from a developmental compensation. That change in activity caused the 711 

decreases in release probabilities, as indicated by decreases in p1, to produce the 712 

downscaling. 713 

 714 

Activity-dependent increase in 1s DVGLUT expression can produce 715 

presynaptic downscaling 716 

What presynaptic molecule(s) could induce presynaptic downscaling by responding 717 

to an increase in 1s activity? Previous work showed that when the Drosophila 718 

vesicular glutamate transporter (Figure 8A), which loads glutamate into synaptic 719 

vesicles, was overexpressed into both 1b and 1s motoneurons, it caused a 720 

homeostatic maintenance of the compound EJP amplitude through an increase in 721 

quantal size to compensate for the decrease in QC (Daniels et al., 2004; Gavino et 722 

al., 2015; Li et al., 2018). We observed phenotypic changes, similar to those 723 

described above, at 1s boutons following an increase in 1s activity, where the 724 

homeostatic maintenance of EJC amplitude occurred through an increase in quantal 725 

size to compensate for the decrease in QC (Figure 5C). The similarity therefore of 726 

our results to previous results suggested that DVGLUT expression may have 727 

increased in the 1s motoneuron following an increase in 1s activity, resulting in 728 

presynaptic downscaling. Previous work at mammalian glutamatergic synapses 729 

support the idea that vesicular glutamate transporter expression can be altered 730 
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through changes in activity (De Gois et al., 2005; Erickson et al., 2006). We therefore 731 

tested our ideas in the following ways. DVGLUT was overexpressed only into the 1s 732 

motoneuron (RRA>DVGLUT) (Figure 8B), and then we used intracellular recordings 733 

of postsynaptic potentials from muscle 2 to test whether this manipulation produced 734 

the same phenotypic changes as those observed in RRA>eagSh(DN) larvae (grey 735 

traces and bar graphs, Figure 8C-D). That was indeed the case, where we observed 736 

decreased compound EJP amplitude, increased mEJP amplitude and decreased QC 737 

(red traces and bar graphs, Figure 8C-D). By performing focal macropatch 738 

recordings of postsynaptic currents from single boutons at low [Ca2+]o (Figure 8E), 739 

we next tested whether 1b and 1s QCs were also uniformly downscaled in 740 

RRA>DVGLUT larvae, like that observed in RRA>eagSh(DN) larvae (Figure 6E). We 741 

observed the following at 1b and 1s boutons (RRA>DVGLUT; Figure 8E-F): (1) 742 

uniform downscaling of QCs and maintenance of the relative 1b-1s QC difference 743 

around a set point (similar 1s/1b ratio to control); (2) uniform decreases in p1, 744 

indicative of decreases in release probabilities (QC and p1 in Figure 8F). 745 

 746 

If increasing 1s DVGLUT expression results in uniform downscaling, we tested 747 

whether decreasing DVGLUT expression prevented that downscaling. 1s DVGLUT 748 

expression was decreased in the 1s motoneuron using RNA interference 749 

(RRA>DVGLUT RNAi; Figure 8G). Intracellular recordings of postsynaptic potentials 750 

from the muscle revealed that the phenotypic changes in EJP, mEJP and QC in 751 

RRA>DVGLUT RNAi larvae were dissimilar to those seen in RRA>DVGLUT larvae 752 

(blue traces and bar graphs, Figure 8C-D), indicating that uniform downscaling may 753 

not have resulted. This was indeed confirmed through focal macropatch recordings 754 

of postsynaptic currents from single boutons at low [Ca2+]o (QC, RRA>DVGLUT 755 
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RNAi; Figure 8E-F), where we observed the following: (1) only 1s QC was 756 

decreased, producing no uniform downscaling and no maintenance of the relative 757 

QC differences around a set point (dissimilar 1s/1b ratio to control); (2) only 1s p1 758 

was decreased (QC and p1 in Figure 8F). Together, our findings show that increased 759 

DVGLUT expression in the 1s motoneuron resulted in uniform downscaling of QCs 760 

(Figure 8H). 761 

 762 

Increasing 1s activity (Figure 6E), or increasing 1s DVGLUT expression (Figure 8F) 763 

independently produced uniform downscaling. We therefore tested whether 764 

increased 1s activity produced presynaptic downscaling via an increase in 1s 765 

DVGLUT expression (schema, Figure 8I, top). If true, overexpression of DVGLUT 766 

into the 1s motoneuron in the RRA>eagSh(DN) line (where 1s motoneuron activity 767 

was already elevated) should not cause any further changes, as when DVGLUT was 768 

overexpressed alone. We tested for that by conducting focal macropatch recordings 769 

of postsynaptic currents from single boutons at low [Ca2+]o (Figure 8I). That was the 770 

case (compare RRA>eagSh(DN), DVGLUT in Figure 8J to RRA>DVGLUT in Figure 771 

8F). We tested the same idea differently. If increased 1s DVGLUT expression 772 

resulted from increased 1s activity, knocking down DVGLUT expression in the 1s 773 

motoneuron in the RRA>eagSh(DN) line should not produce presynaptic 774 

downscaling; producing a similar result as when DVGLUT alone was knocked down. 775 

Again, this was the case (compare RRA>eagSh(DN), DVGLUT RNAi in Figure 8J to 776 

RRA>DVGLUT RNAi in Figure 8F). Increased 1s DVGLUT expression following 777 

increased 1s activity therefore results in presynaptic downscaling. 778 

 779 

Discussion 780 
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Activity-dependent uniform scaling of a determinant of synaptic strength has 781 

previously been reported to occur only on the postsynaptic side within central circuits 782 

(O'Brien et al., 1998; Turrigiano et al., 1998). In this work, we show that such scaling 783 

of a determinant of synaptic strength can also occur on the presynaptic side within 784 

peripheral circuits. Presynaptic downscaling describes the uniform decreases in 785 

quantal contents across all inputs, maintaining their relative neurotransmitter release 786 

differences around a homeostatic setpoint. Presynaptic downscaling was induced by 787 

increasing the activity of only the 1s motoneuron, but was manifest by decreasing 788 

release probabilities at both the manipulated 1s and the unmanipulated 1b boutons. 789 

Presynaptic downscaling decreased synaptic drive to the muscle: (a) stabilising 790 

muscle firing rates around the downshifted setpoint and homeostatically maintaining 791 

the wide variation in firing rates around that setpoint; and (b) maintaining robust 792 

muscle activity by preventing muscle firing rates from being displaced outside of the 793 

physiological range. An activity-dependent increase in 1s DVGLUT expression 794 

resulted in presynaptic downscaling, adding support to the idea that regulation of 795 

VGLUT expression plays a role in the recruitment of presynaptic compensatory 796 

adaptations (Daniels et al., 2004; De Gois et al., 2005; Gavino et al., 2015). Figure 9 797 

summarises our findings. 798 

 799 

Setpoint variations, robustness and stability 800 

Our findings regarding muscle activity appear to fit within the framework of biological 801 

robustness, a concept in systems biology which accounts for variations in setpoints 802 

to maintain robust function against perturbations (Csete and Doyle, 2002; Kitano, 803 

2004; Stelling et al., 2004; Kitano, 2007). Within that framework, a robust 804 

system/component can operate stably at different setpoints (Kitano, 2004, 2007). 805 
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That framework also accounts for setpoint shifts, as here, where excessive 1s neural 806 

drive to the muscle causes the muscle firing rate setpoint to downshift, without firing 807 

rates overshooting the physiological range (Figure 4I) (Kitano, 2004; Giachello and 808 

Baines, 2015). Through such shifts, robust muscle activity is afforded to potentially 809 

generate a wide range of contractions to drive varied movements under adverse 810 

conditions. 811 

 812 

Synaptic downscaling and presynaptic downscaling 813 

In synaptic downscaling, which operates centrally on the postsynaptic side, the 814 

quantal amplitudes are uniformly downscaled across all inputs, decreasing synaptic 815 

drive to the postsynaptic neuron (Turrigiano et al., 1998; Turrigiano and Nelson, 816 

2004). That decrease in synaptic drive affords stability by lowering firing rates back 817 

within the narrow setpoint range (Turrigiano et al., 1998; Turrigiano and Nelson, 818 

2004). In presynaptic downscaling, QCs are uniformly downscaled across all 819 

glutamatergic inputs through decreases in release probabilities (although uniform 820 

downscaling of QCs could also occur through decreases in active release site 821 

numbers (Karunanithi et al., 2020)). The downscaling of QCs decreases synaptic 822 

drive, affording robust and stable muscle activity. Activity-dependent uniform scaling 823 

appears to therefore operate on both the pre- and postsynaptic sides by scaling 824 

different determinants of synaptic strength to maintain target cell firing rates within 825 

operational range. When the operational range is narrow, like in neurons, uniform 826 

downscaling stabilises firing rates around a setpoint (Turrigiano et al., 1998; 827 

Turrigiano and Nelson, 2004). But when the range is wide, like in larval muscle, 828 

uniform downscaling stabilises firing rates around a different setpoint without 829 

displacing firing rates outside of the physiological range, maintaining robust outputs. 830 
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Activity-dependent uniform downscaling appears to therefore operate in different 831 

capacities in mammalian neurons and larval muscle. 832 

 833 

Presynaptic downscaling induction 834 

A difference between the induction of synaptic scaling centrally and of presynaptic 835 

downscaling peripherally, is that the former can be produced cell-autonomously, but 836 

not the latter. Synaptic scaling can be produced by directly changing the activity of a 837 

postsynaptic neuron (Ibata et al., 2008). Such scaling can be swift, produced in an 838 

hour, as the signals activated in response to changes in activity directly affect the 839 

synapses formed on that postsynaptic neuron (Ibata et al., 2008). Presynaptic 840 

downscaling, on the other hand, is produced by increasing the activity of a single 841 

input neuron. Induction signals, once initiated in that input neuron, would need to 842 

travel anterograde to the target cell, and then retrograde from the target cell to the 843 

different synaptic inputs to produce uniform downscaling. Induction signals could 844 

also involve signalling between 1b and 1s inputs, possibly like those reported among 845 

mammalian glutamatergic inputs (Kullmann, 2000; Weber et al., 2016). Those 846 

signalling pathways suggest that presynaptic downscaling induction is a relatively 847 

slow (requiring more than an hour, Figure 7) and non-autonomous process. Some 848 

candidate molecules carrying anterograde signals being vesicular glutamate and 849 

postsynaptic receptors, and retrograde signals could include Glass bottom boat 850 

(McCabe et al., 2003), Dystrophin (van der Plas et al., 2006), and Semaphorin 851 

(Davis and Muller, 2014; Orr et al., 2017). Molecules evidenced to mediate signalling 852 

among mammalian glutamatergic inputs include glutamate, calcium, protein kinase A 853 

and neurotrophic factors (Colgan et al., 2018; Dittmer et al., 2019). 854 

 855 
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Our experiments argue for presynaptic downscaling resulting from increased 1s 856 

DVGLUT expression following increased 1s motoneuron activity (Figure 8J). That 857 

order of process leading to presynaptic downscaling does not however imply direct 858 

causality among those steps. A number of intermediate steps may likely be involved, 859 

including retrograde signalling from the muscle (discussed above) to calibrate 860 

neurotransmitter release in order to prevent muscle activity from overshooting its 861 

physiological range. These possibilities need to be investigated in future work. 862 

 863 

Preservation of synaptic diversity 864 

Uniform scaling is proposed to maintain the relative differences among synapses 865 

around a setpoint to prevent disruption of mechanisms which rely on such 866 

differences being preserved (Turrigiano et al., 1998; Turrigiano, 2008). For example, 867 

in postsynaptic neurons within brain circuits, synaptic downscaling would enable 868 

synaptic inputs which underwent Hebbian potentiation to retain their stronger 869 

synaptic weighting relative to other inputs, while concurrently preventing such 870 

strengthening from causing runaway excitation (Turrigiano et al., 1998; Turrigiano, 871 

2008). In the periphery, recent work at the larval NMJ shows that 1b synapses 872 

primarily drive larval muscle contractions during crawling, whereas 1s synapses 873 

drive intersegmental coordination of muscle contractions (Newman et al., 2017). 874 

Neurotransmitter release differences between 1b and 1s synapses underlie the 875 

differential execution of these two functions (Ashley and Budnik, 2017; Newman et 876 

al., 2017). Our findings therefore suggest that uniform downscaling could preserve 877 

the relative neurotransmitter release differences to enable 1b and 1s synapses to 878 

continue driving these two functions against perturbations. Uniform downscaling on 879 

the pre- or postsynaptic sides could therefore afford stability within circuits by 880 
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maintaining the relative differences among synaptic inputs around a homeostatic 881 

setpoint. 882 

 883 

Presynaptic homeostatic depression (PHD) and presynaptic downscaling 884 

Larval NMJs display forms of compensatory adaptations which preserve strong 885 

muscular excitation in the face of perturbations. In those forms, EJP amplitude is 886 

homeostatically maintained through compensatory changes in both QC and quantal 887 

size (Davis, 2013; Davis and Muller, 2014). PHD is one such adaptation (Daniels et 888 

al., 2004; Gavino et al., 2015), where the increases in quantal sizes are offset by 889 

compensatory decreases in QCs at both 1b and 1s boutons (Li et al., 2018). PHD is 890 

induced by directly overexpressing DVGLUT into both 1b and 1s motoneurons 891 

(Daniels et al., 2004; Gavino et al., 2015), and as such, has not been shown to be 892 

induced by altered activity. By contrast, presynaptic downscaling causes a 893 

compensatory decrease in EJP amplitude (Figure 4B) to afford robust and stable 894 

muscle activity. It results following an activity-dependent increase in only 1s 895 

DVGLUT expression, causing the uniform downscaling of both 1b and 1s QCs 896 

(Figure 8J). PHD is therefore a compensatory adaptation which preserves muscular 897 

excitation by homeostatically maintaining EJP amplitude, whereas presynaptic 898 

downscaling is a compensatory adaptation which stabilises muscle activity by 899 

decreasing EJP amplitude. The two different adaptations are produced by two 900 

different patterns of DVGLUT expression, but both involve uniform decreases in QCs 901 

across inputs. However, in the case of presynaptic downscaling, the uniform 902 

decreases are activity-dependent. In this preparation, compensatory adaptations 903 

therefore not only regulate muscle excitation, but also muscle activity. 904 

 905 
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Implications for central processes 906 

Uniform downscaling has been implicated in processes related to sleep and memory. 907 

Work in mammalian brain circuits proposes that uniform downscaling of quantal 908 

amplitudes on the postsynaptic side renormalizes synapses during sleep following 909 

Hebbian potentiation throughout the day, and prevents runaway excitation following 910 

Hebbian potentiation during memory formation (Turrigiano et al., 1998; de Vivo et al., 911 

2017; Diering et al., 2017; Turrigiano, 2017). Our finding suggests that the scope for 912 

evaluating such a process should be broadened to include any uniform downscaling 913 

on the presynaptic side, and questions whether such downscaling would involve 914 

changes in vesicular neurotransmitter transporter expression. 915 

 916 

In future work, the molecular mechanisms underlying presynaptic downscaling will 917 

need to be elucidated, including identification of retrograde and anterograde signals, 918 

and the role of DVGLUT in such signalling. Assessments are also needed of how 919 

regulatory molecules, and changes in the activity profiles of the 1b motoneuron and 920 

both 1b and 1s motoneurons, contribute to robust and stable circuit function. Finally, 921 

detailed analysis of the frequency components within muscle bursts could provide 922 

better understanding of the mechanisms shaping muscle activity. 923 
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 1173 

Figure Legends 1174 

Figure 1: Third instar larval neuromuscular junction preparation 1175 

Experimental 3rd instar larval neuromuscular junction preparation (left). Diagram 1176 

shows the larval brain (CNS) and the commonly studied muscles (2, 6 and 7 in 1177 

segment A3). The 1b and 1s motoneurons innervating muscle 2 (left) form a 1178 

converging neuromuscular circuit (middle). 1s activity was increased. A live 1179 

preparation showing the 1b (red) and 1s (yellow) synaptic boutons which form 1180 

neuromuscular junctions with the muscle (right). The mitochondrial dye, 4-Di-2-Asp 1181 

(5 μM; red), was used to visualize the boutons. On muscle 2, RRAGal4 drives gene 1182 

expression in only the 1s motoneuron, as shown by the GFP expression in only the 1183 

1s boutons (yellowish green; produced by the merger of the red and green 1184 

channels). Scale bar, 10 μm.  1185 

 1186 

Figure 2: Determination of the neuronal and muscle firing rates within each 1187 

motor burst 1188 

A, Diagram illustrates the configuration for recording motor bursts from single 1189 

synaptic boutons (which constitute the nerve terminal) (left). The CNS was left intact. 1190 

Exemplary trace showing EJCs within a neuronal burst (red), and the 1st order 1191 

derivative of that raw data (grey) used for detecting the occurrence of EJCs within a 1192 

burst (right). The blue asterisks on the grey traces represent those events detected 1193 

as EJCs. The selection box is magnified to show the clear detection of EJCs as 1194 

events using the described settings. B, Configuration for recording motor bursts from 1195 

the muscle (left), presented as in (A). As in (A), but for detecting the EJPs within a 1196 

burst when recorded from muscle (right). 1197 
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 1198 

Figure 3: Increased 1s firing rate caused a compensatory decrease in muscle 1199 

firing rate 1200 

A, Exemplary traces of bursts of action potential-evoked 1b and 1s postsynaptic 1201 

excitatory junctional currents (EJCs) recorded from the indicated bouton and 1202 

genotypes (left). The graph of 1b and 1s mean motoneuron firing rates in individual 1203 

experiments in the indicated genotypes (right). B, Exemplary traces of motor bursts 1204 

from the indicated genotypes, consisting of action potential-evoked EJPs (left). In 1205 

those traces, the insets provide better time resolution of individual events (dotted) 1206 

within the bursts over a 100 ms window (blue rectangles). As observed, burst 1207 

duration increased in RRA>eagSh(DN) larvae (RRA/+= 2.71 + 0.18 s, N= 12; 1208 

RRA>eagSh(DN)= 3.95 + 0.39 s, N= 11; P= 0.0116) due to an increase in 1s burst 1209 

duration. Graph of the mean muscle firing rate in individual experiments in the 1210 

indicated genotypes (right). C, Exemplary traces of trains of motor bursts in muscle 1211 

from the indicated genotypes (left). Graph of the mean frequency of bursts in 1212 

individual experiments in the indicated genotypes (right). *P<0.05; #P<0.0001; NS, 1213 

not significant, P>0.05. Graphs show individual data points and error bars show 1214 

average + s.e.m. 1215 

 1216 

Figure 4: A decrease in synaptic drive afforded robust and stable muscle 1217 

activity 1218 

A, The firing rate of neurons are positively correlated to the synaptic drive they 1219 

receive. B, Diagram illustrates the configuration for recording compound EJPs from 1220 

the muscle using intracellular electrodes (left). Exemplary traces of EJPs from the 1221 

indicated genotypes (middle) and the graph of mean EJP amplitudes in individual 1222 
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experiments in control and RRA>eagSh(DN) larvae (right). C, mEJP traces (left) and 1223 

graph of mean mEJP amplitudes in individual experiments (right) for the indicated 1224 

genotypes. When changes in EJP and mEJP amplitudes in RRA>eagSh(DN) larvae 1225 

(EJP= 19.37 + 1.12 mV, N= 12; mEJP= 0.68 + 0.02 mV, N= 12) were compared to 1226 

the UAS/+ control (EJP= 24.76 + 1.0 mV, N= 11; mEJP= 0.60 + 0.02 mV, N= 12), 1227 

they yielded the same significant results (EJP: P= 0.0018; mEJP: P= 0.0024) as 1228 

when compared to RRA/+ control (EJP= 27.04 + 0.78 mV, N= 11; mEJP= 0.55 + 1229 

0.78 mV, N= 12; comparisons shown in (B) and (C)). We also ruled out that synaptic 1230 

physiology was unaffected by the position of transgene insertion and leaky 1231 

transgene expression, upon finding that there was no significant difference in EJP 1232 

(P= 0.0883) and mEJP (P= 0.0592) amplitudes between the RRA/+ and UAS/+ 1233 

controls. Subsequent comparisons of synaptic changes were therefore conducted 1234 

using only RRA/+ as control. D, Motor nerve terminals double-stained with HRP (red, 1235 

top panels) and BRP (green, bottom panels) antibodies in the indicated genotypes. 1236 

Selected BRP-labelled boutons were similarly magnified to highlight the occurrence 1237 

of the active zones on boutons (1b: *; 1s: #). Scale bar, 10 μm. Active zone numbers 1238 

per bouton were determined by counting the BRP puncta per bouton for 1s (RRA/+= 1239 

4.50 + 0.26, N= 81; RRA>eagSh(DN)= 6.70 + 0.42, N= 81; P<0.0001), and 1b 1240 

(RRA/+= 10.57 + 0.59, N= 69; RRA>eagSh(DN)= 10.05 + 0.64, N= 94; P= 0.5578) 1241 

boutons in both genotypes. E, No changes in absolute 1b and 1s nerve terminal 1242 

bouton numbers (left), or when normalised to muscle surface area (MSA) (right). F, 1243 

For each motoneuron type within each genotype, individual symbols in each column 1244 

represent the motoneuron firing rates within individual bursts, pooled from all 1245 

experiments (whereas in Figure 3A, right, each symbol represents the mean value 1246 

across multiple bursts in each experiment). Each column therefore displays the full 1247 
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range of firing rates recorded for each motoneuron type within each genotype. G, For 1248 

each genotype, individual symbols in each column represent the muscle firing rates 1249 

within individual bursts, pooled from all experiments (whereas in Figure 3B, right, 1250 

each symbol represents the mean value across multiple bursts in each experiment). 1251 

Each column therefore displays the full range of muscle firing rates recorded for 1252 

each genotype. The physiological range represents the full range of firing rates 1253 

observed in control (grey shaded area). H, The CV of muscle firing rates in individual 1254 

experiments for both genotypes. I, In RRA>eagSh(DN) larvae, the decrease in 1255 

synaptic drive (black arrow) caused the decrease in mean muscle firing rate from the 1256 

old setpoint (black dot) to the new setpoint (blue dot). The decrease in synaptic drive 1257 

did not however displace firing rates out of physiological range (grey shaded area, as 1258 

shown in (G)), or change the relative variation in firing rates around the downshifted 1259 

setpoint (CV2, blue shaded area represents the mean value in (H)) compared to 1260 

control (CV1, charcoal shaded area represents the mean value in (H)). Muscle 1261 

activity therefore remained robust and stable. ***P<0.001; #P<0.0001; NS, not 1262 

significant, P>0.05. Graphs show individual data points and error bars show average 1263 

+ s.e.m. 1264 

 1265 

Figure 5: Presynaptic downscaling decreased synaptic drive 1266 

A, Diagram illustrates the configuration for focal macropatch recordings from single 1267 

boutons (left). Electrode placement, enclosing either a 1b (i, ii), or 1s (iii, iv) synaptic 1268 

bouton (right). Scale bar, 5 μm. B, Exemplary traces of EJCs and mEJCs (inset, 1269 

including scale bar), recorded from the indicated bouton types in the two genotypes. 1270 

Experiments were performed in 1.0 mM [Ca2+]o. C, Normalised EJC and mEJC 1271 

amplitudes, and QC. Those parameters were normalised to their respective 1272 
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averages in RRA/+ for EJC (1b: 0.57 + 0.05 mV, N= 15; 1s: 1.08 + 0.07 mV, N= 10; 1273 

P<0.0001), mEJC (1b: 0.22 + 0.01 mV, N= 15; 1s: 0.35 + 0.03 mV, N= 11; P= 1274 

0.0017) and QC (1b: 2.44 + 0.15, N= 14; 1s: 3.17 + 0.22, N= 11; P= 0.0115). Also 1275 

shown is the QC 1s/1b ratio, equalling 1 in control. D, Illustration of the difference 1276 

between quantal released per stimulus and QC. E, The cumulative frequency 1277 

distributions of the quanta released per stimulus. F, The standardised cumulative 1278 

frequency distributions of the quanta released per stimulus. G-H, QC is presented in 1279 

(C). QC was derived using the method of failures. All experiments performed in 0.5 1280 

mM [Ca2+]o. Exemplary traces of 1b and 1s EJCs recorded from the indicated 1281 

genotypes (G). Normalised graph of QC as presented in (C). Normalisation was to 1282 

their respective averages in RRA/+ (1b: 0.30 + 0.03, N= 9; 1s: 0.80 + 0.06, N= 7; 1283 

P<0.0001). Also shown on that normalised graphs are the QC 1s/1b ratios. *P<0.05; 1284 

**P<0.01; #P<0.0001; NS, not significant, P>0.05. Graphs show individual data 1285 

points and error bars show average + s.e.m. 1286 

 1287 

Figure 6: Decreases in release probability caused presynaptic downscaling 1288 

A, Figure illustrates a presynaptic nerve terminal composed of a number of release 1289 

sites (T-bars). Vesicles release neurotransmitter from a number of active release 1290 

sites (*; n), and those active release sites release neurotransmitter with an average 1291 

release probability p. B, Normalised QC, n and p presented as in Figure 5C. Those 1292 

parameters were normalised to their respective averages in RRA/+ for QC (1b: 2.44 1293 

+ 0.15, N= 14; 1s: 3.17 + 0.22, N= 11; P=0.0115), p (1b: 0.78 + 0.04, N= 13; 1s: 1294 

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; 1295 

P= 0.0383). C, Rank-ordered plot of p in RRA>eagSh(DN) larvae versus those in 1296 

control. D, Rank-ordered plot of n as in (C). E, Normalised QC and p1 presented as 1297 
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in (B) from experiments performed in 0.5 mM [Ca2+]o. Those parameters were 1298 

normalised to their respective averages in RRA/+ for QC (1b: 0.30 + 0.03, N= 9; 1s: 1299 

0.80 + 0.06, N= 7; P<0.0001) and p1 (1b: 0.22 + 0.01, N= 9; 1s: 0.35 + 0.01, N= 7; 1300 

P<0.0001). F, Rank-ordered plot of p1 in RRA>eagSh(DN) larvae versus those in 1301 

control. G, Figure summarises the concept of presynaptic downscaling. The increase 1302 

in 1s firing rate causes the uniform downscaling of 1b and 1s QCs (downward 1303 

arrows), where fewer vesicles release neurotransmitter, due to decreases in release 1304 

probabilities. Presynaptic downscaling causes the decrease in synaptic drive to 1305 

afford robust and stabilise muscle activity. *P<0.05; **P<0.01. Graphs show 1306 

individual data points and error bars show average + s.e.m. 1307 

 1308 

Figure 7: Acute increase in 1s activity caused presynaptic downscaling 1309 

A-B, 1s activity was acutely increased using the TARGET gene expression system. 1310 

Exemplary 1b and 1s EJC traces for the indicated genotypes (A). Elevated 1311 

temperature shift protocol for conditionally increasing neuronal activity (B, top). 1312 

Shown are the developmental stages (E: embryo; L1-3: larval stages), the 1313 

developmental stage of and the duration of temperature elevation, and the time of 1314 

experimentation (B). In GFP-tagged RRAGal80ts>eagSh(DN) larvae, GFP 1315 

fluorescence was only detected in motoneurons when larvae were exposed to 32Co, 1316 

but not to 19 Co(right), indicative of transgene activation at only the elevated 1317 

temperature (B, right). Scale bar, 200 μm. Graph shows normalised QC and p1 for 1318 

RRAGal80ts>eagSh(DN) larvae presented as in Figure 6E, and the QC 1s/1b ratio (B, 1319 

bottom). Those parameters were normalised to their respective averages in 1320 

RRAGal80ts/+ for QC (1b: 0.29 + 0.03, N= 12; 1s: 0.57 + 0.05, N= 11; P= 0.0004) and 1321 

p1 (1b: 0.21 + 0.02, N= 12; 1s: 0.31 + 0.01, N= 11; P= 0.0002). The %failures is 1322 
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inversely correlated with QC and p1 for both bouton types in RRAGal80ts>eagSh(DN) 1323 

larvae (1b: RRAGal80ts/+= 75.0 + 2.5 %, N= 12; RRAGal80ts>eagSh(DN)= 89.3 + 1.7 %, 1324 

N= 12; P= 0.0002; 1s: RRAGal80ts/+= 57.5 + 2.9 %, N= 11; RRAGal80ts>eagSh(DN)= 1325 

79.8 + 3.0 %, N= 12; P<0.0001). Controls were subjected to the same temperature-1326 

shift protocol. C-D, As in (A) and (B) following an acute increase in 1s activity in 1327 

RRA>dTRPA1 larvae by using dTRPA1 channels. Those parameters were 1328 

normalised to their respective averages in RRA/+ for QC (1b: 0.33 + 0.04, N= 12; 1s: 1329 

0.50 + 0.05, N= 11; P= 0.015) and p1 (1b: 0.23 + 0.02, N= 12; 1s: 0.29 + 0.02, N= 1330 

11; P= 0.0154). The %failures is inversely correlated with QC and p1 for both bouton 1331 

types in RRA>dTRPA1 larvae (1b: RRA/+= 72.6 + 2.9 %, N= 12; RRA>dTRPA1= 1332 

84.2 + 1.2 %, N= 12, P= 0.0023; 1s: RRA/+= 61.6 + 2.9 %, N= 11; RRA>dTRPA1= 1333 

73.4 + 3.1 %, N= 12, P= 0.0118). All experiments performed in 0.5 mM [Ca2+]o. 1334 

*P<0.05; **P<0.01; ***P<0.001; #P<0.0001. Graphs show individual data points and 1335 

the error bars show average + s.e.m. 1336 

 1337 

Figure 8: Activity-dependent increase in 1s DVGLUT expression caused 1338 

presynaptic downscaling 1339 

A, DVGLUT loads glutamate into synaptic vesicles. B, DVGLUT overexpression into 1340 

the 1s motoneuron causes more of it to be incorporated into synaptic vesicles. C-D, 1341 

Exemplary traces of EJPs and mEJPs from the indicated genotypes (C). 1342 

Experiments were performed in 1.0 mM [Ca2+]o using HL3 solution. Normalised 1343 

graph of EJP and mEJP amplitudes, and QC for the indicated genotypes (D). Those 1344 

parameters were normalised to their respective averages in RRA/+ for EJP (22.17 + 1345 

1.51 mV, N= 10), mEJP (0.65 + 0.02 mV, N= 19) and QC (37.87 + 3.41, N= 10). E-F, 1346 

Exemplary 1b and 1s EJC traces from the indicated genotypes (E). Normalised 1347 
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graph of QC, p1 and the QC 1s/1b ratio presented as in Figure 7B when DVGLUT 1348 

was overexpressed or knocked down (F). Those parameters were normalised to 1349 

their respective averages in RRA/+ for QC (1b: 0.30 + 0.03, N= 9; 1s: 0.80 + 0.06, 1350 

N= 7; P<0.0001) and p1 (1b: 0.22 + 0.01, N= 9; 1s: 0.35 + 0.01, N= 7; P<0.0001). 1351 

The %failures is inversely correlate with the values of QC and p1 for both bouton 1352 

types in both genotypes (1b: RRA/+= 74.2 + 1.8 %, N= 9; RRA>DVGLUT= 90.2 + 1353 

1.6 %, N= 11, P<0.0001; RRA>DVGLUT RNAi= 71.2 + 1.9 %, N= 12, P= 0.2828; 1s: 1354 

RRA/+= 45.4 + 2.8 %, N= 7; RRA>DVGLUT= 78.4.3 + 2.4 %, N= 13, P<0.0001; 1355 

RRA>DVGLUT RNAi= 79.0 + 1.2 %, N= 11, P<0.0001). Experiments performed in 1356 

0.5 mM [Ca2+]o. G, DVGLUT RNAi expression in the 1s motoneuron significantly 1357 

reduced DVGLUT mRNA expression. H, Figure illustrates the uniform downscaling 1358 

of 1b and 1s QCs, where fewer vesicles release neurotransmitter, following 1359 

overexpression of DVGLUT in only the 1s motoneuron. I-J, Shown is the hypothesis 1360 

being tested, where presynaptic downscaling results from an increase in 1s DVGLUT 1361 

expression following an increase in 1s motoneuron activity (I, top). Exemplary 1b and 1362 

1s EJC traces from the indicated genotypes when DVGLUT was overexpressed or 1363 

was knocked down in RRA>eagSh(DN) larvae (I, bottom). Normalised graph of QC, 1364 

p1 and QC 1s/1b ratio, presented as in (F), when DVGLUT was overexpressed or 1365 

was knocked down in RRA>eagSh(DN) larvae (J). Experiments performed in 0.5 mM 1366 

[Ca2+]o. The %failures is inversely correlate with the values of QC and p1 for both 1367 

bouton types in both genotypes (1b: RRA/+= 74.2 + 1.8 %, N= 9; RRA>eagSh(DN), 1368 

DVGLUT= 87.5 + 2.0 %, N= 12, P<0.0001; RRA>eagSh(DN), DVGLUT RNAi= 71.2 1369 

+ 1.9 %, N= 12, P= 0.6033; 1s: RRA/+= 45.4 + 2.8 %, N= 7; RRA> 1370 

eagSh(DN),DVGLUT= 74.6 + 2.9 %, N= 11, P<0.0001; RRA> eagSh(DN),DVGLUT 1371 

RNAi= 79.0 + 1.2 %, N= 11, P<0.0001). **P<0.01; ***P<0.001 and #P<0.0001; NS, 1372 
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not significant, P>0.05. Graphs show individual data points and the error bars show 1373 

mean + s.e.m. 1374 

 1375 

Figure 9: Summary of how presynaptic downscaling affords robust and stable 1376 

muscle activity 1377 

Left, 1b firing rate is normally higher than 1s firing rate (top). 1b and 1s 1378 

neurotransmitter release (releasing vesicles), which are influenced by their release 1379 

probabilities (p), regulate synaptic drive (EJP) to the muscle in order to control the 1380 

muscle’s firing rate. Muscle firing rates are maintained stably around a setpoint 1381 

(black trace) and within physiological range (grey area), affording robust function. 1382 

The relative variation in firing rates around the setpoint is wide (charcoal area). 1383 

Right, The increase in 1s firing rate (top) produces an activity-dependent increase in 1384 

1s DVGLUT expression (red labels on 1s releasing vesicles), resulting in decreases 1385 

in 1b and 1s release probabilities (p). Those decreases cause presynaptic 1386 

downscaling (downward brown arrows). Presynaptic downscaling causes a decrease 1387 

in synaptic drive (EJP). That decrease downshifts the mean muscle firing rate to a 1388 

new setpoint (blue trace) without displacing firing rates outside of the physiological 1389 

range (grey area). That decrease did not however constrain the relative variation in 1390 

firing rates around the new setpoint (light blue area) because that variation was 1391 

maintained homeostatically to that observed in control (charcoal area). Presynaptic 1392 

downscaling therefore afforded robust and stable muscle activity. 1393 
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