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Supplementary Information 

I. ELF-EMF exposure does not affect the basal EPSC amplitude 
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In Figure 5 of the main text, we showed that exposure to ELF-EMF could potentiate 

the PTP, a form of short-term plasticity. Because only normalized amplitude of EPSCs 

were shown, whether the basal EPSC amplitude was affected is unclear. We plotted the 

basal EPSC amplitude of both groups to address this issue (Fig. S1). With 1 mM 

kynurenic acid (KYN) in the bath solution, the EPSC amplitudes in the ELF-EMF 

exposure group showed no significant difference from the control group (control: 1.60 ± 

0.20 nA, n = 20; ELF-EMF: 1.67 ± 0.21 nA, n = 23; p = 0.8), which suggests that the 

basal EPSC amplitudes are not affected by ELF-EMF exposure. Because KYN, an 

antagonist of the ionotropic AMPA receptors, was added to the bath solution to relieve 

AMPA receptor saturation and desensitization1-3, which could reduce the EPSC amplitude 

in a dose-dependent manner, we only showed the normalized EPSC amplitudes in Figure 

5 in the main text. 

 
 

Figure S1. Exposure to ELF-EMF does not affect the basal EPSC amplitude 

Basal EPSC amplitudes from each individual neuron were plotted from the control and ELF-EMF 

exposure groups. No significant difference was observed. 

 

II. Exposure to ELF-EMF increases the probability of vesicle release 

 

In the main text, we have shown that a 20 ms depolarisation pulse (depol20ms) 

induced similar amounts of exocytosis in both control and ELF-EMF exposure groups 
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(Figure 2A, C). Previous studies have confirmed that depol20ms can deplete the readily 

releasable pool (RRP)4,5. However, whether ELF-EMF can affect the RRP size has not 

been rigidly tested. We performed new experiments to address this question. We applied 

stimulation pulses of various lengths (1, 2, 5, 10, 20, and 30 ms) from -80 to +10 mV to 

induce exocytosis in both groups5. In the control group, depol20ms induced a capacitance 

increase of 325 ± 42 fF (n = 7). Depolarisation pulses of 1, 2, 5 and 10 ms induced 4% ± 

1% (n = 6), 13% ± 4% (n = 6), 42% ± 7% (n = 5), and 80% ± 5% (n = 7) of the 

capacitance jump induced by depol20ms measured at the same synapses, respectively (Fig. 

S2a, left). No further increase was observed when the step duration was increased to 30 

ms (103% ± 6%, n = 6, p = 0.9), confirming that depol20ms could deplete the RRP.  

In the ELF-EMF exposure group, depol20ms induced a capacitance increase of 324 ± 

33 fF (n = 5), which was similar to that of the control group (p > 0.9). Depolarisation 

pulses of 1, 2, 5, and 10 ms induced 6% ± 1% (n = 6), 19% ± 1% (n = 6), 59% ± 3% (n = 

6), and 92% ± 7% (n = 4) of the capacitance jump induced by depol20ms measured at the 

same synapses, respectively (Fig. S2a, righ). A 30 ms depolarisation could not induce a 

further capacitance increase (108% ± 3%, n = 5, p = 0.6), which confirmed that depol20ms 

could also deplete the RRP in the ELF-EMF group. 

The results clearly showed that 1) depol20ms can sufficiently deplete the RRP in both 

the control and ELF-EMF exposure group, 2) the release probability increases with step 

duration, and 3) the release probability is higher in the ELF-EMF exposure group than 

controls with the same stimulation step due to the increased calcium influx after ELF-

EMF exposure (Fig. S2b).   
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Figure S2. Exposure to ELF-EMF increases the release probability 

a) Left, sampled ICa and Cm induced by depolarisation steps from –80 to +10 mV of various 

lengths (1, 2, 5, 10, 20, and 30 ms) in the control group. The time scale applied to all traces. Right, 

similar to Left, but with the ELF-EMF exposure group.  

b) Relationship between ΔCm and the step duration of depolarisation (control, black; EMF, red). 

 

III. Exposure to ELF-EMF does not affect the action potential 

 

Whether other ion channels, such as sodium and potassium channels, are also 

affected after exposure to ELF-EMF is unclear. We address this question by recording the 

action potential wave form at the presynaptic nerve terminal of calyces6. A 3 ms step 

current of 400 pA was applied under the current clamp mode to induce the action 

potential7. The action potential wave did not exhibit a significant difference in either 

amplitude (control: 102 ± 3 mV, n = 4; ELF-EMF group: 104 ± 3 mV, n = 4; p = 0.6) or 

half-width (control: 0.48 ± 0.04 ms, n = 4; ELF-EMF group: 0.44 ± 0.02 ms, n = 4; p = 

0.5) in the control and ELF-EMF exposure groups, which suggests that the voltage-gated 

sodium and potassium channels are largely unaffected in generating action potential (Fig. 

S3). 
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Figure S3. Exposure to ELF-EMF does not affect the action potential amplitude and half-width 

a) Sampled action potential wave form recorded in the current clamp mode from the control 

(black) and ELF-EMF exposure groups (red).  

b) Action potential amplitude in the control and ELF-EMF exposure groups. 

c) The half-width of the action potential in the control and ELF-EMF exposure groups. 

 

IV. Acute increase of calcium influx accelerates endocytosis 

 

In the main text, we concluded that exposure to ELF-EMF up-regulates calcium 

channel expression at the presynaptic membrane and facilitates vesicle endocytosis. To 

further strengthen the conclusion, we acutely increased the calcium influx in controls to 

see whether it could have similar effect to the ELF-EMF exposure group. 

We increased the calcium influx two ways: 1) we increased the extracellular calcium 

concentration from 2 mM to 4 mM (Fig. S4), and 2) we increased the stimulation 

duration from 20 ms to 50 ms in the same cells (Fig. S5). First, with depol20ms, increasing 

of the extracellular calcium concentration to 4 mM resulted in increased calcium influx 

from 20 ± 1 pC to 31 ± 3 pC (n = 4, p < 0.05, Fig. S4a, b), and increased endocytosis rate 

from 30 ± 3 fF/s to 51 ± 6 fF/s (n = 4, p < 0.05, Fig. S4d). Increasing the stimulation 

duration from depol20ms to depol50ms also significantly increased the calcium influx to 39 

± 3 pC (n = 3, p < 0.05, Fig. S5a, b) and accelerated the endocytosis rate (65 ± 3 fF/s, p < 
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0.01, Fig. S5d). Second, with depol20msx10, increasing of the extracellular calcium 

concentration to 4 mM resulted in increased calcium influx from 162 ± 15 pC to 256 ± 16 

pC (n = 4, p < 0.01, Fig. S4e, f), and increased endocytosis rate from 102 ± 10 fF/s to 212 

± 39 fF/s (n = 4, p < 0.05, Fig. S4h). Increasing the stimulation duration from depol20msx10 

to depol50msx10 also significantly increased the calcium influx to 294 ± 4 pC (n = 3, p < 

0.01, Fig. S5e, f) and accelerated the endocytosis rate (193 ± 16 fF/s, p < 0.01, S5h). 

Exocytosis was not significantly different in these scenarios (Figs. S4c, g; S5c, g). Taken 

together, our new experiments confirmed that vesicle endocytosis was accelerated after 

an acute increase in calcium influx, which is consistent with the results in the ELF-EMF 

exposure group. 
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Figure S4. Acute increase of calcium influx with 4 mM extracellular calcium accelerates 

endocytosis 

a) Left: Sampled presynaptic calcium current (ICa, upper) and membrane capacitance (Cm, lower) 

induced by depol20ms with 2 mM extracellular calcium (ctrl). Middle: Similar to Left, but with 4 

mM calcium in the bath solution in the same cell. Right: Overlap of Left and Middle.  
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b-d) Statistics for QICa, ΔCm, and Rateendo with 2 mM (ctrl) and 4 mM extracellular calcium (*: 

p < 0.05). 

e) Similar to a, but with stimulation of depol20msx10. 

f-h) Similar to b-d, but with stimulation of depol20msx10 (*: p < 0.05; **: p < 0.01). 

 

 
 

Figure S5. Acute increases of calcium influx with depol50ms and depol50mx10 accelerate endocytosis 
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a) Left: Sampled presynaptic calcium current (ICa, upper) and membrane capacitance (Cm, lower) 

induced by depol20ms with 2 mM extracellular calcium (ctrl). Middle: Similar to Left, but with 

depol50ms in the same cell. Right: Overlap of Left and Middle.  

b-d) Statistics for QICa, ΔCm, and Rateendo with depol20ms and depol50ms ( *: p < 0.05; **: p < 

0.01). 

e) Similar to a, but with stimulation of depol50msx10. 

f-h) Similar to b-d, but with stimulation of depol50msx10 (**: p < 0.01). 

 

V. Original Western blot results  
 

We showed calcium channel expression levels in main text (Fig. 6A, B) and found 

that the enhanced calcium channel expression at the presynaptic nerve terminal, 

especially the P/Q subtype, accounts for the influx calcium upon stimulation, acceleration 

of all forms of endocytosis, and potentiation of PTP. Here we provided the original 

Western blot results (Fig. S6). 
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Figure S6. ELF-EMF increases calcium channel expressions at the presynaptic nerve terminal 

a) Original sampled Western blot of pan calcium channel at the presynaptic terminal in the 

control (left) and ELF-EMF exposure groups (right). β-actin was used as a loading control. 

b-d) Original sampled Western blots of P/Q, N, and R subtype calcium channels at the 

presynaptic terminal in the control (left) and ELF-EMF exposure groups (right). The black square 

indicated shows the band used in main text. β-actin was used as a loading control.  
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