Available online at www.sciencedirect.com

SOIENCE@DIREOT® Mathematical
Biosciences

ELSEVIER Mathematical Biosciences 200 (2006) 188-213

www.elsevier.com/locate/mbs

A model for a G-protein-mediated mechanism
for synaptic channel modulation

Gabriel Soto *, Hans G. Othmer

School of Mathematics, University of Minnesota, Minneapolis, MN 55455, United States

Received 23 May 2005; received in revised form 9 December 2005; accepted 13 January 2006
Available online 15 March 2006

Abstract

Neurons communicate with other neurons via specialized structures called synapses, at which the digital
voltage signal encoded in an action potential is converted into an analog chemical signal. An action poten-
tial that arrives at the presynaptic face triggers release of neurotransmitter from vesicles in a calcium-depen-
dent manner, and the neurotransmitter diffuses across the synaptic cleft and binds to receptors on the
post-synaptic face, where it may trigger a postsynaptic action potential. Calcium is a critical component
of the release process, and its spatio-temporal dynamics can control the release and can lead to facilitation
or augmentation. However, how cells regulate cytoplasmic calcium so that exocytosis can be triggered suc-
cessfully is still not completely understood. We propose a mechanism, based upon the experimental findings
of Barrett and Rittenhouse [C.F. Barrett, A.R. Rittenhouse, Modulation of N-type calcium channel activity
by G-proteins and protein kinase C, J. Gen. Physiol. 115 (3) (2000) 277], for the regulation of calcium influx
through N-type channels in the presynaptic terminal by PKC and downstream effectors of G-protein acti-
vation. This proposed modulatory mechanism consists of a feedback loop involving cytoplasmic calcium,
neurotransmitters and G-protein-coupled receptors. We study the dynamics of each component separately
and then we address how kinetic properties of the components and the frequency of the stimuli affect the
regulatory mechanisms presented here.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

At most synapses the increase in cytoplasmic calcium during synaptic transmission is due to the
opening of voltage-gated calcium channels (VGCCs). The calcium hypothesis [2] postulates direct
involvement of calcium in neurotransmitter release, and implies that regulatory mechanisms for
intracellular calcium dynamics such as buffering [3] and calcium-induced-calcium release (CICR)
[4] can play an important role in shaping the temporal profile of neurotransmitter release. How-
ever, the biophysical details as to how these processes affect neurotransmission are still not com-
pletely understood [5].

Regulation of calcium influx through VGCCs represents another mechanism by which cells
control intracellular calcium dynamics during stimulation. There are many VGCCs present in
the central nervous system (CNS), but N-type channels have been specifically linked to vesicle
release [6]. Not only are N-type channel states modulated by the membrane potential [7] but they
are also modulated by downstream effectors of G-proteins. For instance, Boland and Bean [§]
found that the conductance of N-type channels in bullfrog sympathetic neurons was down-regu-
lated by fy subunits. Swartz [9] showed that the conductance of N-type channels in rat central and
peripheral neurons was up-regulated by protein kinase C (PKC), and found that phosphorylation
of these channels by PKC prevents fy-inhibition. Barrett and Rittenhouse [1] studied N-type
calcium currents in sympathetic neurons and observed that such currents were modulated by both
Py subunits and PKC simultaneously. They concluded that up- and down-regulation of the con-
ductance are mutually exclusive i.e., whenever a fy-subunit is bound to a channel site, the channel
cannot be phosphorylated by PKC, and vice-versa. Moreover, they concluded that the only role
of PKC phosphorylation is to prevent fy-binding to the channel, thereby precluding inhibition
without affecting channel conductance.

Autoreceptors, or G-protein-coupled receptors (GPCRs) are transmembrane receptor proteins
located on the presynaptic plasma membrane which bind neurotransmitters released by the pre-
synaptic neuron [10,11]. When occupied they activate intracellular G-proteins, which are also
localized at the plasma membrane, by catalyzing the GDP-to-GTP exchange and the subsequent
separation of the G-protein into its « and fy subunits. Autoreceptors have been linked to down-
regulation of transmitter release [12], but there is also evidence that autoreceptors might be
involved in vesicle release up-regulation [13]. The existence of autoreceptors and the fact that
py subunits and PKC are downstream effectors of G-protein activation suggests the existence
of a membrane-delimited self-modulatory mechanism for vesicle release at the presynaptic face,
as depicted in Fig. 1. First, VGCCs open and calcium levels increase, leading to vesicle localiza-
tion at docking sites and neurotransmitter release. This produces a significant increase in the
neurotransmitter concentration in the cleft and leads to increased occupancy of autoreceptors
located on the presynaptic face, followed by increased G-protein activation. Downstream effec-
tors of G-protein activation, such as ffy subunits and activated PKC, then modify the conduc-
tances of VGCCs. Our objective in this paper is to develop and analyze a theoretical model
for such a modulatory mechanism, using experimental results on the modulation of N-type
channels.

Bertram and Behan [14] developed a simplified scheme for inhibition of N-type channels based
on the work of Boland and Bean [8], who studied an eight-state model for a single N-type channel.
Their model incorporates equations for the membrane potential and channel inhibition, but does
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Fig. 1. A schematic representation of the postulated modulation of VGCCs on the presynaptic face. Upon stimulation,
VGCCs open and the intracellular calcium concentration rises near the membrane. This causes calcium sensors on
vesicles to trigger exocytosis (the + sign signifies that calcium activates vesicle fusion with sites on the plasma
membrane). This leads to the release of neurotransmitters into the extracellular space and an increase in the occupancy
of autoreceptors. Binding triggers two different biochemical pathways, one of which increases the conductance of
VGCCs, and the other which decreases it.

not include the dynamics of G-protein activation and subsequent channel inhibition, nor the effect
of PKC on relieving this inhibition. Here we develop a simplified version of the kinetic scheme in
[8] in which we assume that channels can be in one of three distinct states of modulation: bare,
inhibited or phosphorylated. Each of these can be open or closed, and in addition there is an inter-
mediate non-conducting state. We incorporate the dynamics of PKC activation and binding to the
channel, of neurotransmitter binding to autoreceptors, and of G-protein activation, in contrast
with the model in [14], which assumes that neurotransmitter binding is at equilibrium and which
does not consider G-protein dynamics. We include all the reaction steps in these subprocesses,
which are assumed to follow mass-action kinetics, because this enables us to follow the response
on all time scales relevant to synaptic transmission. Even though the dimensionality of the result-
ing model is quite large, it is possible to identify different time scales for the processes involved in
the modulation of N-type channels by G-protein activation and to use singular perturbation to
reduce the dimensionality.

Both up- and down-regulation of calcium-influx through N-type VGCCs by G-protein activa-
tion are slow processes compared to fast synaptic transmission (cf. Section 3). Hence, such mod-
ulations would also depend, for instance, on the frequency of the stimuli and the kinetic properties
of autoreceptors. In Section 5 we present numerical simulations showing how both modulatory
pathways depend on frequency and autoreceptor kinetic properties.

2. The processes in the model
In Fig. 2 we show a schematic of all the components in the model and the interactions amongst

them. Because numerous processes are incorporated in the model, we first give a chronological
description of the major steps before giving the details of the individual steps:
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Fig. 2. A schematic description of the localization of the components of the model.

. an action potential opens VGCCs on the presynaptic face;

. intracellular calcium increases near the presynaptic face and binds to vesicles;
. vesicle fusion and neurotransmitter release occur;

. calcium also binds to inactive PKC;

. neurotransmitter binds to autoreceptors, thereby activating G-proteins;

. the By subunits bind to VGCCs and the « subunits activate PLC;

PLC-PIP, generates DAG and IP5;

. generation of DAG-PKC-Ca (PKC?%), the active form of PKC;

. PKC" phosphorylates VGCCs.

O 0NN AW —

The number of parameters needed to describe all of the steps involved in these events is quite
large, but a non-dimensional analysis done later yields the following hierarchy of time scales and
the events that occur on each of the scales.

o fast time scale (T):
— opening and closing of VGCCs
— vesicle release
o intermediate time scale (hydrolysis of GTP):
— neurotransmitter binds to autoreceptors
— activation of PLC
— binding of Ca to PKC
e slow time scale (G-protein activation):
— activation of G-proteins to produce the activated G, and the Gg, subunits
— activation of PKC to produce PKC?.

We shall assume that VGCCs and GPCRs are co-localized and uniformly distributed in the
presynaptic membrane I'., and that vesicles are uniformly distributed in the presynaptic part of
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a strip around I’ that we call the active zone (Fig. 3). Calcium and vesicle dynamics are defined on
the presynaptic side of the active zone and the interaction between neurotransmitter and GPCRs
occurs in the synaptic cleft.

We assume that each of the N-type calcium channels involved in synaptic transmission can be
in one of the seven states shown in Fig. 4. The vertical transitions are modulated by membrane
potential, with kinetic rates as in [14]. The horizontal transitions are modulated by downstream
effectors of G-protein and PKC activation discussed earlier. The symbols and nomenclature for
the channel states correspond to those in [1]. The governing equations for these steps and those
in the remaining subcomponents are given in the following section.

We also assume that there is a pool of vesicles of fixed size in the presynaptic terminal and a
finite number of uniformly-distributed release sites on the membrane to which vesicles bind in
a calcium-dependent manner. Fig. 5 shows the kinetic scheme used for vesicle release. Similar
schemes, in which the number of vesicle states varies from 3 to 5, have been used when studying
transmitter release [15], but changes in the number of vesicle states do not modify the qualitative
dynamics of vesicle release. B; represents the fraction of vesicles with 0, 1, 2, 3 or 4 calcium ions
bound and FE corresponds to the release sites after vesicle fusion. The rate y at which vesicles fuse

ACTIVE ZONE
I Q
C c
ifia]
VGCC GPCR
VESICLE
0 )

Fig. 3. A schematic description of the active zone, which comprises two narrow strips on both sides of I'.. The width of
the active zone on both sides of I'. is ¢/(10) nm. In particular, the extracellular side of the active zone corresponds to the
entire synaptic cleft, since its width is ¢(10) nm.
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Fig. 4. The kinetic scheme for the state transitions of N-type channels. The different states are defined as follows: R™"
corresponds to the inhibited state resistant to phosphorylation by PKC, W represents the willing state of the channel and
WST is the phosphorylated state that is resistant to inhibition by By subunits. Subscripts ¢, o represent the closed and
open states, respectively, and the vertical transitions that are voltage dependent. Superscripts Pr denote a
phosphorylation-resistant state, while superscripts Gr denote an inhibition-resistant state. The nomenclature inhibited
and willing is from [1]. Note that the transition rate from W, to R’" depends on the concentration of fy-subunits.
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Fig. 5. Kinetic representation of vesicle release, adapted from [15]. The replenishment of vesicles from the vesicle pool is
assumed calcium-dependent as in [18,17].

with the membrane and release neurotransmitter is related to the intrinsic probability p that a
docked vesicle releases neurotransmitter under some reference conditions (e.g., a long interval
of no stimuli followed by a single action potential) in some complicated and as yet unknown man-
ner, since it accounts for many factors. The precise relationship used in the computations will be
given later. Thomson [16] pointed out the important role that p plays in neurotransmission, since
synapses with a low release probability may show facilitation (an increase in vesicle release under
repeated stimulation) and those with a high release probability can show depression (reduction of
vesicle release under repeated stimulation).! We also assume that the replenishment of empty sites
is calcium-dependent, as was suggested earlier [17,18].
The activation of G-proteins occurs via a kinetic mechanism adapted from [19].

kpl
N +R 2 NR (1)
ml
kpZ
NR +G 2 NRG (2)
m2
NRGSNR + G* + Gy, (3)
k R
G5 G + P, (4)
G + Gy G (5)

Here N, R and NR are the concentrations of neurotransmitter, and bare and bound autoreceptors,
respectively, G is the concentration of G-protein on the presynaptic face, NRG is the concentration
of the complex of ligand, receptor and G-protein; G, and Gg, are the concentrations of the activated
o subunits and the By subunits, respectively, and G/, is G,-GDP, i.e., the inactive form of G,. The
parameter values used here are chosen from those used in [19-21], and are given in Table 3.

Finally, the scheme for the activation of PKC, which includes generation of DAG by cleavage
of PIP, by activated phospholipase C (PLC), is adapted from [22-24].

! The term facilitation has been used to characterize two different processes, one related to vesicle release and the other
to the effect of depolarizations on fy-subunit inhibition of N-type channels. Here we use the same term to refer to both
processes, and which is referred to is clear from the context.
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. kiy
PLC + G ;é PLC* (6)
1b
k
PLC® + PIP, % PLC" % DAG + IP; + PLC? (7)
2b
. ks
PKC'+ Ca & PKC’ (8)
7b
k -
PKC* + DAG ké PKC* ©)
8b

Here PLC’ and PLC® are the inactive and active forms of phospholipase C, PLC* = PLC* — PIP,
is a complex; PIP, is a hydrophobic lipid on the plasma membrane; DAG is diacylglycerol; and
PKC', PKC* and PKC? are the inactive, intermediate and active forms of protein kinase C,
respectively.

3. The governing equations and the parameter values

In this section we present the full system of governing equations for the model in dimensional
form. This system has the general structure

dx

—=H
x(0) = xo,
where x = (x1,...,X,), x; represents the ‘density’ of the ith species, n is the number of species and

Xo represents the initial value of the state. Because the number of species involved is large, we pres-
ent the system of equations in modular form, corresponding to GPCR activation, channel mod-
ulation, vesicle release, and finally, to PKC activation. The different sub-processes in the model
have been studied elsewhere, and to the extent possible we have tried to keep the same notation
and units used in these studies. Some parameters are given in volumetric concentrations, others in
surface-density units, and throughout we use 0, = 100 pum~! when necessary, as the conversion
factor between surface and volume units.

3.1. Channel dynamics

The seven equations governing the channel dynamics are as follows:

d[(]ie;f] = B,[We[Gy,] + B (V)R] — (o, + o/ (V))[RY], (an
d[dRE 1. oL (V)R] = B (V)R] (12)
diw.

= 4 [R]+ BV )W o] + atpie W] = (B, (G + (V) + ki [PKCI) W] + ke [W], - (13)

o

t
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Table 1
Parameter values for the channel dynamics: fy inhibition from [8,32]; PKC-phosphorylation from, [37,38]; channel
density from [7]

Symbol Value
C 3.3%x1074 pmol m~>
" 0.255!
i 0.1 uM's!
k) 0.1pMts7!
ko 1s7!
o 0.2557!
o, 105!
d{w,
[dt l_ (V)W) = V)W), 1
d WGY P Vi T i T
[di L el W) 4 B 1) = (e 2/ (1) ), (15)
d[w? a j
% = kypp[PKC|[W] — (kpm + keat) [V, (16)
d[wor ) 0o "
W~ e - g an

Here [RY], [RY] are the inhibited closed and open states, [WS'], [WS"] are the phosphorylated
closed and open states and [W,], [W,] are the closed and open states. [/’] is the intermediate state
before phosphorylation. The superscript Pr means that the channel is PKC-phosphorylation resis-
tant; the superscript Gr means that the channel is G-protein-inhibition resistant (this nomencla-
ture is from [1]). Note that [R?"] + [RY] + [Wi] + (W] + [WS"] + (W] + [W,] = C\, where C, is
the channel density given in Table 1.

In this scheme the transmembrane voltage } modulates the opening and closing rates. The spe-
cific dependence on V is given by o V) = 900exp(¥/22) s~ ', f(V) = 30exp(—V/14) s, o = /8
and ' = 8 as in [8]. In addition, «” = « and " = f, since Barrett and Rittenhouse [1] concluded
that the effect of phosphorylation on N-type channels is to prevent inhibition, rather than to affect
channel conductance.

3.2. Vesicle equations

The equations for the vesicle states shown in Fig. 5 are as follows:
d£]

o= 1lB] — k' [Cal[E], (18)
@ — k¥ [Ca)[E] + korr[B1] — Hkon[Cal[Bo), (19)
B\ _ ghnfCalBo] + 2ha(Ba] — (ko + 3hon[Ca) [B1), (20)

dt
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Table 2
Parameter values for the vesicle scheme in Fig. 5 from [15,17]
Symbol Value
Kt luM~ st
k™ 0s'
Kon 97 pM ! 57!
Kogr 9500 s
p 0.01
nrs 30
dBo] _ 3, (caliB)] + 3 2 2hon[C 21
dt - on[ a” 1] + koff[B3] - ( koff + kon[ a])[B2]> ( )
d[B;]
dz = 2k0n [Ca] [Bz] + 4k0ff [B4] — (3koff + kon [Ca})[B3], (22)
d[B
4] _ fenlCallBs) — (3 + k) B (23)

Here [Bo] + [B1] + [B>] + [Bs] + [B4] + [E] = nrs, where nrs is the number of release sites on the
presynaptic terminal. It is assumed that a single vesicle contains 3000-5000 transmitter molecules
(quantal content) and that the diffusion coefficient of neurotransmitters is ¢(700) um?* s~ [25].
Table 2 shows the set of parameter values used for vesicle release here.

The parameter y in (23) measures the rate at which vesicles with four calcium ions bound fuse
and release their neurotransmitter. If the intrinsic release probability p is low, y should be small,
whereas for high release probability, y should be large. Hence, we simply postulate that y = 4k gp/
(1 — p), and this y has the desired properties. Moreover, for p = 0.5, it follows that y = 4k,
which indicates that there is no preference for a given vesicle with four calcium ions bound to
either fuse with the membrane or to release one calcium ion. Even though there is no direct exper-
imental evidence for the expression chosen, it is appropriate for limiting forms of p. This assump-
tion implies that the mean time vesicles spend in the four-calcium bound state (By) is (1 — p)/
(4kof), and for fixed p, the larger kg is, the harder it is to release a vesicle, i.e., the release of
calcium from the release machinery is the dominant process. If we fix k., the assumption is
consistent with physiological data for p ~ 0 and for p ~ 1.

3.3. G-protein activation

The equations for the G-protein activation steps are as follows:

d[R]

3 = Fn[NIIR] + ki [NR], (24)
d[ﬁ[t = kpt INJ[R] + (K2 + kaet) [NRG] — (ky2[G] + k) INR), (25)
a6 _ k|G, )[G,) + kua[NRG] — ko [NR][G, (26)
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Table 3

Parameter for activation of G-protein from [19-21]

Symbol Value

ko 50 uM ' s7!

k,,,l 5 57l

kpo 103 m? pmol" s !

km2 0 S_l

Kact 185!

Knya 27s7!

ke 10° m? pmol ' s~!

R, 1.67 x 1073 pmol m 2

G, 1.67 x 10~ pmol/m >
d[NRG
ANEGL _ 1 INRIIG] — (ke + ki) VRG], e7)
d[Gl] a i
TR kaotINRG] + k1 [PLC"] — (knya + k1, [PLC'])[G,], (28)
d[Gf"/] T i

dt/ = kat[NRG] + O‘p[RE | — (ks[G,] — ﬁp[WC])[Gﬁv]v (29)
d[G}) ;
2 = kipalGi] ~ ke[ G [GL) (30)

We also have the conservation laws [R] + [NR] + [NRG] = Ry, [G] + [NRG] + [G,] + [G'] + [PLC*]+
[PLC’] = G, and [G] + [NRG] + [Gg,] + [W.] + [R"] = G,, where R, and G, are the total autorecep-
tor and G-protein density on the presynaptic face. [PLC"] is the concentration of inactive
PLC and [R""] is the concentration of channels in the inhibited state (cf. Table 3). The parameter
values are as in [19], except for the G-protein activation rate k,., and ATP-hydrolysis rate kpyq,
which are at least one order of magnitude higher than in [19] (the values used here are taken from

[21]).

3.4. PLC activation and PKC generation

WPLET i [GIPLC) + iy fPLC) o
d[Pica] = ki [G[PLC] + 1y [PLCY] — ko [PIPS][PLCY] + (koy + o) [PLC], (32)
d[PCtC*] = ks [PIP][PLC?| + (ks + ko) [PLCT], (33)
d[Dd?G] = k,[PLC"] — kaeg[DAG] — kg [PKC'][DAG] — ks, [PKC*], (34)
dPKC] _ _ PKCCa] + k[PKC), (33)

dt
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Table 4
Parameter values for activation of PKC: PLC dynamics from [23], DAG dynamics from [22] and PKC dynamics from
[24]

Symbol Value

[PLC], 1.2x107* pmol/m 2
[PLC]p 0-100 uM

[PIP,] 0.1 pmol/m—2

ki 1.1 % 10° m? pmol ! s7!
klb 1 S71

kay 2.14x10° m* pmol ' s~
k2b 5.25 57l

ka 5-10s7!

Kaeg 255"

k7/ 5 IJM71 571

ke, 505!

kes 1.5x10* uM ' s7!

ks 0.15s7"

We have used 6, =100 pum~! (I'. surface area to active zone volume) to convert concentrations (M) into surface
densities (umol m™3).

APEC) e PKC(Ca] — kn[PKC] — ky [PKCIDAG] + ki [PKCY] (36)
% — ks [PKC*][DAG] — kg, [PKC]. (37)

Both PLC and PKC are conserved and therefore [PLC']+ [PLC*]+ [PLC*]=[PLC], and
[PKC’]+ [PKC*]+ [PKC?] = [PKC],, where [PLC], is the total PLC density on the presynaptic
face and [PKC], is the total PKC concentration in the active zone. Parameter values for these
equations are given in Table 4.

3.5. Neurotransmitter in the cleft

d[V]
dr

where 7 depends on the total number of release sites and the number of transmitter molecules
contained in each vesicle. Since the cleft has a width of 10-20 nm and we assume that the release
sites are uniformly distributed on I, it takes ¢/(10~°) s for a molecule to reach the post-synaptic
membrane (using a diffusion coefficient for neurotransmitters of 700 um?/s, cf. Table 2). Hence,
we may assume that the concentration of neurotransmitters in the cleft is spatially uniform.
The decay rate of neurotransmitters in the cleft is then given by 7y = ¢(10/ps), values for neu-
rotransmitter decay from [26].

= 9V [B4] — t[N], (38)

3.6. Intracellular calcium

Calcium concentrations as high as 100 pM are needed to trigger exocytosis at fast synapses [27],
and we use this fact to estimate space and time scales for neurotransmitter release. Syntaxin
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(a membrane protein of the SNARE complex necessary for vesicle fusion) has been found to be
functional only when co-expressed with N-type calcium channels [28]. This suggests that we can
assume both the release machinery and VGCCs to be co-localized in the active zone, and this was
the basis for choosing the thickness of the active zone to be ¢(10) nm. If we assume that calcium
enters into the cytoplasm through a point source corresponding to a single channel, and ignore
boundary effects, we estimate that the time needed to reach 100 uM for distances ((10 nm) is
T = (0(0.1) ms, which we choose as a characteristic time scale for vesicle release. On this time scale
the relevant calcium concentration is that in a microdomain surrounding a release site. We assume
that in the intracellular active zone underlying the presynaptic face, the calcium concentration
evolves according to

d[Ca

8] Aol + (RS + W5 — kcu[Cal (39)
where A = 106CtNa69p, where N, is Avogadro’s number and é =5.12 x 10~'2 umol s~!, which
represents the calcium current through a single channel [29], and [Ca] is measured in uM. We
approximate the calcium efflux from this active region into the bulk cytoplasm by the term
kicaCa], where K [‘Cla] = ((10 ps) is the time constant for this process.

Note that we have neglected other possible regulatory mechanisms such as buffering. The ratio-
nale behind this assumption is the following: numerical simulations suggest that on space and time
scales given by L and T, respectively, both the excess buffer approximation and the pure diffusion
approximation [29] are good estimates for the effect of slow buffers such as EGTA on calcium pro-
files, whereas the rapid buffer approximation only holds for space scales at least two orders of mag-
nitude higher than the one assumed here [30]. This assumption leads to an upper bound for the
dynamics of calcium during synaptic transmission, which for slow buffers is a good approxima-
tion. The effect of buffering and other calcium-regulatory mechanisms such as CICR, are outside
the scope of this work and deserve a careful analysis, which we defer to another paper.

4. Analysis of the model

We shall analyze the dynamics of VGCC-modulation, vesicle release and GPCR-activation sep-
arately to determine characteristic time scales for each process, and then compare these time scales
to a characteristic time scale for vesicle release, which we choose to be 7 = ((0.1) ms, based on
the delay between channel opening and beginning of transmitter release [27]. In the sequel, we
shall call the active phase the time during which the channels are open, and the passive phase
the time during which the channels are closed.

4.1. Channel dynamics

The dynamics of N-type channels during the passive phase (slow time scale) is governed by

TR BG4 RT (40)
WV _ R 4 o 7] + k7] — (B, Gl + kg P 7. (a1)
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%Wt/é] = kp[PKCY[W ] — (kpm + kcat)[Wi;L (42)
awe B
dr kcat[Wc] - OCka[VVC ] (43)

We may suppose that [RY'] + [W.] + [WS"] + [W'] = C,, since to lowest order during the passive
phase [RY] = [W,] = [WS"] = 0. Let us define R = [RY]/C, W = [W.]/C,,P' = [W!]/C, and P =
[WCGr] /C, which represent the fractions of channels in the inhibited, willing, intermediate (bound
to PKC), and phosphorylated closed state, respectively. If we take = o7, where oc;l > T is the
fy-subunit release rate (cf. Table 1), then the non-dimensionalized set of equations for the reduced
channel dynamics (corresponding to (40)—(43)), is given by

dR
—=gW —R
dr g )
aw 4
— =R+P—gW —yW + P,
dr
=g — (1 +n)P
el (1+n)P,
dP A
—=nP - P
dT 17 b

where g = [Gy,)/Kj, and Kp, is the dissociation constant for a fy-subunit from an N-type chan-
nel. Note that we have taken oy, = o, and k,, /o, = O(1). Then if = [PKC"|/Kpxc Where Kpgc
kpmlkpp. Finally, n = ke otpke.
The steady state values for R and P obtained from Eq. (44) are given by
g
(1+g) + pke(l+1n)’

B npkc

~ (1+g)+pke(l+n)’
where pkc = [PKC*)/K,, and K,, is the Michaelis-Menten constant for PKC. The steady-state
fraction of channels in the inhibited and phosphorylated states depend on g and pkc. Moreover,
the size of 5 determines the strength of the competition between the two modulatory pathways at
steady state. In fact
R 1 g

P 5 pke

gives an estimate, for fixed values of g and pkc, as to whether inhibition or phosphorylation is the
dominant modulation of VGCCs. For the parameter values chosen, n = (/(50), which implies that
small increases in PKC levels would lead to a large increase in the steady levels of phosphorylated
channels. In other words, the rate at which the channel is dephosphorylated determines the levels
of activated PKC necessary to overcome fy-subunit inhibition.

4.2. Vesicle dynamics

There are two distinct time scales, which are determined by the levels of calcium during the
active and passive phases, that are important for analyzing the vesicle dynamics. Both can be
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estimated by (kon[Ca])~!, which is the mean time between binding of successive calcium ions to
sites on a vesicle. During the passive or resting phase between widely-spaced stimuli the intracel-
lular calcium concentration is [Ca] = ((0.1) uM, and k,,[Ca] = O(ka), which is comparable the
time scale for G-protein activation (cf. Tables 2 and 3). In the active phase calcium is 1000-fold
higher ([Ca] = ©(100) uM) and k.,[Ca] = ¢(T"). Thus the second scale is comparable to the
vesicle release time estimated earlier from the time required for calcium to rise sufficiently.

If we define y 9 = E/nrs, y»o = Bo/nrs, y»1 = Bi/nrs, y»» = Bo/nrs, y»3 = Bs/nrs and y,4 = By/nrs,
where nrs is the number of release sites, then the vesicle dynamics can represented as

X =4X, (43)
where X = (y19,)20, 21,22, ¥23,124) and
ajp = —ax = —es,
a;=i—64+(—2)g 2<i<5
ai = (i—2)e 2<i<e6,
A=(a;) =X a1, =6—1 2<i<5,
aje = 4e16,,
ass = —4ei(1 + €2),
a; =0 otherwise.

Here € = KD/[Ca]’ €2 :p/(l - p) and €3 = k+/kona KD = koff/kon-
The first case is when k,,[Ca] = ((k,), which corresponds to €; > 1. In this case, Eq. (45) can
be approximated to lowest order by

dyyo
dr = —€3)p9

and

Vo1 =Y =3 = = 0.
This implies that the rate of convergence to X = (0,1,0,0,0,0) (By — nrs) depends, to lowest order
on ¢; i.e., the rate at which the empty sites are replenished.
The second case obtains when k,,[Ca] = O(T"), i.e., ¢, = O(1). We set ¢; = 1, and then the
steady fraction of vesicles with four calcium ions bound is given by
3 €3
4 1263 + 362 + 166263 '

If e < 1 i.e., the release probability p is small, the steady fraction of vesicles ready to release
is approximately 1/16 = 0.0625. Note that the steady level of B, is independent of p, which is
an indication that for small p, the synapse may show facilitation. For ¢, > 1 i.e., large release
probability, it follows that to lowest order, y,4 = 0. The steady fraction of empty sites yjo is
approximately

3
3"‘ 1663’
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which gives an estimate of the number of vesicles released. In particular, when e; < 1 (slow
replenishment of vesicles at the active zone), all vesicles attached to the membrane at the active
zone are released and hence repeated stimulation would lead to synaptic depression [16].

The analysis shows that both the release probability and the replenishment rate determine the
dynamics of release sites during the active and passive phase. The rate of replenishment deter-
mines how fast the release machinery recovers from the state y,y ~ 1 between spikes. With the
parameter values chosen for this scheme, it follows that for small release probability, about 6%
of the total number of vesicles will be available for release. This suggests that synapses with
low release probability can sustain vesicle release without depleting the vesicle pool provided
the frequency of stimulation is greater than or equal to k' [Ca]. For high release probability
(€2 > 1), the fraction of empty sites only depends on e3. This suggests that high-frequency stimuli
(frequencies greater than k[Ca]) would lead to synaptic depression.

4.3. G-protein activation

The time constant for G-protein activation, ka_clt, can be regarded as a characteristic time scale
for the activation of the modulatory pathways for the VGCCs. Next we analyze the dynamics of
G-protein activation on this time scale, which is ¢(1) s, and thus much slower than the time scale
for vesicle release.

Let us define T = k,.if, ys = [R)/ Ry, y6 = [NR]/ R, y3s = [NRG]/ R, where R, represents the density
of autoreceptors on the membrane (in pmol/m?), and y; = [G)/G,, yo = [G,)/ G\, y10 = [Gy,)/ G, and
i1 = [G]/G, where G, is the density of G-protein (cf. Table 3.) The corresponding non-dimen-
sional system of equations for G-protein activation is given by

(dy; [N]
dr V<—KautJ’5 +y6>7

dy [NV] kG
d_::"< Vs — Ve +J’8_ZTctty6y77

Kaut

% _ ke Gy _ kszt

dz —kaa YoV —kact Y67,

dy8 kp2 Gt
8 — 46
Ak YT e (46)
dy9 . klb[PLC]O khyd klf[PLC}O

dT B y8 + kaCth y28 kact + kact y27 y97

dyyg apRy keGy ByR:
—10 R— Sy

dT yS + kacth kact y“ + kact 10

Ay ke kG

( dt kact 7o kact T

where R and W are as in Section 4.1, and y,; = [PLC')/[PLC], and y,5 = [PLC*}/[PLC]J,. From the
parameter values given in Tables 1, 3 and 4, we have that kpya/kace > 1, k¢Gilkact > 1, k1,[PLClo/

(kactGy) > 1, 0, Ri/(kaet Gy) < 1, BpR/(kaet) < 1 and ky[PLClo/kaee < 1. Here [N]is the concentra-
tion of neurotransmitter in the cleft, and Kuu = k,u/k,1 is the affinity of the receptor (since
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kyGi/kat = O(1), we set it equal to 1). The conservation laws are ys+ ys+ys=1,
y7+ ys +yo + y11 +[PLCl/Gya27 + [PLCl/Gys =1 and  y;+yg+yio+yn+ C/GR+
CJ/G W = 1. Therefore, to lowest order we have that the receptor-GPCR, subsystem decouples
from the rest of the system obtaining

% = V(‘Eﬂ)’s +y6>7

% = V<][<]thy5 _y6> + Vs — VeV

dy, (47)
dr VeV,

dJ’S _

dr YeV7 — Vs,

Yo = Y1y = 0.

Note that since C;/G, = [PLC],/G, = ¢(10™"), we may assume that the conservation laws for the
reduced system (47) are ys+ys+ys=1, y7+yg+yo+y;1=1and y; +yg+ yio+y;; = 1.

The ratio v = k,,,1/k.e; of the release rate of neurotransmitter from the autoreceptor to the
G-protein activation rate will determine how the interaction between neurotransmitters and auto-
receptors affects VGCC-modulation. The first case is v>> 1, and in this case we have that
ys = Kou/[N]ye to lowest order in the small parameter v_!, i.e., neurotransmitter binding equili-
brates rapidly. We can then further reduce (47) to

dyy

dr Y8 = VeV

dy

= Y (48)
dysz o

| dc YY1 — Vs-

We recall that ys + yg + yg =1 and y; + yg + y1o + y11 = 1, and then use the conservation condi-
tions to obtain

%: —7[N]+Kauty — VeV

dr [N} 6 67 (49)
dy; _ _

dT y7y6'

From the first of these equations it follows that significant G-protein activation, which requires
occupied receptors, will occur on the time scale &, only if K, = [N]. Under physiological con-
ditions, neurotransmitter release during an action potential is terminated rapidly [31], and neuro-
transmitter clearance from the cleft occurs on a time scale ¢(1) ms [26]. Thus, on the time scale k_!
for activation of G-proteins, N < 1, which implies that unless K, < 1 (i.e., high affinity recep-
tors), G-protein activation will be negligible.

The second case is v = (’(1). In this situation, it is possible to estimate a range of frequencies

for which saturation effects would render the VGCC-modulation independent of the stimulation
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frequency. Frequencies that would cause an increase in neurotransmitter concentration such that
[N]>> K, on the time scale O(k,.), would yield ys ~ 1 (Eq. (47)) and the modulation of VGCCs
would become tonic.

4.4. PLC and PKC activation

PKC activation depends on both DAG and intracellular calcium. DAG-generation occurs on a
time scale (O(k;yld), corresponding to GTP-hydrolysis, and this is faster that G-protein activation
and hence fy inhibition. Therefore significant increases in intracellular calcium concentrations on
(Q(k;yld) would elicit significant levels of activated PKC. Thus, depending on the regulatory mech-
anisms of intracellular calcium such as buffering or CICR, it is possible for VGCC up-regulation
by PKC to prevail over fy inhibition [30].

5. Simulations of the model

From the analysis in the preceding section we conclude that modulation of VGCCs by G-pro-
tein activation occurs on a slower time scale than the time scale relevant for synaptic transmission.
This suggests that we should investigate how such modulation is affected by repeated stimulation,
since a single spike would not produce any significant increase in the levels of inhibited or phos-
phorylated channels. First we present simulations of the full model with a stimulation protocol
similar to that in [1, Fig. 1, p. 279]. Then we address the dependence of the maximal fraction
of inhibited and phosphorylated channels on stimulation frequency and the kinetic properties
of autoreceptors.

Fig. 6 shows simulations of the full model, using the stimulation protocol depicted in part A of
Fig. 6, for different values of the total concentration of PKC, [PKC],. For low concentrations of
PKC ([PKC]y = 1 uM), more than 50% of the channels are inhibited after one 10 mV step, which
leads to an approximately 45% reduction in the calcium concentration (cf. Fig. 7). This is in agree-
ment with the percentage reduction in currents through N-type channels observed experimentally
[1]. If we increase the concentration of PKC to [PKC]y = 10 uM, the peak fraction of inhibited
channels after the second 10 mV depolarization step is about the same as in the previous case,
and there is approximately a 5% decrease in the fraction of inhibited channels after the third
10 mV depolarization compared to the case for [PKC]y =1 uM. (cf. left panel Fig. 6). When
[PKC]y is very high (100 uM), there is a significant decrease in the fraction of inhibited channels
compared to [PKC]y, = 1 after the second 10 mV step depolarization (about 10% reduction), and a
40% reduction after the third 10 mV step. This is due to the fact that as we increase [PKC]y, there
is a corresponding increase in the fraction of phosphorylated channels (cf. right panel in Fig. 6).
Note that after the first depolarization step, the rate of increase in the inhibited channel fraction is
the same for all PKC levels (cf. Fig. 6). This is an indication of the fact that (fy-subunit inhibition
is a direct modulation, i.e., after G-protein activation, fy subunits directly interact with VGCCs
whereas phosphorylation of VGCCs requires activation of PKC, which in turns is the result of a
long biochemical pathway (see schematic in Fig. 2).

From Section 4.1, the steady fraction of channels in the inhibited and phosphorylated state de-
pends on 1 = kcai/%pkc, the ratio between the PKC catalytic rate and the channel-dephosphorylation
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Fig. 6. Simulations of the full model. (A) Stimulation protocol used in [1]: 100 ms step depolarization to 10 mV
initially, followed by 1s at rest (—90 mV). Then there is a prepulse for 100 ms at 80 mV immediately followed by a
100 ms 10 mV depolarization. After 4 sec at rest (—90 mV) there is a third 100 ms depolarization at 10 mV, followed by
return to the resting voltage. (B) The evolution of the fraction of channels in the inhibited (left panel) and
phosphorylated (right panel) for different values of [PKC]y, under the stimulation protocol described before. Here we
used high affinity autoreceptors, i.e., Kau = 0.16 pM (k,,y = 5s7'), cf. Table 3.

rate. Because of the value of the calcium decay in the active zone, less than 1% of the total
concentration of PKC is in the active state for time scales ((k, ) (not shown). This implies that
the dominant modulation is inhibitory on this time-scale. However, n = ((50), which indicates that
a small increase in activated PKC concentration would lead to a large increase in the fraction of
phosphorylated channels. Therefore, simulations showed that as the concentration of PKC
increases at the terminal, Sy-subunit inhibition of VGCCs can be dramatically reduced, which could
potentially affect vesicle release for long trains of stimulation (€¢(10) s).

After depolarization, the population of channels returns to steady state [Wc] ~ 1 i.e., all chan-
nels are in the closed, unmodulated state. The half-time before transition to another state from
Rfr, is given by (o'( Viest) + oc,,)*l, where Vit ~ —90 mV (cf. Fig. 4) i.e., the recovery rate depends
on the relative size of o’ and o,. For the parameters used here, o'(Vies) > o), which implies that
the probability of a channel switching from the R to the W state is much smaller that the prob-
ability of a channel in the R switching between the open and closed states. This suggests that neu-
ronal activity induces a transient modulation (both inhibition and phosphorylation) whose decay
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Fig. 7. A comparison of the evolution of the fraction of inhibited channels when we explicitly consider removal of
py-subunit inhibition by strong depolarization. Panel A panel shows the evolution of inhibited channels with voltage-
dependent release from inhibition (VDRI, solid lines), and without VDRI (original model, dashed lines). The 80 mV
prepulse depolarization releases VGCCs channels from inhibition (approximately a 70% reduction of the fraction of
inhibited channels after the prepulse in the VDRI model compared to the fraction of inhibited channels after the
prepulse in the original model. Panel B: the maximal calcium concentration during the 10 mV depolarizations (see part

A in Fig. 6, corresponding to the original model and the model with voltage-dependent release from inhibition. Here,
[PKC]y =1 uM. The resting level of calcium is in the nanomolar range.

time depends on the kinetic parameters of the single channel dynamics. For the parameter choice,
such slow decay can be correlated to the so-called tonic inhibition of N-type channels by Sy sub-
units in [32].
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Previous work in [8,33] suggested that release from inhibition of VGCCs by depolarization is
significant for depolarizing voltages above 50 mV (in fact, experiments were only done with depo-
larizations between 100 and 150 mV [8,33]). Moreover, it was found that the release of inhibition
by depolarization followed a sigmoidal-type relationship. To include this feature in our model, we
can replace the constant parameter o, = 0.25 in (11), which corresponds to the rate for the tran-
sition from R to W, by o, = 0.25 4 500(1 + tanh(} — 50)). (The voltage crossover was set at
50 mV to agree with the experimental findings and the multiplier set to obtain a significant effect
on the rate.) We call this variation of the model the voltage-dependent release from inhibition
(VDRI) model. Fig. 7 shows simulations of the original model and the VDRI model with the stim-
ulation protocol as in Fig. 6(A). Panel A shows, as expected, that the 80 mV prepulse reduces the
fraction of channels in the inhibited state from 40% to less than 10%. If we look at the maximal
calcium concentration during each of the three 10 mV depolarization steps (Panel B in Fig. 7), we
see that there is an 80% increase in calcium influx in the VDRI model, which is in qualitative
agreement with the experimental results in Fig. 1 of [1]. During the third depolarizing pulse (Panel
B in Fig. 7), the influx of calcium is the same in both models, which is also in agreement with
experimental data in [1]. Note that the after the strong depolarization, the fraction of channels
inhibited by fy-subunits returns to levels similar to the ones in the original model on a time scale
(0(500) ms, which agrees with the measurements in [33].

Most plastic changes in the strength of synaptic connections are believed to occur after bursts of
stimuli [25]. Since the activation of the modulatory mechanisms presented here occur on a slower
time scale than the corresponding time scale for vesicle release, it is important to study how such
mechanisms are affected by repeated stimulation. We ran simulations for the full model under dif-
ferent stimulation frequency and kinetic properties of autoreceptors to see how the strength of the
modulation is affected. The stimulation protocol consists of periodic stimulation (repeated 1-ms
step depolarizations from —90 mV to 10 mV) of the presynaptic terminal for one second under dif-
ferent frequencies. Fig. 8 shows, for different values kinetic properties of GPCRs, the peak frac-
tions of inhibited and phosphorylated channels (parts A and B) as a function of the stimulation
frequency. Part C of Fig. 8 shows how the maximal calcium concentration changes during the stim-
ulation protocol as a function of the stimulation frequency, for different kinetic properties of
GPCRs. As expected, the peak fraction of inhibited channels increases as the affinity of GPCRs
increases (i.e., as K,y decreases) (cf. Fig. 8(A)). Since v = @(1) (k,,; = 5s~'), the peak fraction
of inhibited channels is maximal when K, = 0.16 pM, because the dynamics of GPCRs is dictated
by [N]/ K. Since the decay time constant for neurotransmitter in the cleft is very rapid
(0(10°) s7"), N is very small on average during the stimulation. Note also that there is a saturation
level for the peak fraction of inhibited channels which depends on the affinity of the autoreceptors.

Panel B of Fig. 8 shows the peak fraction of phosphorylated channels, and as in A for inhibited
channels, the peak fraction of phosphorylated channels is the largest when K, is smallest. More-
over, note that as K, increases the curves shift to the right, which indicates that it becomes hard-
er to obtain significant levels of phosphorylated channels as the affinity of the GPCRs decreases,
even under repeated stimulation. Note also that for K, = 0.16 uM, the peak fraction of phos-
phorylated channels remains roughly constant until the stimulation frequency surpasses approx-
imately 40 Hz, which is ()(kpyq), the decay time constant for a-subunits (G, in the model). Beyond
this frequency there is a net increase in G, during the stimulation, which leads to an increase in the
level of PKC* and hence of the fraction of phosphorylated channels during stimulation.
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Fig. 8. Numerical simulations of the model when the terminal is periodically stimulated at different frequencies for 1 s
(each action potential is modeled as a 1-ms 10 mV step depolarization). Panel A shows the peak fraction of inhibited
channels for different values of the kinetic parameters of autoreceptors. Panel B shows the peak fraction of
phosphorylated channels, and panel C shows the change in maximal calcium concentration between the first and last
steps in the stimulation protocol. In all panels solid lines represent Kp = 0.16 uM, dashed lines represent Kp = 1.6 pM,
and dotted lines represent Kp = 16 uM. In addition k,,,; =5 s~! and [PKC], =10 uM in all panels.

Panel C in Fig. 8 shows how the maximal calcium concentration at the last depolarization step
in the train of stimulation changes with respect to the maximal calcium concentration during the
first depolarization step. In all cases, there is a reduction in the maximal calcium concentration
which is due to the fact that the inhibitory pathway directly modulates VGGCs whereas the phos-
phorylation pathway is indirect. This is also reflected in Fig. 6, since after the first step depolar-
ization, there is no change in the rate of increase of the fraction of inhibited channels, for different
values of [PKC],.

To date, most experiments in which strong depolarizing stimuli were used to induce release
from fy-modulated inhibition of calcium channels found that stimulation times of the order of
at least 30-40 ms were needed to induce significant release from inhibition; for instance in [33],
35-ms step depolarizations were applied at 0.25 Hz. If we repeat the simulations in Fig. 8 with
the VDRI model, there would be no qualitative difference in the outcome. In fact, the time scale
for release from inhibition by depolarization is of order 10 ms, for the parameters used here,
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which is one order of magnitude larger that the time in which depolarization occurs. Even if we
shift the voltage-threshold for the voltage-dependent release from inhibition in the VDRI model,
the corresponding relationship between frequency and the peak fraction of either inhibited or
phosphorylated channels obtained with the VDRI model will be still qualitatively the same as
the ones presented in Fig. 8. This prediction could be tested experimentally.

6. Conclusions

We proposed a model for modulation of N-type channels located on the presynaptic face I'.
based on the experimental findings in [1]. Our model consists of a feed-back loop involving neu-
rotransmitters, VGCCs and autoreceptors. Perturbation analysis was used to uncover a hierarchy
of times scales for such processes during neurotransmission. Our model reproduces the levels of
py-modulated inhibition found experimentally in [1] (Fig. 6). The search for the many parameters
involved in our model was extensive, since the different sub-processes involved in our proposed
VGCC-regulation were studied in different experimental models, so we chose those parameters
that gave simulation results similar to those observed experimentally.

Modulation of calcium influx through G,-activation occurs on a slower time scale than the time
scale in which transmitter release takes place, which suggests that under physiological conditions,
only trains of action potentials would trigger such modulation. In particular, the kinetic proper-
ties of autoreceptors and the frequency of the stimuli would determine the dynamics of the pro-
posed regulatory mechanism.

Under steady state levels of either fy subunits or activated PKC, the competitive nature of
inhibition and phosphorylation depends on 1 = kcai/dpke. Since 7 = O(50) from Table 1, one
can conclude that small increases in activated PKC would lead to a significant increase in the
fraction of phosphorylated channels relative to the fraction of inhibited channels. As we decrease
the value of #, by increasing the dephosphorylation rate oy, the levels of phosphorylated chan-
nels decrease accordingly. In particular, when # = (1) the maximal level of phosphorylated
channels strongly depends on the rate at which calcium decays in the active zone. In particular,
when buffer species are present in the cytoplasm, the kinetic properties of buffers determine
how fast calcium returns to basal levels, hence it will modulate the levels of activated PKC
[30].

The parameter v = k,,,1/k.c (the ratio between the unbinding rate between autoreceptors and
neurotransmitters and the G-protein activation rate) allows us to determine, depending on the
kinetic properties of the autoreceptors, how this modulatory process depends on the frequency
of the stimulation. For v > 1, the assumption that neurotransmitters and autoreceptors are in
pseudo-equilibrium holds. However, in physiological conditions, N < 1 on the time scale
O(k,) (clearance of neurotransmitters in the cleft is faster than k,_; [26], which implies that only
high affinity receptors (K, < 1) would trigger VGCC-modulation. If v = @(1), then neurotrans-
mitters and autoreceptors are no longer in pseudo-equilibrium. In particular, K,,; determines a
threshold value for stimulation frequency such that above this threshold, VGCC regulation would
be tonic (cf. Fig. 8), and depending on whether Sy inhibition of PKC phosphorylation are the
dominant modulatory mechanism, it is possible to induce up- or down-regulation of transmitter
release, by increasing stimulus frequency.
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The simulations (cf. Fig. 6) suggest that down-regulation of VGCCs by f3y subunits will prevail
for concentrations of PKC of order 10 uM under one or a few depolarizing stimuli. This is a con-
sequence of the fact that VGCC regulation by PKC follows an indirect biochemical pathway (cf.
Fig. 2), whereas ffy modulation consists of a single kinetic step after G-protein activation. This
also depends on the fact that calcium decay in the active zone is faster than k;yld, the rate of
GTP-hydrolysis (cf. Eq. (39)). In particular, the intracellular calcium increases on the slower time
scale are not sufficient to elicit a substantial increase in activated PKC levels so that it can compete
with Sy subunits. But, DAG-generation occurs on a time scale (O(k}jyld) greater than the G-protein
activation time scale (hence fy modulation), which implies that if significant increases in calcium
concentration are sustained on the time scale for DAG-activation, PKC-modulation would pre-
vail over ffy subunit down-regulation. Regulation of the intracellular calcium increases depend on
processes such as buffering, and depending on the kinetic properties of the species, it is possible to
obtain either up- or down-regulation of VGCCs according to the buffer species present in the pre-
synaptic terminal [30].

However, the model also suggests a self-regulatory mechanism for transmitter release under
repeated stimulation. We predict that sustained activity leads to down-regulation of VGCCs,
which results in a decrease in the maximal calcium concentration at the terminal, which in turn
effectively decreases the probability of vesicle release (Figs. 6-8). Nonetheless, the synapse can re-
cover from inhibition by phosphorylation of VGCCs i.e., increase of fraction of phosphorylated
channels, on a time scale determined by the levels of PKC (Fig. 6) and the decay time constant for
calcium ( data not shown, see [30]. This in turn would increase the calcium influx and thereby
increase the probability of vesicle release.

A prediction of our model is that for suitable kinetic properties of GPCRs, there is a particular
frequency at which the peak fraction of phosphorylated channels changes: in our model is 40 Hz,
ie., k{yld (cf. Fig. 8). Below that frequency the peak fraction of phosphorylated channels remains
constant. Above that frequency, there is a monotonic increase in the peak fraction of phosphor-
ylated channels as the frequency of the stimulus increases (solid line in Fig. §). This implies that
there would be a decrease in the levels of fy-subunit inhibition of VGCCs as the frequency of
stimulation increases. If we were to deliver a stimulus at the time in which the peak fraction of
modulated channels occurs (the maximal fraction of either phosphorylated or inhibited channels
occur around 7-10 s, data not shown), this will lead to an increase in the calcium influx if the pre-
vious stimulation frequency was higher than 40 Hz, whereas if the previous stimulus frequency
was less than 40 Hz, there would be no apparent change in the influx of calcium. This would
be also true if instead of calcium influx, we were measuring neurotransmitter release. In particular,
by changing the speed of hydrolysis of GTP (kpyq), one should be able to change the frequency at
which there is a change in the influx of calcium or neurotransmitter release.

It is known that strong depolarizations induce a release from fy inhibition in N-type calcium
channels [32]. When we impose strong depolarizations in our model (80 mV step depolarizations)
we only observe a small reduction in the fraction of inhibited channels, which is not in qualitative
agreement with experimental data [8,33,1]. If we add to our model a voltage-dependent release
from inhibition (Fig. 7), we are able to qualitatively match the effects of strong depolarizing pre-
pulses on the short time scale (i.e., the reduction in the fraction of channels in the inhibited state)
and we also showed that the results qualitatively matched the recovery time scale for the inhibi-
tion of VGGCs by fy-subunits. In light of the time scales for the onset and recovery of VDIR, we
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can assert that the simulation results in Fig. 8, i.e., the relationship between peak fraction of mod-
ulated channels and the frequency of stimulation, would not be altered if we explicitly consider a
VDIR mechanism. A more detailed model for the voltage dependence of VGCCs, as in [14],
would be needed when addressing how the presence of autoreceptors affects the local excitability
properties of the cell membrane, for instance activation of calcium-dependent potassium and
GIRK currents [34], or whether activation of autoreceptors would lead to better synchronization
properties of neurons in the olfactory bulb [35], which in turn would have an effect on synaptic
transmission. Coupling this biochemical model with a Hodgkin—Huxley type model for generation
of action potentials would give us a way to address the effect of biochemical vs. electrical modu-
lation of calcium influx [36]. There is a large body of experimental evidence that autoreceptors
inhibit vesicle release. On the other hand, recent experiments suggest that autoreceptor activation
induces an increase in vesicle release [13]. We propose an alternative mechanism for modulation of
vesicle release via regulation of calcium influx through VGCCs. One of the predictions from the
analysis of the model was that # = kca/0k. determines the strength of the competition between
inhibition and phosphorylation. For systems in which vesicle release is mainly regulated by
N-type channels, it would be interesting to see whether changes in the channel dephosphorylation
rate would lead to changes in the levels of inhibition and phosphorylation of calcium channels in
the presynaptic terminal. In this way, it would be possible to elucidate whether small or large in-
creases in activated PKC are needed to remove fy-inhibition under repeated stimulation. The gen-
eration of activated PKC was based upon a simplified kinetic scheme. However, more detailed
molecular mechanisms for PLC-generation, PIP, cleavage and PKC generation are now available,
and one can obtain a more realistic scheme for the regulation of VGCCs via downstream effectors
of G-protein activation.
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