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ABSTRACT 

Studies of synaptic homeostasis during muscle fiber (MF) growth in Drosophila larvae 

have focused on the regulation of the quantal content of transmitter release.  However, early 

studies in crayfish and frog suggested that regulation of quantal current size may be an integral 

mechanism in synaptic homeostasis.  To examine this further in Drosophila, we compared the 

electrical properties, minEPSPs and minEPSCs in different-sized MFs in third-instar larvae and 

for a single MF during larval growth. The third-instar MFs showed differences in input 

resistance due to differences in size and specific membrane resistance.  We found that electrical 

coupling between MFs did not contribute substantially to the electrical properties; however, the 

electrode leak conductance and a slower developing increase in membrane conductance can 

influence the electrical recordings from these MFs.  Our results demonstrated that larger MFs 

had larger minEPSCs to compensate for changes in MF electrical properties.  This was most 

clearly seen for MF4 during larval growth from the second to third instar.  During a predicted 

80% decrease in MF input resistance, the minEPSCs showed a 35% increase in amplitude and 

165% increase in duration.  Simulations demonstrated that the increase in minEPSC size resulted 

in a 129% increase in minEPSP amplitude for third-instar larvae; this was mainly due to the 

increase in minEPSC duration.  We also found that MFs with common innervation had similar-

sized minEPSCs suggesting that MF innervation influences minEPSC size.  Overall, the results 

showed that increased quantal content and quantal current size contribute equally to synaptic 

homeostasis during MF growth.   

 

 

KEYWORDS: synapse, homeostasis, Drosophila, neuromuscular junction 
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INTRODUCTION 

 The matching of synaptic currents to changing postsynaptic electrical properties is an 

adaptive requirement for peripheral and central synapses during growth.  Much of our knowledge 

of synaptic adaptations and homeostasis during growth has come from studies of the 

neuromuscular junction (NMJ) in vertebrates and invertebrates.  Early studies showed that the 

release of more vesicles of transmitter (greater quantal content) at the NMJ contributed to the 

maintenance of EPSP amplitude (synaptic homeostasis) during growth of muscle fibers (MFs) in 

the lobster and crayfish [7;25].  In addition, compensatory differences in quantal content were 

reported for different-sized MFs in adult vertebrate muscle: NMJs on larger MFs had greater 

quantal content than those on smaller MFs [14;21].  The quantal content increase during growth 

was dependent upon enlargement of the MF since reducing MF growth reduced the increase in 

quantal content [25].  Later studies in Drosophila larvae demonstrated that the quantal content 

increase was a direct response to decreased synaptic strength; decreasing postsynaptic receptor 

density or muscle membrane resistance during MF growth enhanced the quantal content increase 

[4;9;27;29].  The mechanisms responsible for this retrograde control of transmitter release have 

been extensively studied at the Drosophila larval NMJ [6]. 

 The contribution of changes in the synaptic current produced by individual vesicles of 

transmitter (quantal currents) to synaptic homeostasis at the Drosophila larval NMJ has not been 

explored although there is evidence for this in other systems.  During MF growth in the crayfish, 

there was approximately a three-fold increase in the amplitude and duration of miniature 

excitatory postsynaptic currents (minEPSCs), which partially compensated for the decrease in 

MF input impedance [24].  In adult snake muscle, quantal current amplitude was correlated with 

MF size [39].  The Drosophila larval NMJ is a well-defined and accessible system for 
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quantifying changes in quantal currents; it contains identified MFs with stereotypic innervation 

by glutamatergic synapses.  The short, isopotential MFs facilitate voltage-clamp analysis of 

synaptic currents; however, quantal currents have not previously been compared at different MFs 

in third-instar larvae, nor have they been followed at a single MF during larval growth.   

 Here we tested the hypothesis that adaptive mechanisms at glutamatergic neuromuscular 

synapses in Drosophila larvae regulate quantal current.  To examine this, we compared the 

electrical properties, miniature excitatory postsynaptic potentials (minEPSPs) and minEPSCs for 

four different-sized MFs in third-instar larvae.  In addition, the minEPSCs were examined for an 

identified MF during growth from a second to third-instar larvae.  Modeling studies were 

performed to quantify the contribution of changes in quantal currents to synaptic homeostasis.  

We find clear evidence that an increase in minEPSC size plays a prominent role in synaptic 

homeostasis during MF growth. 

 

 

METHODS 

Experiments were performed on MFs 4, 5, 6 and 7 in segments 3 and 4 of second-instar 

or wandering third-instar Canton-S (CS) Drosophila female larvae. We distinguished second and 

third-instar larvae by their size and the dentation of their mouthhooks [2].  To access the NMJs, 

the larvae were pinned out in a physiology chamber and after an incision through the dorsal body 

wall, the internal organs were removed to expose the body-wall muscles.  Then the segmental 

nerves were cut and the brain was removed.  For current-clamp experiments and recording 

minEPSPs, we used HL3.1 saline [12] with 1.5 mM Ca2+.  HL3 saline [38] containing 1 mM 

Ca2+ was used for voltage-clamp experiments since the noise levels appeared lower in this saline; 
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this was apparently due to a higher membrane resistance in this saline.  All experiments were 

performed at room temperature (20o C). 

 

Electrophysiology.  We recorded spontaneous minEPSPs or minEPSCs using sharp 

microelectrodes (10–30 MΩ filled with 3 M KCl) connected to Axoclamp 2A or GeneClamp 500 

(Molecular Devices, Sunnyvale, CA).  Higher resistance electrodes were used for recording 

minEPSPs and electrical properties; lower resistance electrodes were used for recording 

minEPSCs using two-electrode voltage clamp.  In these experiments we never observed 

spontaneous nerve activity resulting in evoked transmitter release.  Data were acquired (sampling 

rate 10 kHz) using a Digidata 1440A digitizer (Molecular Devices) and pCLAMP 10.3 software 

(Molecular Devices).   Input resistance (Rin) was measured in current clamp with a single 

electrode and the electrode resistance was digitally subtracted.  The inter-segmental coupling 

resistance between MFs was measured by recording from MFs in adjacent segments during 

alternate current injections.  The coupling resistance was calculated as in a previous study [1].   

For two-electrode voltage clamping, the current electrode was surrounded by a grounded shield 

to reduce capacitive coupling and the holding potential was set at -60 mV.   

 We observed a change in RMP and Rin after penetrating some of the MFs.  This was 

examined by measuring the RMP and Rin every 30 sec for 5 min. after inserting the electrodes.  

After 5 min., changes were observed for MF4 (n= 9), 5 (n=13) and 7 (n=12), but not for MF6 

(n=12).  MF4 and 5 showed a significant increase in the RMP and there was a significant 

decrease in the Rin for MF5 and 7 (p< 0.05; paired t-test).   The increase in RMP first appeared to 

represent increased membrane-electrode sealing resulting in an increase in electrode shunt 

resistance (Rsh); however, this seemed unlikely since we observed decreases in Rin.  Thus, the 
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slow increase in RMP appeared to result from the activation of a membrane conductance.  We 

found that there was no change in Rin or RMP during the first minute after penetrating the MFs; 

therefore, all measurements of electrical properties and minEPSPs were performed during this 

first minute 

 

Data Analysis.  Spontaneous miniature events were identified using MiniAnalysis (Synaptosoft); 

the minEPSCs were aligned by their half-rise time and each data point was averaged. These 

averaged traces were analyzed in SigmaPlot 12.3 (SPSS, Plover, WI) to determine their 

amplitude and decay time constant (τdecay).  We used averaged traces for measurements since the 

automated measurements of single events provided by MiniAnalysis were greatly influenced by 

the noise levels.  A previous study found that these minEPSCs often show a shoulder before the 

exponential decay phase due to prolonged glutamate release resulting from slow dilation of the 

vesicle fusion pore [28].  Therefore, we measured the minEPSC τdecay by fitting an exponential 

function to the decay beginning at the half-amplitude as in a previous study [15].  The mean 

values are presented as mean ±standard error.   

 

Calculation of electrical properties and modeling of minEPSPs. The specific membrane 

resistance (Rm) and specific membrane capacitance (Cm) were estimated from the equations: Rm 

= (Rin)(total SA) and Cm = τm/Rm.  The dorsal surface area (SA) of the MF was measured and 

doubled to give the total surface area (total SA); this provided a good estimate of the total SA 

since MFs are flat (MF width/thickness was typically 4-5) with tapered edges. Rin was measured 

by applying a series of 600 ms hyperpolarizing current pulses in 1 nA increments; Rin was 

calculated for hyperpolarizations less than 40 mv and averaged to give a single value.  Note that 
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the IV curve was almost linear in this range; e.g., hyperpolarizations 30-40 mV gave a Rin 10% 

greater than hyperpolarizations of 0-10 mV for MF6 (n= 25). The membrane time constant (τm) 

was determined by fitting an exponential curve to the voltage decay using pCLAMP 10.3 

software.   

 We used Virtual Cell software [31;34] to model the generation of minEPSPs using a 

single-compartment model with membrane reactions describing the currents resulting from the 

synaptic and resting conductances as in our previous study [13].  The time course of the synaptic 

conductance (Gsyn) was simulated using the equation:  Gsyn =  K(e-t/τ2 - e-t/τ1)Gsyn peak; where K is a 

scaling constant, τ1 is the rise time constant, τ2 is the decay time constant, and Gsyn peak is the peak 

Gsyn [19].  Gsyn peak was calculated from the minEPSCs amplitude using a reversal potential of -1 

mV [18].  Values for K, τ1, and τ2 were chosen to give the best fit to the minEPSC waveform.  

This Virtual Cell Model, minepsp, is available in the public domain at http://www.vcell.org/ 

under the shared username gregL. 

 

RESULTS 

Electrical properties of different-sized MFs. In third-instar larvae, we examined four MFs that 

showed a range of sizes and innervation patterns.  MF5 and 7 are small fibers whereas MF4 and 

6 are among the largest ones (Fig. 1A).  Typically, larval MFs receive both an Is (small boutons) 

and Ib (big boutons) terminal, both produce fast synaptic transmission.  MFs generally do not 

share their Ib innervation with other fibers but the axons supplying Is terminals innervate 

multiple fibers [16;23].  The adjacent MF6 and 7 are unusual since they are innervated by the 

same 2 axons and often the same Is and Ib terminals contact both fibers [23].  MF4 and 5 do not 
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share innervation with any of the four fibers.  In addition, MF5 is unique receiving an Ib terminal 

but not an Is terminal.      

We first compared the size and electrical properties of these four muscle fibers.  The 

dorsal surface area (SA) of MF4, 5, 6 and 7 was measured (Fig. 1A).  The SA of the largest 

muscle fibers (MF6 and 4) was about twice that of the smallest ones (MF7 and 5).  We injected 

current into the muscle fibers and measured the Rin using a single electrode (Fig. 1B).  In 

general, the smaller MFs had greater Rin than the larger ones as expected (Fig. 1B,C); however, 

the Rin was significantly greater for MF5 than MF7 even though they were similar in size.  This 

points to differences in Rm, which was greater for MF4 (8.6 kΩ cm2) and MF5 (8.7 kΩ cm2) 

compared to MF6 (5.9 kΩ cm2) and MF7 (4.7 kΩ cm2).  The greater Rm for MF4 and 5 was 

reflected in their longer τms: MF4 and 5 had a τm near 35 ms., whereas, the τm was about 24 ms. 

for MF6 and 7 (Fig. 1C).  The Rm and τm gave a Cm of 4-5 µF/cm2 for the four fibers.  In muscle, 

the Rm is usually underestimated and the Cm overestimated due to membrane infolding [10;17].  

The electrical coupling between these larval MFs in adjacent segments could contribute to Rin.  

Nonetheless, the effect would be small since we found that the coupling resistance between 

adjacent fibers for MF6 and 7 was approximately 60 MΩ and it was about 140 MΩ for MF4; 

there was no apparent electrical coupling for MF5.  The resting membrane potential (RMP) was 

similar for all the MFs except for MF5, which had a significantly smaller RMP (Fig. 1C).   

 

Source of error in measuring MF electrical properties.  We found that the electrical recordings 

from these MFs were influenced by leakage around the electrode (Rsh).  Early studies of the frog 

NMJ reported a large range of Rsh (5-100 MΩ) with an average around 10 MΩ; this Rsh had 

minimal effect on recordings from frog twitch MFs due to their low Rin (< 1 MΩ) but greater 
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effects on the RMP and Rin of slow MFs, which had higher Rin (4-5 MΩ) [17;36].  Given the 

relatively high Rin for the larval MFs, the Rsh would be expected to affect these electrical 

recordings.  We briefly examined the effect of Rsh by recording the Rin before (Rin
A) and after 

(Rin
B) the introduction of a second electrode in MF6.  We found that penetration by a second 

electrode resulted in an immediate 27.0 ±4.9 % (n=7) reduction in Rin presumably due to the 

introduction of a second Rsh.  Based upon a circuit containing the parallel resistors Rsh and Rin, 

Rsh was calculated from the equation: Rsh = (Rin
A)(Rin

B)/(Rin
A - Rin

B).  The average Rsh was 33.4 

±14.7 MΩ (n= 7) and showed considerable variability; the electrode resistance for the second 

electrode was 20-30 MΩ. This Rsh would result in an underestimation of the RMP, Rin and Rm.  

In addition, since the effect of Rsh would be greater for MFs with higher Rin, we would expect 

that the differences in Rin and Rm for these MFs were greater than our values show.  For RMPs, it 

seemed likely that MF5’s relatively low RMP was due to its high Rin; we corrected the RMPs for 

the Rsh to explore this possibility.  Based upon the equivalent circuit where the RMP battery and 

Rin are in parallel with the electrode leak battery (0 potential) and Rsh, the corrected RMP (RMP′) 

is given by the equation: RMP′ = RMP(Rin + Rsh)/Rsh; where RMP is the measured RMP.  RMP′ 

for the four MFs were very similar ranging from -76.8 to -79.8 (Fig. 1C).  The RMP′ should be 

taken as an approximation given the high variability in Rsh; however, it appears very likely that 

the RMP in MF5 is similar to that in the other MFs and our low values for MF5 were an artifact 

produced by Rsh.   

Although the Rsh produced errors in the measurements of electrical properties and 

minEPSPs, it should have no effect on the conclusions of this study.  The electrical properties 

were used to predict the properties of the minEPSPs (below) and since both were recorded under 
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the same conditions (similar Rsh ) the comparisons were valid.  Of course, the Rsh should not 

affect the measurement of minEPSCs. 

 

Differences in minEPSPs in different-sized MFs.  Based upon the MF’s electrical properties, the 

predicted differences in minEPSP amplitude were modeled assuming that the Gsyn producing the 

minEPSP was constant (see Methods).  Based upon these simulations, we found that MF5 should 

have the largest minEPSPs followed by MF7, 6 and 4 (Fig. 2A).  To test whether this occurred, 

we examined the minEPSPs in the four MFs; spontaneous minEPSPs were recorded during the 

first minute after penetrating the MF (Fig. 2B).  The minEPSPs were averaged to give a single 

trace for each MF and measurements were made from the averaged trace (see Methods). 

 In general, we found that the relative minEPSP amplitudes were similar to the expected 

pattern (Fig. 2C).  As predicted, the minEPSP amplitude for MF6 was 72% of that seen in MF7; 

however, the minEPSP amplitude for MF5 was not as large as predicted in relation to the other 

fibers.  This observation was underscored when comparing MF5 to MF4; the minEPSP 

amplitude in MF4 was predicted to be 53% of that in MF5 but instead it was 80% and the 

difference between MF4 and 5 was not significant.  The minEPSP τdecay was smaller for MF6 and 

7 compared to MF4 and 5; this is consistent with the differences in the τm for these MFs (Fig. 

2C).   

 

Comparison of minEPSCs in different-sized MFs.  We examined the quantal currents in these 

four MFs by voltage clamping them and measuring the amplitude and duration of the 

spontaneously occurring minEPSCs (Fig. 3A).  The minEPSCs were recorded for approximately 

3 min. and averaged to give a single trace, which was used to measure the amplitude and decay.   
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MFs 6 and 7 had very similar minEPSCs, their amplitudes and τdecays were not significantly 

different (Fig. 3B,C).  This was expected since the differences in their minEPSP amplitudes were 

similar to those predicted by their MF electrical properties assuming a constant minEPSC.  The 

MF4 minEPSC amplitude was significantly greater than that found in MF5.  Here, the larger 

fiber with the lower input impedance had the larger minEPSC; this was presumably responsible 

for the similarity in the minEPSP amplitudes for MF4 and 5.   

It was surprising that MF6 and 7 had comparable minEPSCs in spite of the differences in 

MF size; this could be due to their shared innervation.  If the innervation influences quantal 

current size, then we would expect that minEPSC size in the two fibers should be correlated.  We 

analyzed experiments where we recorded minEPSCs from MF6 and 7 pairs in the same 

hemisegment (Fig. 4).  We found that minEPSC amplitudes recorded from MF6 were strongly 

correlated with those found in the adjacent MF7.  This suggests a role for the nerve in regulating 

the size of quantal currents. 

  

minEPSC size increases during MF growth.  To determine whether an increase in quantal 

currents contributed to synaptic homeostasis during growth, we compared MF4 minEPSCs in 

second and third-instar larvae.  Larvae undergo considerable growth from the second to third 

instar and MF4 showed about a 5-fold increase in SA (Fig. 5A).  It was previously found that Rm 

did not change during growth of crayfish MFs [24]. Assuming that Rm remains constant during 

growth of MF4, the projected Rin for MF4 in second instars was 40.2 MΩ; therefore, the Rin 

decreased by 80% during growth from a second to third instar.   Note that if the effects of Rsh 

were considered, the Rin for both second and third instars would increase by approximately 20%.  

During growth, we found a large increase in minEPSC size (Fig. 5B): there was a significant 
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increase in both the amplitude (35%) and τdecay (165%) resulting in a 252% increase in charge 

transfer   

The effect of the increase in minEPSC size on minEPSP size was examined using 

simulations.  In our simulations, we used the Gsyn derived from minEPSC measurements from 

MF4 in second and third instar larvae (Fig. 5), values for Rm, Cm and RMP were taken from MF4 

in third-instar larvae (Fig. 1) and the MF4 SAs were from second and third-instar larvae (Fig 5).  

According to the simulations, the minEPSP amplitude decreased from 1.64 mV in the second 

instar to 0.78 mV in the third instar (Fig. 6A).  Note that the third-instar simulated minEPSP 

amplitude was very similar to our measured minEPSP amplitude (.79 mV).  Their waveforms 

were also similar with the exception that the recorded minEPSP showed a more rapid initial 

decay; we do not know the reason for this discrepancy.  If there was no increase in the quantal 

currents during growth, the minEPSP amplitude would be predicted to decrease to 0.34 mV in 

the third instar (Fig. 6B).  The increase in quantal current contributes to homeostasis of EPSP 

amplitude during growth since the minEPSP amplitude in third-instar larvae was 129% greater 

than it would be without an increase in quantal current.  Given the remaining difference between 

the second and third-instar minEPSP amplitudes, quantal content would need to increase by 

110% to maintain a stable EPSP amplitude during growth. 

The quantal current change during growth involves both increased minEPSC amplitude 

and duration.  To compare their effects on the minEPSP, we simulated the increase in minEPSC 

amplitude without the increase in duration; the resultant minEPSP amplitude in third-instar MFs 

was 0.45 mV (Fig. 6C).  Therefore, the increase in minEPSC amplitude during growth only 

contributed 32% to the total 129% increase in minEPSP amplitude and the increase in minEPSC 

duration had a greater effect on synaptic homeostasis. 



13 
 

DISCUSSION 

MF Electrical properties and minEPSPs.  We measured the electrical properties of the MFs and 

found that there was almost a 4-fold range of Rin due to differences in MF size and Rm.  These 

differences in Rin and Rm were likely underestimations due to the Rsh.  Our Rin were generally 

higher than previously reported for third-instar larval muscle fibers (e.g. MF6 in [18;23]) and this 

was likely due to using a single electrode and making measurements soon after penetrating the 

fibers.  During prolonged recordings, the Rin was often seen to decrease and the RMP increase, 

this was particularly true for MF5.  The reduction in Rin and increase in RMP would be 

consistent with activation of a Ca2+-dependent K+ conductance; this is supported by our previous 

findings that activation of the Drosophila SK (dSK) channel is involved in generating the RMP 

in larval MFs [13].  The electrode leak could have the dual effect of initially reducing the RMP 

and Rin by shunting the membrane currents and subsequently activating the dSK channel by 

allowing Ca2+ influx; this would further reduce Rin but increase the RMP during prolonged 

recordings.  This is similar to the effect reported when recording from neurons in the CNS with 

sharp electrodes [35].   

 The differences in MF Rin and τm were predicted to result in differences in minEPSP 

amplitude and decay.   MF4 and 5 had minEPSP τdecays that were longer than those seen in MF6 

and 7 consistent with their differences in τm.  The predicted differences in minEPSP amplitude 

were also seen; however, some differences were not as great as predicted suggesting 

compensatory changes in minEPSC size. 

 

Larger fibers showed a compensatory increase in minEPSC size.  We recorded minEPSCs from 

the four MFs and measured the minEPSC amplitude and τdecay.  Our values for the MF6 
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minEPSCs were similar to previously reported ones.  Voltage-clamp studies of MF6 (holding 

potential -70mV) gave minEPSC amplitudes of 0.5 to 0.6 nA [30;33], which is similar to our 

value of 0.43 nA, considering that our holding potential was -60 mV.  A previous study 

examined the minEPSC τdecay by recording synaptic currents near the MF6-7 cleft using an 

extracellular electrode, which provides the most reliable measure of the synaptic current 

waveform [15].  This gave a minEPSC τdecay of 4.4 ms., which is very close to our value of 4.2 

ms. for MF6. 

MF4 and 5 showed the greatest difference in size and input impedance encountered by 

the synaptic current; i.e. they had the largest predicted difference in minEPSP amplitude 

assuming a constant minEPSC.  We found that MF4 had a greater minEPSC amplitude than 

MF5; this appears to be a compensatory response to these differences in MF size and input 

impedance.  This finding is consistent with adult snake muscle where both quantal content and 

quantal current amplitude were positively correlated with fiber size [39].   Alternatively, our 

difference in minEPSC amplitude could reflect differences in the innervation: MF4 minEPSCs 

arise from both Is and Ib terminals, whereas, MF5 only receives an Ib terminal.  A previous 

study found that Is terminals had larger synaptic vesicles and produced greater amplitude 

minEPSCs than Ib terminals for MF6 [20;28].  If the Is and Ib terminals on MF 4 and 5 show 

similar differences, this could lead to a larger mean minEPSC amplitude for MF4.   

 To further explore the effect of MF size on minEPSC size, we examined MF4 during 

larval growth from a second to third-instar. During this period, the SA of MF4 increased 5-fold 

resulting in a large predicted decrease in the MF input impedance.  Here we found clear evidence 

that minEPSC size is related to MF size: the minEPSCs showed a 35% increase in amplitude and 

165% increase in τdecay during MF growth.  These results are consistent with the crayfish where 
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there was an increase in minEPSC amplitude and duration during MF growth [24].  Modeling 

was used to compare the effect of the increase in minEPSC amplitude and duration in the 

maintenance of minEPSP amplitude and we found that the increase in duration made a larger 

contribution than the increase in amplitude.  However, since there was no significant difference 

in minEPSP τdecay for MF 4 and 5 in third-instar larvae, it may be that compensatory changes in 

τdecay are important during larval growth but not for different-sized fibers at the same larval stage.   

Although we only compared second and third-instar larvae, it appears likely that the increase in 

minEPSC size occurs throughout larval growth.  minEPSCs recorded from MF6 in Drosophila 

embryos had amplitudes of about 150 pA [3;11]; this small amplitude could have been due to the 

immature synapses or the matching of minEPSC size to the small MFs.  Based upon our results, 

it appears likely that these small minEPSCs were part of a continuum where minEPSC size 

scales with MF size throughout growth. 

 It was surprising to find that different-sized MFs sharing motor terminals had similar-

sized minEPSCs.  Even though MF6 was much larger than MF7, the minEPSC amplitude and 

τdecay were not significantly different.  In addition, the inter-animal variability in minEPSC 

amplitude was correlated for the two fibers.  These two MFs not only share the same axons but 

often the same terminal branches and it appears possible that the innervation influenced 

minEPSC size.  

 

Regulation of minEPSCs size as a mechanism for synaptic homeostasis.  Our results showed that 

the increase in minEPSC size during growth from the second to third instar larvae resulted in a 

minEPSP amplitude that was 129% greater than expected if there was no increase in minEPSCs.  

To maintain a stable EPSP, an additional 110% increase in the quantal content would be 
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required.  Thus the contribution of increased minEPSC size to synaptic homeostasis was actually 

slightly greater than the increase in quantal content.  It has been clearly shown that an 

experimental reduction in synaptic strength can produce a compensatory increase in quantal 

content [6].  Is the increase in quantal current size also a direct response to reduced synaptic 

efficacy during MF growth?  The evidence for this at the larval NMJ is mixed.  It was reported 

that there was a compensatory increase in the quantal current size after an experimental reduction 

in the number of synaptic boutons and quantal content at larval MFs [5]; however, when synaptic 

strength was decreased by expressing additional MF K+ channels, there was a compensatory 

increase in quantal content but no increase in quantal current amplitude [27]. It may be that both 

contribute to synaptic homeostasis but quantal content is more highly regulated and responsible 

for fine-tuning. 

 The simplest explanation for the increase in minEPSC amplitude and duration seen 

during growth would be an increase in the GluRIIA/GluRIIB subunit ratio.  The larval glutamate 

receptors are heterotetamers that contain either one GluRIIA or one GluRIIB subunit and 

receptors with a GluRIIB subunit show more rapid desensitization than those with a GluRIIA 

subunit [8;9].  Due to these differences in desensitization, transgenic larvae with only GluRIIA 

subunits showed greater minEPSC amplitude and duration than those with only GluRIIB 

subunits [28].  An increase in the GluRIIA/GluRIIB subunit ratio was not supported by the 

observation that newly-formed postsynaptic densities in third-instar larvae have predominantly 

GluRIIA subunits and the proportion of GluRIIB subunits increased as they matured over a 

period of hours [32].  Nonetheless, the GluRIIA/GluRIIB subunit ratio should be compared for 

second and third-instar larvae.   
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 The similar-sized minEPSCs for MFs 6 and 7 could result from their identical synaptic 

activity since synaptic activity has been shown to influence minEPSC size.  For example, chronic 

stimulation of the motor nerve and muscle with channelrhodopsin-2 resulted in more GluRIIA 

receptors and increased minEPSC duration at the larval NMJ [22].  Also, a prolonged increase in 

locomotor activity resulted in an increase in minEPSP amplitude due to an increase in the size of 

presynaptic vesicles and presumably the amount of transmitter per vesicle [37].  Finally, synaptic 

activity could influence the minEPSC size by regulating the phosphorylation state of the 

GluRIIA subunit.  The postsynaptic response to glutamate is enhanced by inhibiting protein 

kinase A (PKA) and reduced by activating PKA presumably due to its phosphorylation of the 

GluRIIA subunit [4].  Alternatively, an effect of innervation on minEPSC size could result from 

the structural properties of the motor terminal influencing minEPSC size; it was found that the 

number of postsynaptic glutamate receptors is positively correlated with the size of presynaptic 

active zones [26].  It may be that as the terminal expands on a growing MF, there is an increase 

in active zone size resulting in a change in the composition of the postsynaptic receptors; this 

mechanism might contribute to both the growth-related increase in minEPSC amplitude and a 

possible influence of the nerve on minEPSC size. 
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FIGURE LEGENDS 

 

Figure 1.  Differences in size and electrical properties of larval MFs.  A: An image of a 

hemisegment in a third-instar larva showing MF7, 6, 5 and 4 (outlined with white stippled line).  

This tissue was fixed and the terminals stained using an antibody to HRP; the muscles were 

viewed with DIC to emphasize the MFs and not the terminals.  Measurements of the MF SA 

showed that MF6 and 4 were significantly larger than MF7 and 5.  The number of MFs measured 

appears on the bars and the x-axis gives the identity of the MF. The total number of larvae was 

15.  B: Representative current injection for MF5 and 6.  The same current injection (I) produced 

a much greater change in membrane voltage (V) in MF5 compared to MF6.  Calibration: V- 10 

mV, 200 ms; I- 2 nA, 200 ms.  C: The mean electrical values for the four MFs.  The MF Rin was 

greatest for MF5 followed by MF7.  The τm was greatest for MF5 and 4.  The measured MF5 

RMP was significantly lower than all the other MF RMPs; however, the corrected RMPs (●) 

based upon an Rsh of 33.4 MΩ were similar for all the MFs.  The total number of larvae was 18.  

Statistical analysis was performed using one-way ANOVA with post-hoc Bonferroni t-test: *p < 

0.05; **p < 0.01; ***p < 0.001.   

 

Figure 2.  minEPSPs for MF7, 6, 5 and 4.  A: The MF electrical properties were used to predict 

the relative minEPSP amplitudes assuming that the Gsyn producing the minEPSP was the same 

for all MFs.  Values were normalized to the predicted minEPSP amplitude for MF5.  B: The 

averaged minEPSPs for the four different MFs are shown; all the minEPSPs were averaged to 

give a single trace.  C:  Mean values for the minEPSP amplitude and τdecay are shown.  The 

number of MFs measured appears on the bars and the x-axis gives the identity of the MF.  The 
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total number of larvae was 8.  Statistical analysis was performed using one-way ANOVA with 

post-hoc Bonferroni t-test: *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Figure 3.  minEPSCs recorded from the four MFs.  A: Representative spontaneous minEPSCs 

recorded from MF5 and 4.  The larger MF4 generally had larger minEPSCs. Note that MF4 

sometimes had a population of small, slow minEPSCs (asterisk), which apparently originated in 

MF4 in the adjacent segment.  These distant minEPSCs were easily distinguished from the ones 

originating in the targeted MF and were not included in the measurements.  B: Traces 

representing the average of all minEPSCs show that minEPSCs for MF6 and 7 were very similar; 

whereas, MF4 minEPSCs were larger those in MF5.  C: Quantification of the differences in 

minEPSCs for the four fibers.  The number of MFs measured appears on the bars and the x-axis 

gives the identity of the MF.  The (mean frequency) and mean number of minEPSCs averaged 

for each MF were: MF7- (0.4 ±0.1 Hz) 69 ±19; MF6- (1.0 ±0.3  Hz) 222 ±68; MF5- (0.4 ±0.1  

Hz) 62 ±7 and MF4- (1.1 ±0.1 Hz) 197 ±21.  The total number of larvae was 24.  Statistical 

analysis was performed using one-way ANOVA with post-hoc Bonferroni t-test: *p < 0.05; **p 

< 0.01. 

 

Figure 4.  minEPSC amplitude is correlated in paired MF6 and 7.  A: Representative traces of 

minEPSCs recorded from MF6 and 7 pairs.  The minEPSC traces were averages from each MF.  

Note that these traces show their digitization; this is not seen for other minEPSCs since they are 

the average of many individual MF traces. B: The minEPSC amplitudes recorded from MF pairs 

were significantly correlated (p< .01).  The total number of larvae was 10. 
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Figure 5.  minEPSCs during growth of MF4.  A: Representative MF4s in second and third-instar 

larvae.  MF4 is outlined (white stippled line) in DIC images from live tissue.  The bar graph 

shows that the mean MF SA is about 5 times greater in third-instar larvae compared to second 

instars.  The total number of larvae was 25.  B: The averaged minEPSCs show that their 

amplitude and duration were greater in third-instar larvae compared to second instars.  The traces 

are the average of the minEPSCs from all the MFs.  C: MF4 minEPSC measurements from 

second and third-instar larvae.  The minEPSC amplitude and τdecay were significantly greater in 

third-instar larvae compared to second instars. The number of MFs is given on the bars and the 

total number of larvae was 17.  The (mean frequency) and mean number of minEPSCs averaged 

for each fiber were: 2nd instar- (0.1 ±0.02 Hz) 23 ±9; 3rd instar- (1.1 ±0.1 Hz) 197 ±21.  Second 

and third-instar larvae were compared with a t-test: ** p< .01; *** p< .001.	

 

Figure 6.  Modelling of MF4 minEPSCs and minEPSPs.  A. Although the minEPSC size 

increased during growth from a second (2nd instar) to third instar (3rd instar) larvae, there was 

still a decrease minEPSP amplitude due to the large decrease in input impedance.  For the third-

instar larvae, the recorded minEPSP from Fig. 2 (gray trace) was superimposed on the simulated 

minEPSP.  B. The minEPSP in third-instar larvae was simulated assuming no increase in 

minEPSC size.  This minEPSP was much smaller than found in third-instar larvae (A: 3rd instar) 

demonstrating the compensatory effect of the increase in minEPSC size.  C. When the minEPSC 

had a third-instar amplitude and second-instar duration, the minEPSP amplitude seen in a third-

instar MF was only slightly larger than that seen in B.   
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