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EXOCYTOSIS IN 
ENDOCRINE CELLS 
•  Many hormones are released by Ca2+ triggered exocytosis 

of secretory vesicles (or granules) 

•  Examples:  

•  Insulin-secreting pancreatic beta-cells 
•  Adrenalin-secreting chromaffin cells 
•  Pituitary cells 

Beta-cell exocytosis 

(Orci et al., 1988) 



PATCH-CLAMP TECHNIQUE FOR 
STUDYING EXOCYTOSIS 
•  Membrane capacitance (Cm) proportional to area 

•  Increases when granules fuse with  
plasma membrane (exocytosis) 

•  ∆Cm measurable with patch-clamp technique 

•  Depolarization-evoked Exocytosis 

•  Granules near Ca2+-channels 

•  Flash-release of Ca2+ 

•  All releasable granules 

Rorsman et al., 2000 



EXOCYTOSIS EVOKED BY 
FLASH-RELEASE OF 
CAGED-CALCIUM 
•  Introduce “caged-Ca2+” thorugh patch pipette 

•  Ca2+ bound to photo-sensitive buffer (NP-EGTA) 
•  Photolysis by a pulse of UV-light liberates Ca2+  

•  Raises [Ca2+] uniformly 
•  Exocytotic rate declines rapidly  

even though [Ca2+] is still high 

•  Depletion of  
readily releasable pool (RRP) 

•  Size:  

•  beta-cells: 200-300 fF 
•  chromaffin cells: 300-400 fF 
•  Melanotrophs: ~2000 fF 

Voets et al., 1999 

Olofsson et al., 2002 



DEPOLARIZATION-
EVOKED EXOCYTOSIS 
•  Membrane depolarizations open voltage-dependent Ca2+ 

channels: More physiological 

•  The Ca2+ current raises [Ca2+] near the channels and 
trigger exocytosis 

•  The  Ca2+ current can be measured during depolarization 

•  Membrane capacitance can not, only before and after 
•  Exocytosis can not be followed during a single pulse 

•  Depolarizations of different lengths are given to 
approximate exocytosis dynamics 

Eliasson et al., 2003 



THE PULSE-LENGTH 
PROTOCOL 
•  Capacitance increase (∆Cm) plateaus as a function of  

pulse-length 

•  Mean exocytotic rate is typically higher for short pulses 
•  Depletion of immediately releasable pool (IRP) 

•  subset of RRP located near Ca2+ channels 
       but not always: 

Mouse beta-cells 
Eliasson et al., 2003 

Mouse chromaffin-cells 
Voets et al., 1999 

Human beta-cells 
Braun et al., 2008 



IRP DEPLETION OR 
CURRENT INACTIVATION? 
•  The Ca2+ currents show prominent inactivation 

•  Could it be the vanishing Ca2+ signal rather than IRP 
depletion that causes ∆Cm plateau? 

•  Plot ∆Cm as a function of Ca2+ entry: 
(Engisch & Nowycky, 1996)  

Mouse beta-cell 
(Barg et al., 2001) 

Bovine chromaffin cell 
(Engisch & Nowycky, 1996) 

Human beta-cells 
Braun et al., 2008 



MODELING THE RELATION 
BETWEEN ∆Cm AND Q 
Assumptions: 

•  Exocytosis occurs from a finite pool R of granules 

•  Refilling of R is neglected on the short time-scale 

•  Rate-of-exocytosis E is independent of R, but depends on ICa 

•  Solving: 



SIMPLEST SCENARIO:  
1 GRANULE, 1 CHANNEL 
•  Based on Ca2+ sensitivity of exocytosis (measured from flash-

release experiments), it has been suggested that granules are 
located in nanodomains (NDs) at Ca2+ channels 

•  Assume that  

•  each granule is located in ND of a single Ca2+ channel 
•  all Ca2+ channels are of the same type 
•  ND [Ca2+] proportional to single channel current 



SIMPLEST SCENARIO: 
RATE-OF-EXOCYTOSIS 
•  During inactivation  

•  the number of open channels and NDs (NND(t)) decreases 
•  the single channel current (iCa), and therefore [Ca2+]ND at 

open channels, does not decrease 
•  implies that rate-of-exocytosis from single ND (eND) is 

constant 

•  Total rate-of-exocytosis 

•  So we obtain directly from 



SIMPLEST SCENARIO: 
RATE-OF-EXOCYTOSIS 
•  Exponential relation between ∆Cm and Q  

•  If cumulative exocytosis rate A·Q is sufficiently low, then 
the granule pool does not deplete and the relation is 
approximately linear 

•  Pool depletion is seen as deviation 
from linearity 

•  Rate of depletion related to 



POOL DEPLETION IN 
DATA 
Mouse beta-cells: Linearity 
(Pedersen et al., 2011;  
data from Eliasson et al., 2003) 

Mouse chromaffin cells: 
Exponential (with EGTA: ND) 
(Moser & Neher, 1997) 



MIXED-EFFECTS 
ANALYSIS 

•  Cell-to-cell variation 
•  Depolarizations on a cell 

are correlated 
•  Fit to groups (Ctrl vs. FSK) 

while allowing cell-to-cell 
variation 

•  Shows significant effect of 
FSK on “Ca2+-efficacy” 

•  No significant deviation 
from linear relation 

(Pedersen et al.,  
Prog Biophys Mol Biol 2011) 



COOPERATIVITY AND 
SATURATION 
•  Assume that E is a function of ICa 

•  We are looking for a description of ∆Cm as a function of Q 

•  In a small time step from t to t+dt, the point (Q, ∆Cm) 
moves in the direction 

•  Hence, the slope of (Q, ∆Cm) is 



COOPERATIVITY AND 
SATURATION 
•  Slope of (Q, ∆Cm) 

•  Assume that E is a convex function of ICa , e.g., E = a·(ICa)K, K ≥ 2 
(current cooperativity) 

•  During inactivation, E decreases faster than ICa   

•  So the slope decreases with time, e.g.,  

•  Since Q(t) grows over time, ∆Cm is a concave function of Q 

•  Opposite holds for saturation: A concave (ICa,E) relation becomes a 
convex, or sigmoidal, (Q,∆Cm) relation 



COOPERATIVITY AND 
SATURATION 

Inverted curvature 

A: E is a convex function of ICa 

B: During inactivation,  
     E decreases faster than ICa   

C: The slope  

     decreases with time 

C: Since Q(t) grows over time,  
     ∆Cm is a concave function of Q 

•  Opposite holds for saturation:  
A concave (ICa,E) relation 
becomes a convex, or sigmoidal, 
(Q,∆Cm) relation 



CALCIUM CHANNEL 
CLUSTERS 

•  There is good evidence that Ca2+ channels are located in 
clusters 

•  ~3 channels per cluster in mouse beta-cells (Barg et al., 2001) 
•  Notation 

•  emax  =  max rate-of-exocytosis from each cluster 
•  M      =  number of clusters   
•  p(t)  =  channel open probability, proportional to ICa(t) 

•  Channel cooperativity: 

•  No exocytosis with ≤2 open channels 
•  Full exocytosis with 3 open channels 

•  Channel saturation: 

•  Full exocytosis with ≥ 1 open channel 



DELAY AND DIFFUSION 
Exocytosis occurs often after a short delay following flash release 

Pituitary melanotrophs (Thomas et al., 1993)  Beta-cells (Barg et al., 2001) 

•  For delay    between a rise in ND [Ca2+] and  
exocytosis 

•  Concave/sigmoidal relation between ∆Cm and Q 



DELAY AND DIFFUSION 
Delay between ICa and ∆Cm can also be introduced by diffusion 

•  Assume that exocytosis occurs away from Ca2+ channels 
from a submembrane compartment 



DELAY AND DIFFUSION 

Concave relation between ∆Cm and Q, 
mainly due to build-up in  
submembrane Ca2+ (delay) 



HUMAN BETA-CELLS 
•  No exocytosis for 

depolarizations <50 ms 
indicates that granules are 
located some distance from 
Ca2+-channels 

•  Because of the delay 
introduced by diffusion, 
such submembrane-
controlled exocytosis yields 
cooperativity-like ΔCm vs. Q 

(Pedersen, Biophys J 2011) 

(Braun et al., 2008) 



MODEL FOR CA2+  

AND EXOCYTOSIS 

•  5 calcium compartments 

•  T-, L-, P/Q-type Ca2+-currents from recent model of 
electrical activity in human beta-cells (Pedersen, 
Biophys J, 2010) 

•  Exocytosis from submembrane compartment  



MODEL VS. EXPERIMENTS 
Pedersen et al., 2011     Braun et al. 2008, 2009 
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SIMILAR CONTRIBUTION  
OF L- AND P/Q-TYPE CHANNELS 
DURING ELECTRICAL ACTIVITY 
Imposed spiking or rapid bursting electrical activity 
simulated with recent model of human beta-cells  
(Pedersen, Biophys J, 2010) 

(Pedersen et al., 
2011) 



SUMMARY  
Different scenarios can be treated with simple mathematical models and 
analysis  

Must study ∆Cm vs. Q (not ∆Cm vs. t) to account for current inactivation 

Nanodomains: 
•  No pool depletion: Expect linearity 
•  Pool depletion: Clear deviation from linearity 

Deceptive curvature in case of current cooperativity/saturation 

Submembrane: Expect concave relation 

More in: Pedersen MG, Biophysical Journal 101:793-802 (2011) 



CONCLUSIONS 
The bad news:  
a single protocol can not give clear conclusions 
The good news: 
we can rule out scenarios with each protocol, focusing new 
experiments to give answers 

Little evidence for an IRP in beta-cells 
Some evidence for an IRP in chromaffin cells 

Similar contributions from L- and P/Q-type channels 
via submembrane to exocytosis in human beta-cells 

pedersen@dei.unipd.it 


