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Voltage-gated calcium influx modifies cholinergic inhibition of inner hair cells in the 

immature rat cochlea. 
Running title: Calcium crosstalk between hair cell synapses. 
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Voltage-gated calcium influx enhances membrane current evoked by ACh 



(Figure 4 near here) 

  



 
Efferent inhibitory postsynaptic currents (IPSCs) in P7-P9 rat inner hair cells. 
 

 



IPSC waveforms vary with IHC membrane potential. 

(Figure 6 near here) 

Calcium entry through dihydropyridine-sensitive channels modulates IPSC 

waveforms 



(Figure 7 near here) 
    

Calcium-induced calcium release prolongs IPSC duration  



(Figure 8 near here) 
 
 

IPSC enhancement by ryanodine is sensitive to dihydropyridines  



(Figure 9 near here) 

Contributions to variability in IPSC waveform 



(Figure 10 near here) 
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Figure Legends 

Figure 1.  Electron micrographs of efferent synapses on an IHC from apical turn of a 
P9 rat cochlea.  A.  A cluster of four vesicle-rich efferent terminals and associated 
postsynaptic cisterns (black outline and pale blue color added).  B.  Another example of 
an ‘inflated’ postsynaptic cistern at an efferent synapse contact from a different IHC.  
Sequential sections show these to be spherical, rather than cylindrical.  Note the 
cluster of vesicles suggesting a presynaptic active zone.  C. Another example of a 
postsynaptic cistern illustrating the interrupted attachment to the plasma membrane.  
Note that presynaptic vesicles cluster preferentially opposite the cisternal 
attachments.  Scale bar 500 nm for all panels.  

Figure 2.  Electron micrographs of afferent synapses on a P9 rat IHC.  A. Example of an 
afferent opposite a ribbon and extended vesicle clusters in the IHC.  B.  Multiple ribbons 
presynaptic to an afferent bouton elsewhere on the same IHC.  C. Vesicle clusters 
without a ribbon opposite an afferent bouton elsewhere on the same IHC.  Serial 
sections confirmed the absence of a ribbon.  Scale bar is 500 nm for all panels.  



Figure 3.  P9 rat IHCs reconstructed from serial EMs.  A.  Fourth cell from table 1.  
Afferents in brown, efferents in magenta.  B.  Same cell as A., neurons removed, 
postsynaptic cisterns in green, ribbons in red.  C.  Fifth cell from table 1, same color 
scheme for synaptic structures as in B.  D.  First cell from table 1 – different animal, 
same color scheme for synaptic structures as B, C.  Scale bar (5 μm) applies to all 
panels.  

Figure 4.  Effect of membrane depolarization on response to ACh puff.  A. Voltage-
clamp protocol to load synaptic cisterns.  Puff of ACh interleaved with step to -20 mV.  
Inset shows exemplar recordings.  Scale bar 100 pA by 200 ms.   B. Same protocol in 
the presence of 10 μM nimodipine to inhibit CaV1.3 calcium channels.   With CaV1.3 
channels blocked, depolarization produced no change in the ACh-evoked current.  C. 
Percent increase in area of ACh response following the voltage step compared to that 
before the step.  n = 19 trials, 2 IHCs with step, n = 17 trials, 2 IHCs no step.  Means 
significantly different (t(34) = 6.59, p <<0.001) by paired t-test for equal variances.  D. 
Percent increase in area of ACh response before and after step in the presence of 10 μM 
nimodipine, n = 23 trials, 3 IHCs with step, n = 25 trials, 3 IHCs no step, no significant 
difference between means.   

Figure 5.  IPSCs at -40 mV varied in shape.  A. Samples of IPSC waveform 
(spontaneous) in a P9 rat IHC recorded at -40 mV.  B. Distribution of IPSC amplitudes 
(n = 384 from four IHCs) at -40 mV.  Solid line shows cumulative fraction.  C. Full-width 
duration at half amplitude (FWHM) for same data set at -40 mV.  D. Decay time 
constant (single exponential) for IPSCs at -40 mV.   

Figure 6. Inhibitory postsynaptic current (IPSC) waveform varied with IHC membrane 
potential.  A. Examples of evoked and spontaneous IPSCs at labeled membrane 
potentials.  B.  Average amplitudes of IPSCs from four IHCs at -60 mV (n = 418), -40 mV 
(n = 384, from Fig. 5) and -20 mV (n = 276).  Comparison -60 vs -40,  t(695)=9.78,  p 
<<0.001.  Comparison -40 vs -20, t(513)= 15.9, p<<0.001.  C. Average full width at half 
maximum amplitude (FWHM) for same data set as in B.  Comparison -60 vs. -40, 
t(706) = 2.78, p = 0.0056.  Comparison -20 vs -40, t(440) = 9.22, p <<0.001.  D.  Average 
time constant of decay for these same IPSCs.  Comparison -60 vs -40, t(366) = 4.99, p 
<<0.001.  Comparison -40 vs -20, t(432) = 8.99, p <<0.001.  Box and whisker plots show 
upper, middle and lower data quartiles (box), mean (dot) and standard deviations 
(whiskers).    

Figure 7.  Voltage-gated calcium channels provide calcium for CICR.  A. Sample IPSCs 
at -40 mV during inhibition (nimodipine) and facilitation (Bay K) of CaV1.3 channel 
gating.  B.  Average IPSC amplitude in 10 μM nimodipine (n = 432 IPSCs from five IHCs) 
and 10 μM Bay K (n = 290 IPSCs from three IHCs), t(689) = 6.19, p <<0.001.    C. 
Average duration at half-amplitude (FWHM) for IPSC data set as in B.  Nimodipine vs 



Bay K, t(308) = 12.96, p<<0.001.  D. Average time constant of decay for IPSC data sets 
as in B, nimodipine versus Bay K, t(305) = 13.26, p<<0.001.  Box and whisker plots 
show upper, middle and lower data quartiles (box), mean (dot) and standard deviation 
(whiskers).  Summarized control data from Figure 5 included for reference. 

Figure 8.  Ryanodine modulates efferent IPSCs.  A. Sample IPSCs at -40 mV during 
treatment with an inhibiting (150 μM) or facilitating (1 μM) concentration of 
ryanodine.  B.  Average amplitude of IPSCs in 150 μM ryanodine (n = 501 IPSCs from 
three IHCs), 1 μM ryanodine (= 388 IPSCs from three IHCs), t(569) = 7.69, p << 0.001.  
C.  Average full width at half-amplitude (FWHM) for the same IPSC data sets t(569) = 
7.7, p <<0.001.  D.  Average time constant of decay for same IPSC data sets, ryanodine 
effects significantly different, t(409) = 16.36, p <<0.001.  Box and whisker plots show 
upper, middle and lower data quartiles (box), mean (dot) and standard deviations 
(whiskers).  Summarized control data from Figure 5 included for reference. 

Figure 9.  Interaction of ryanodine and nimodipine on IPSCs.  A. Diary plot of IPSC 
FWHM during bath perfusion of 1μM ryanodine, ryanodine plus nimodipine, then 
ryanodine alone.  B.  Average FWHM of IPSCs (n = 379) from two IHCs in ryanodine, 
then ryanodine plus nimodipine (n = 249), t(494) = 6, p <<0.001.   C.  Average FWHM of 
IPSCs from two IHCs in nimodipine (n = 582), then nimodipine plus ryanodine (n = 
678), t(582) =  17, p << 0.001.    

Figure 10.    Synaptic variability in P9 rat IHCs.    A. Histogram and cumulative 
fraction plot for IPSC duration (FWHM) at -40 mV (from Figure 5).  B. Cumulative 
fraction plots at three membrane potentials (Data from Figure 6).  Coefficient of 
variation (SD/mean) for average duration at half amplitude (FWHM) of IPSCs. C. 
Cumulative fraction plots and CVs for IPSCs in L-type channel modulators.  Data from 
Figure 7.  D. Cumulative fraction plots and CVs for IPSCs in ryanodine. Data from 
Figure 8.   

Table 1.  Synaptic ultrastructure of IHCs from two P9 rats (030315 and 011917).  
Approximately 100 serial sections (65 nm nominal thickness) were assembled (6 to 12 
individual images (30,000x) formed a montage for each section), aligned and 
segmented for each of five IHCs.  ‘Contact area’ was computed from the x-y extent in 
each section, multiplied by section thickness and summed through the z-axis. ‘Cistern 
to ribbon minimal separation’ is the average and SD for all cisterns in a given IHC.  
Summed contact area for all afferents and all efferents was compared to the surface 
area of each IHC stack to compute % area.   Averages for afferent to efferent and 
ribbon-to-ribbon separation for the first three cells was reported previously (Moglie et 
al., 2018).  N.B., cell 030315#1 included only every third section (approximately).   























 

 1 

Table 1: Synaptic Morphology in young (P9) rat IHCs (mean ± SD) 
cell  030315 

#1 
030315 

#2 
011917 #1 011917 #2 011917 #3 

section start 1 237 3 133 280 
section stop 112 377 109 270 393 
section #s 38 125 93 138 133 

z-depth @ 65 nm 
(μm) 

7.3 9.1 6.9 8.9 8.6 

efferent # 16 34 33 34 29 
cistern # 16 34 33 34 29 

afferent # 25 19 19 16 12 
ribbon # 19 25 20 26 28 

cistern contact area 
mean (μm2)  

0.20 ±  
0.12 

0.18 ± 
0.1 

0.14 ±  0.06 0.19   ±  0.13 0.18  ±  0.10 

efferent contact 
area mean (μm2)  

0.61  ±  
0.31 

0.54 ± 
0.33 

0.27 ± 0.16 0.45  ±  0.35 0.48  ±  0.51 

cistern/efferent 
area contact ratio 

0.37 0.41 0.51 0.41 0.37 

efferent contact 
area sum (μm2) 

9.69 17.72 9.00 16.11 14.03 

 cistern contact 
area sum (μm2) 

2.72 6.22 4.56 6.32 5.23 

afferent contact 
area  mean (μm2)  

7.19  ± 
6.41 

5.07  ±  
2.29 

3.88  ± 3.79 6.34  ±  3.77 8.37  ±  6.87 

afferent contact 
area sum (μm2) 

107.35 91.37 73.72 101.5 100.5 

cistern to ribbon 
minimal separation 

(μm) 

1.67  ±  
0.72 

1.48 ± 
1.00 

1.36 ± 1.01 1.49 ± 0.73 1.07 ± 0.57 

hair  cell surface 
area in images 

(μm2) 

454.09 523.7 292.4 353.6 306.7 

efferent % area 2.1% 3.4% 3.1% 4.5% 4.3% 
afferent %  area 23.6% 17.4% 25.0% 28.7% 32.8% 

 


