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Abstract

Pituitary corticotroph cells generate repetitive action potentials and associated Ca?* tran-
sients in response to the agonist corticotropin releasing hormone (CRH). There is indirect
evidence suggesting that the agonist, by way of complex intracellular mechanisms, modulates
the voltage sensitivity of the L-type Ca?" channels embedded in the plasma membrane. We
have previously constructed a Hodgkin-Huxley type model of this process, which indicated
that an increase in the L-type Ca?" current is sufficient to generate repetitive action potentials
[LeBeau et al. (1997). Biophysical Journal 73, 1263-1275].

In this paper we extend our model by including more realistic Ca?" transport between
cytosolic and endoplasmic compartments, and spatial variation in our description of the en-
doplasmic reticulum (ER) and cytosolic [Ca?*]. We have found firstly that this [Ca®*] spatial
variation did not significantly affect the generation of action potentials, and secondly that a
gradual increase in the ER Ca?T during repetitive action potential activity can ultimately
feed back sufficient Ca?* into the cytosol to eliminate action potentials. We discuss ways in
which cells might regulate their intracellular [Ca®"] dynamics to avoid such an effect.
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Introduction

CRH is one of the major regulatory hormones linked with the neuroendocrine response
to stress (Rivier and Vale, 1983; Gibbs, 1985; Jones and Gillham, 1988). Secreted from
CRH-neurons in the paraventricular nucleus of the hypothalamus, CRH travels through the
hypothalmo-pituitary portal system to the anterior pituitary (Merchenthaler et al., 1984;
Plotsky et al., 1985; Whitnall et al., 1985; Plotsky and Sawchenko, 1987), stimulating the se-
cretion of adrenocorticotropic hormone (ACTH) and other biologically significant hormones
from the corticotroph cell population (Antoni, 1986; Rivier and Plotsky, 1986; Jones and
Gillham, 1988). Secreted ACTH then initiates the release of adrenal glucocorticoids, which
help the body reduce the metabolic demands of stress. These glucocorticoids also provide a
negative feedback mechanism, inhibiting the secretory process at the pituitary and hypotha-
lamus (Bilezikjian and Vale, 1983; Keller-Wood and Dallman, 1984; Widmaier and Dallman,
1984).

The intracellular mechanisms underlying the control of ACTH secretion in response to
CRH have been only partially characterised. However CRH is known to activate the adeno-
sine 3’,5’-cyclic monophosphate (cAMP) dependent protein kinase A (PKA) pathway (Labrie
et al., 1982; Aguilera et al., 1983; Reisine et al., 1986; Kuryshev et al., 1995b). The phospho-
rylation targets for PKA in corticotrophs have not been identified, however PKA is known to
phosphorylate L-type voltage dependent Ca?* channels (Mundina-Weilenmann et al., 1991;
Hille, 1992; Sculptoreanu et al., 1993). CRH also induces a membrane depolarization (Mol-
lard et al., 1987), which is associated with the generation of action potentials in quiescent
corticotrophs, and the enhancement of action potential frequency in spontaneously active
corticotrophs (Guérineau et al., 1991; Kuryshev et al., 1996). Associated with the action
potentials are Ca?" transients, predominately, if not totally, arising due to Ca?" influx via
L-type Ca?* channels (Kuryshev et al., 1996). H-89, an inhibitor of PKA, significantly atten-
uates CRH-induced action potentials (Kuryshev et al., 1995b), demonstrating a major role for
PKA in mediating the changes in electrical excitability and Ca?"-mobilising actions of CRH.
There is thus indirect evidence supporting the hypothesis of a CRH-induced PKA-dependent
phosphorylation of the L-type Ca®" channels (LeBeau et al., 1997), resulting in action po-
tentials, and Ca®" transients. The model introduced in LeBeau et al. (1997) is central to our
discussion; we henceforth denote it by (I).

Ca?" has been well established as an important intracellular trigger for hormone secretion
(Tsien and Tsien, 1990; Clapham, 1995). The spatio-temporal patterns in cytosolic Ca®™,
generated by the subtle interplay between cellular Ca?* sources and removal mechanisms, are
believed to be an integral part of the exocytotic pathway (Meyer and Stryer, 1991). For this
reason the study of Ca?" transport and cell electrical activity provides insight into the stim-
ulus secretion pathway. We have previously constructed a mathematical model of the major
plasma membrane ionic currents and the associated intracellular Ca?™ dynamics identified in
corticotrophs (I). For model simplicity, we originally assumed that the intracellular free Ca?*t
concentration ([Ca®T];) was spatially uniform, and instantly mixed. The ER Ca®" storage
capacity was assumed to be large, and the amount of Ca?' stored in the ER was assumed
to vary negligibly during action potentials. We found that an increase in the L-type current
was sufficient to generate repetitive action potentials from a previously resting state of the
model. The increase in the L-type current could be elicited by either a shift in the voltage
dependence of the current to more negative potentials, or by an increase in the conductance.
In the current paper we extend our previous model by including two new components. Firstly,
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we allow bidirectional Ca?* transport between the cytosol and a finite, dynamic ER store.
Secondly, along with other workers (Atri et al., 1993; Li et al., 1997), because the Ca?*-
sensing components of the cell have both different sensitivities to Ca?* and different spatial
locations, we consider spatially varying Ca?*. We investigate what effects these two changes
have on the model dynamics.

The original model

The original model (I) is of Hodgkin-Huxley form (Hodgkin and Huxley, 1952), and consists
of six coupled ordinary differential equations. The model description is similar to the models
of Li et al. (1995, 1997), which investigated electrical activity in pituitary gonadotroph cells.
For our corticotroph model the potential difference (V') across the plasma membrane satisfies

av

o —(Ica-1 + Ica—T + Ik—DR + IK—Ca + ILeak): (1)

Cm
where ¢y, is the cell surface membrane capacitance (see Table 1 for parameter values). Four
ionic currents are included in the model: 1) a high voltage threshold dihydropyridine sensitive
L-type Ca?T current (Ic,_1), responsible for most of the inward Ca?T current during an
action potential; 2) a low voltage threshold rapidly inactivating T-type voltage sensitive
Ca*" current (Ica_T); 3) a voltage-sensitive K current (Ix_pgr), predominantly responsible
for the action potential repolarization; and 4) a Ca*"-activated K* current (Ix_ca). The
remaining leak current (Ipe.x) represents all other ionic current contributions not specifically
described. We have previously described the construction of these model ionic currents from
electrophysiological measurements in corticotrophs (I).

There is evidence suggesting the existence of other channel types in corticotrophs, in-
cluding: 1) TTX-sensitive Na™ channels (Kuryshev et al., 1996); 2) P-type Ca?t channels,
contributing to the regulation of firing frequency (Kuryshev et al., 1995a; Kuryshev et al.,
1996); 3) an inward rectifier Kt current (Kuryshev et al., 1997), contributing to the mainte-
nance of the resting membrane potential; and 4) a nonselective cation current (Takano et al.,
1996). However these channels are not well characterised in corticotrophs and our desire is to
investigate the basic mechanisms of action potential generation and calcium signalling with
as simple a model as possible. Thus we do not include a description of these other channels
in the model presented here.

The ER model

The ER Ca?T store performs a number of important cellular functions, including cellular
Ca®" homeostasis and protein synthesis (Alberts et al., 1983, p335). In this section we
extend our original model (I) to include bidirectional Ca?* transport between the cytosolic
and ER compartments. This allows Ca?* that has been sequestered by the ER to be released
back into the cytosol, a feature that was not incorporated into (I).

The model

We model the cell as a spherical body, bounded by a plasma membrane containing Ca?"-
ATPase pumps and various ionic currents as outlined above. A schematic diagram of the
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Figure 1: Schematic diagram of the ionic pathways included in the model. Three compart-
ments are distinguished, the cytosol, the ER, and the extracellular medium. Bold arrows
indicate the various channels and pumps. Within the ER and cytosolic compartments, sig-
nificant portions of Ca?" are bound to buffers, denoted by B and B, respectively. Four
ionic currents are included in the model: an L-type voltage sensitive Ca?" current Ica_1,, a
fast inactivating T-type voltage sensitive Ca?t current Iq,_r, a voltage-sensitive K current
Ix_pRr, and a non-voltage sensitive Ca?t-activated Kt current Ix_c,. The remaining leak
current I1eq represents all other ionic current contributions. Also indicated are the plasma
membrane and ER Ca?t-ATPase pumps, Jog and Jup respectively, along with an ER Cat
leakage term J..

various ionic transport processes is shown in Fig. 1. It is assumed that the ER is distributed
homogeneously throughout the cell, and shares the intracellular volume with the cytosol. The
ER and cytosolic compartments are of different volumes V., and V. respectively, where the
ER is assumed to fill 15% of the cell volume (Alberts et al., 1983, p320).

The compartments also have different buffering kinetics, (Li et al., 1997) given by for and
feyt, the fraction of unbuffered Ca?*t in the respective volumes. This fraction is dependent
on the concentration of buffer sites, their individual binding kinetics, and the [Ca®"] in the
corresponding compartment (Wagner and Keizer, 1994). The precise nature of these Ca’*"
buffers, each with unique binding kinetics is as yet undetermined, hence our model of Ca?"
buffering is simple. Assuming that the Ca?* buffer concentration is suitably large relative to
the [Ca?"] in the respective compartments (Jafri and Keizer, 1995), and the buffer kinetics are
fast and in equilibrium at all times, it follows that the functional dependence of fe; and fcyt on
[Ca®™] will be weak, and can thus be treated as constant. In the cytosol, approximately 99%
of Ca?" is bound to buffers (Neher and Augustine, 1992; Tse et al., 1994), hence feyt = 0.01.
The buffering of Ca?* in the ER is assumed to be four times greater than in the cytosol (Li
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et al., 1997), hence fo = 0.0025. (See Table 1)
There is no evidence to suggest that CRH, by means of a secondary messenger, directly
induces the release of Ca?* from the ER. Therefore, assuming the diffusive surface flux across

the ER membrane is described by Fick’s law, the leak current from the ER can be described
by

Jrel = P([Ca®* e — [Ca']y), (2)

where P is the ER membrane leak permeability, [Ca*"],, is the concentration of free Ca®" in
the ER, and [Ca®T]; is the concentration of free Ca®" in the cytosol. Ca?"-ATPase pumps are
located on the surface of the ER membrane, allowing the cell to remove cytosolic Ca?". The
uptake of Ca?* into the ER is described by Michaelis-Menten kinetics (Lytton et al., 1992)

Ver[CaZt];”

Ty = A i
Tcar)? + K2

3)

where v, is the maximum pump rate and K, is the [Ca2+]i for half maximal pump activity.
Ca?T influx through voltage sensitive Ca?" channels (Ji,), and eflux via the plasma
membrane Ca?t-ATPase pump (Jog) are given by

Jin = _a(ICafL + ICafT)p (4)
Vp[ca2+]12

Joff = ——5——— (5)
T + K2

respectively, where o converts a Ca?* ionic current into a Ca?* flux density, vy, is the maxi-
mum pump rate, and K, is the [Ca?"]; for which the pump is half-maximally activated (see

Table 1).

Parameter  Definition Value Source

Cm Cell membrane capacitance 7 pF (I

deent Cell diameter 15 pum €y

Veen Cell volume 1.77 pL 1/6mdgen®

Ve Cytosolic volume 0.85 Veen (Alberts et al., 1983)

Ver ER volume 0.15 Veen (Alberts et al., 1983)

Acen Cell surface area 707 pm? mdeen?

Sfeyt Cytosolic Ca?t buffering factor 0.01 (Neher and Augustine, 1992)
Ser ER Ca2t buffering factor 0.0025 (Li et al., 1997)

a Ca?t current to flux density conversion factor 0.0074 pM - pm -ms~ - pA~Y  1/(2caF Acen)

B Ratio of cell surface area to cytosolic volume 0.47 pm~—1 Acenn/Ve

P ER permeability 0.0012 pL - ms—1 This paper

Ver Maximum ER Ca2T-ATPase current 0.05 uM - pL - ms—! This paper

Ker [Ca2t]; for half maximal pump activity 0.2 uM (Li et al., 1997)

Vp Maximum plasma membrane Ca?t-ATPase flux ~ 0.05 M - yum - ms—* )

Ky [Ca2t]; for half maximal pump activity 0.08 pM )

Vi, L-type Ca?* channel midpoint factor -12 mV )

De Cytosolic Ca?t diffusion coefficient 20 pm? -s~1 (Wagner and Keizer, 1994)
Der ER Ca2* diffusion coefficient 5 pm? - ™1 (Li et al., 1997)

Table 1: Table of relevant model parameters.

Because of Ca?T buffering the current (Jye — Jup), representing the Ca?*t exchange across
the ER membrane, must be multiplied by feyt/Ve to produce the rate of concentration accu-
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mulation in the cytosol *. The differential equation for [Ca®*]; is then given by

d[Ca®*)y _ feyt
dt Ve

(Jrel - Jup) + fcytﬁ(Jin - Jeff)a (6)

where ( is the ratio of cell surface area to cytosolic volume, relating ionic fluxes in the plasma
membrane to the rate of intracellular concentration accumulation. The differential equation
for the ER dynamics is similar to Eq. 6, but the ER is assumed not to interact directly
with the extracellular medium, and the rate of concentration accumulation in the ER is now
moderated by the factor fer/Ver so yielding

d[Ca2+]er . fer
T — —V—er(Jrel - Jup). (7)

The value for [Ca?"],, at rest has not been determined, but we can estimate a lower bound
from previously published experimental data. The agonist arginine vasopressin is thought to
induce intracellular inositol trisphosphate (IP3) production which binds to receptors located
on the ER membrane and causes release of stored Ca*" from the ER (Won and Orth, 1995).
Single cell measurements of Ca?™ have shown that arginine vasopressin can generate a tran-
sient [Ca?"]; response of up to 3uM (Corcuff et al., 1993). By use of the values for the relative
volumes and buffering capacities we use (see Table 1) this gives a lower estimate for the resting
[Ca?T]e of 6-10 uM. At equilibrium we require that there be no net Ca?* exchange between
the cytosol and the ER. This allows us to find, using Eqs. 2 and 3, a linear functional re-
lationship between v, and P. Our chosen leak permeability of P = 0.0012 pL - ms~! then
indicates that v, = 0.05 uM - pL - ms™ 1.

Numerical Methods

The system of ordinary differential equations (Eq. 1, Eq. 6 and Eq. 7, along with the
equations associated with the channel activation gating variables (I)) were solved using a stiff
system solver in the numerical package XPPAUT(3.0) t. Bifurcation diagrams were computed
using AUTO (Doedel, 1981), as incorporated in XPPAUT.

Model behaviour

Experimentally, application of cAMP has been shown to increase the whole-cell Ca?* current
in corticotroph tumour cells (Luini et al., 1985). We have shown (I) that such an increase in
the current can be generated either by an increase in the macroscopic conductance or by a
shift in the voltage-sensitivity of the L-type Ca?" current to more hyperpolarised potentials,
the latter effect having experimental support from other cell-types (Nargeot et al., 1983;
Mundina-Weilenmann et al., 1991; Sculptoreanu et al., 1993). In the model, both effects led
to the generation of repetitively firing action potentials. At present, it would seem that neither
the currently available experimental data, nor the model, can resolve which, if any, of these
mechanisms genuinely underlies action potential generation in response to CRH. Previously
we arbitrarily chose to use a shift in the voltage-dependence of the L-type Ca?T current but

*It should be noted that (Jyel — Jup) is an ionic current whereas (Jin — Jesr) is an ionic surface flux, thus
Ver and vp, have different units.
"Written by Bard Ermentrout, and available at ftp.math.pitt.edu/pub/bardware
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noted that an increase in the macroscopic conductance always produced very similar results
(I). We continue with the same choice in the following analysis. The model parameter that
controls the voltage-sensitivity of the L-type current is V5, (as described in (I)). Analysis of
experimental data suggested a control Vi, value of -12 mV under rest conditions, and we
typically used a negative shift of 6 — 8 mV to generate action potentials (I).

With the addition of more realistic Ca?t handling in the ER-model, described above,
we wish to compare its behaviour with the original model (I). The ER-model resting state
is similar to that in the original model; at equilibrium the [Ca®*]; is 0.12 uM, [Ca®*],, is
10.8 M and the plasma membrane potential difference V is —56.1 mV. At equilibrium in
the original model the [Ca*"]; is 0.1 uM, with a plasma membrane potential difference of
—54.8 mV. Fig. 2 compares ER-model simulations (—) with those from the original model
(— — ), in which the voltage dependence of the L-type Ca®" current activation is shifted to
more negative potentials by changing Vi, from —12 mV to —18 mV. This generates action
potentials, and associated [Ca®"]; transients in both models. The period of oscillations in both
models is dependent on the rate of clearance of Ca?' from the cytosol (i.e., due to the gradual
removal of the hyperpolarizing influence of the Ca?*-activated K* current). Our choice of
parameters governing bidirectional flow of Ca?* between the cytosol and ER resulted in an
approximately 50% increase in the period of oscillations compared with the original model.
However, the characteristics of the action potentials and [Ca®T]; transients in the ER model
are similar to those in the original model. The slower period is actually more consistent with
experimentally observed activity (Guérineau et al., 1991; Kuryshev et al., 1996). The model
[Ca?T]; profiles display kinetic features similar to the experimental data (Guérineau et al.,
1991), such as a rapid rising phase, and a slower falling phase where [Ca®"]; falls most of the
way back to its basal value before the next action potential. The action potentials display
typical experimentally observed features, such as a rapid upstroke, a rapid downstroke which
overshoots the resting potential, and a slow ramping hyperpolarization, leading to the firing
of the next action potential.

During the train of action potentials in the ER model, [Ca?t],, slowly increases (Fig. 2 C),
as the ER sequesters Ca?" and therefore acts to buffer the [Ca®T];. If only a single transient
were generated, the additional ER Ca?t would be returned to the cytosol, and eventually
removed from the cell altogether, to recover cellular [Ca?*] homeostasis. However, (Fig. 2
C) shows that with repetitive action potential activity, [Ca?"]e, builds up as each transient
contributes additional Ca?* to the cytosol.

The ER model behaves in a similar fashion to the original model for short periods of
time. However an interesting behaviour is exhibited when we view the ER model over a
longer period of time. Fig. 3 shows a model simulation over 70 s, where a negative shift
in the voltage dependence of the L-type Ca?t current from —12 mV to —18 mV generates
action potentials, and associated [Ca?*]; transients. During [Ca*]; oscillations, [Ca?*],, rises
slowly to approximately 15.8 uM after 70 s (Fig. 3 C). Coupled to the buildup in [Ca**],, is
a gradual rise in the average [Ca]; (i.e., averaged over the course of a transient) and a slight
decrease in the amplitude and frequency of [Ca®"]; oscillations. The slow but steady rise in
[Ca?T]; results from an enhanced leak from the ER and leads to a gradual increase in the
average activation of Ix_c,. This in turn has a subtle inhibitory effect on the regeneration
of action potentials. The action potential peaks decrease until after 60 s enough feedback is
present to significantly reduce the action potentials, resulting in small amplitude V' oscillations
(< 20 mV amplitude and decreasing).

The oscillations in Fig. 3 A & B are more easily analysed if we plot how V and [Ca®T];
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Figure 2: Comparison of the oscillatory phenomena in the ER model (—) with the original
model (———). Indirect evidence supports a CRH-induced phosphorylation of the L-type Cat
channels, resulting in action potentials and Ca?" transients. This phosphorylation is modeled
by left-shifting the voltage dependence of the L-type Ca?T current, Vi, from —12 mV to
—18 mV, generating (A) action potentials, (B) [Ca®T]; transients, and (C) a slow [Ca®T]
increase.

change together over time (Fig. 4). The system starts from the point indicated by the x,
representing the model quiescent state. Time is represented by the line, progressing as both V'
and [Ca?*]; change in value. From the quiescent state, both V and [Ca?*]; start to increase.
V soon peaks just below 0 mV, and then starts to repolarize as [Ca®"); increases further. Note
that [Ca2+]i increases greatly during the repolarization phase, because although the L-type
Ca?t current is being shut off as V falls, the driving force for Ca?" is increasing. When V/
reaches its minimum value of —72 mV, the rise in [Ca2+]i is complete, and V slowly ramps
up as [Ca®T); falls. This represents the interspike interval. When V reaches about —60 mV,
the next spike is initiated. Note that after the initial spike, the next several spikes follow a
similar, but not identical, path. Viewed over a time period of up to about 10 s, the action
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Figure 3: (A) ER model action potentials on a longer time scale to that of Fig. 2, generated
by left-shifting the voltage dependence of the L-type Ca?T current, Vinp, from —12 mV to
—18 mV. (B) There is a gradual rise in the [Ca?t];, which increasingly activates the Ix_ca
current, inhibiting the action potentials. The action potential peaks decrease, until after 60 s
enough feedback is present to significantly reduce the action potentials, resulting in small
amplitude oscillations. (C) Coupled to the rise in [Ca®T]; is a buildup of [Ca®T],.

potentials appear to be stable, but Fig. 4 shows that each oscillation has a slightly larger
average [Ca?t]; value (i.e., average throughout one [Ca®"]; transient cycle). This is because
[Ca?T]e; is slowly rising (Fig. 3 C), and therefore J,q is also slowly rising, releasing more
Ca?* during each oscillation. This in turn progressively increases the activation of the Ca?*-
activated KT channel, which affects the balance between the inward and outward currents
that underlie the regeneration of action potentials. When [Ca®T], and thus the average
[Ca?T]; increase sufficiently, there is too much Ix_c, current for another action potential
to be generated. Instead small amplitude V oscillations occur (< 20 mV amplitude and
decreasing). Ultimately stable oscillations are achieved, which have a V' amplitude of 5 mV.
Note that this effect (abolition of action potential activity) occurs due to a very minor increase
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in [Ca?"];, demonstrating the subtle interplay between the ER filling state and the plasma
membrane electrical activity. Further, this effect shows that the ER can potentially play an
important signaling role despite an initial appearance that it plays only a passive, buffering
function during CRH-induced activity.

0.1 0.15 0.2 0.25 0.3
[C&1,(HM)

Figure 4: A left-shift in the voltage dependence of the L-type Ca* current Vi, from —12 mV
to —18 mV generates action potentials and associated [Ca®T]; transients. The relationship
between V and [Ca®"]; during the oscillations is shown. The system starts from the previously
quiescent state x. The cycles move slowly to the right, indicating the gradual rise in [Ca2+]i.
Ultimately stable oscillations are achieved, which have a V' amplitude of 5 mV.

Experimental observations have shown that action potentials in response to application of
CRH can persist for at least 15 min (Kuryshev et al., 1995b; Ritchie et al., 1996), indicating
that the loss of action potentials we have observed in the ER model does not reflect a genuine
physiological effect. However, it does seem physiologically reasonable that the ER should
take up Ca?" during repetitive [CaQ+]i generation, which is the underlying cause of the model
effect we have observed. This leads us to the question of how the cell avoids this model
response when it would seem to have all the elements from which such an effect could arise.
Obviously the model is a much simplified representation of the cells themselves, and the cells
may have sophisticated mechanisms to prevent such an effect from occurring. However, within
the confines of the model as it currently exists, we were interested in investigating ways in
which action potential activity could be maintained despite a filling ER.

We tested the effects of changing various parameters on the ER model to see if the loss
of action potential activity could be prevented. We determined that if the maximum plasma
membrane Ca?* pump rate, Vp, is increased from 0.04 pM - pym - ms~! to 0.05 M - pm - ms™?
then, during repetitive action potential activity, [Ca®T].; still rises but reaches a new, elevated,
stable value of about 20uM without abolishing action potentials. The increased activity of the
plasma membrane Ca?' pump is able to prevent [Ca®T]; from increasing to the level necessary
to activate Ix_c, and abolish action potential activity. The increase in the maximum pump
rate is small and entirely reasonable, and in fact changes the resting (i.e., prior to the shift
of Vin, ) membrane potential and [Ca?*]; to —54.1 mV and 0.1 uM, respectively, values that
are very similar to those from the original model.
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Therefore a small and reasonable change in a single parameter can prevent the loss of
action potentials, and in fact, appears to bring the ER model more into line with the original
model (see below for further comparison). However, it seems unlikely that the cells would exist
in a situation where a small perturbation in the level of expression of the plasma membrane
Ca’t pump (the cellular equivalent of reducing the maximum pump rate in the model) might
lead to an inability to generate sustained firing of action potentials (as would happen in the
model, if the maximum pump rate were reduced back to the original value of 0.4 pM - pm -
ms~!). The cell may therefore employ additional mechanisms to avoid, or at least reduce the
possibility of, moving into a regime where repetitive firing would be compromised.

One well documented experimental observation in corticotrophs is a small depolarization,
induced by CRH, which occurs prior to, and apparently independent of, firing of action
potentials (Mollard et al., 1987; Kuryshev et al., 1995b; Kuryshev et al., 1996). These reports
indicate that the depolarization is due to the reduction in a K* current. This current has
recently been identified as an inward rectifier (Kuryshev et al., 1997), that is active at rest and
its activity is reduced by CRH. Although no clear role for this effect has been determined, it
could result in an increase in membrane excitability. We have previously simulated this effect
and found that it did increase membrane excitability, but it did not seem to be obligatory for
action potential generation (I).

We re-analysed the effects of simulating a reduction in a K current that is active at rest
by reducing the conductance of the leak current. We believe that that the inward rectifier
current is a major component of the leak current. We found that with the maximum rate of
the plasma membrane Ca?* pump set to the original value of 0.04 gM - pm - ms~!, reducing
the leak conductance prevented the abolition of action potentials during sustained electrical
activity. Therefore these results suggest that an integrated response to CRH (i.e., activation
of the L-type Ca?* current and inhibition of the inward rectifier, amongst other effects) may
be employed to ensure that the cell is able to provide a sustained response for as long as it
may be required.

Using the change in the maximum pump rate from 0.04 zpM-gm-ms~ to 0.05 zM-pm-ms~*,
a 6 mV negative shift in the voltage-sensitivity parameter Vj,, generates sustained action
potentials in the ER model, indicating that action potential generation occurs in the same
way as it does for the original model. However to determine this with confidence and to
investigate in more depth the behaviour of the system we subject the ER model to an analysis
in which the behaviour is determined for V},,, values that should encompass the physiologically
relevant range. This is termed a bifurcation analysis, and is shown in Fig. 5 A, along with
the bifurcation diagram for the original model (I) (Fig. 5 B). The resting, stable state
of the model occurs at the right-hand side of the figures, at Vi, = —12 mV, where the
membrane potential is approximately —55 mV. As Vi, is made progressively more negative
the model retains stability (in electrophysiological terms the cell remains in its quiescent
state) until Vi, = —17.72 mV, a bifurcation point, whereupon action potentials emerge and
the steady-state solution becomes unstable (- - -). The maximum and minimum values of
the initially unstable periodic solution are indicated by the two branches extending from the
bifurcation point (- --). These two branches arch backwards, and when the amplitude of the
periodic solution reaches approximately 55 mV, the periodic solution becomes stable (—), i.e.,
repetitive action potentials are generated. The almost perpendicular arching of the unstable
branches from the bifurcation point with respect to the steady state solution indicates that
as observed experimentally, the repetitive model action potentials are generated in an all-or-
none manner. As Vi, is further decreased the amplitude of the periodic solution increases
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more slowly. A slightly larger shift in V4, is required to generate action potentials in the
ER model than in the original model, indicating that the ER model is slightly less excitable.
This difference in model excitability is reflected in the bifurcation diagrams (Fig. 5), where
the branching at the bifurcation point occurs at a more negative value of V;, for the ER
model. Overall, we see that the behaviours of the original and ER models are very similar
with respect to action potential generation.

A

20}
V(mV) -aot

-60 L

-80f

-é8 -é4 -éO -i6 -12
Vi (MV)

Figure 5: A comparison of the long term behaviour of the models for a range of V;,, values:
(A) The modified ER model, with a 25% larger plasma membrane pump rate v, = 0.05 uM -
pm -ms~ !, and (B) the original model. This is termed a bifurcation analysis, and the upper
and lower solid lines represent the max/min amplitude of the action potentials. A slightly
larger shift in Vj,, is required to generate action potentials in the ER model than in the
original model, indicating that the corticotroph cell model including the ER component is
slightly less excitable.

The spatio-temporal calcium model

The spatio-temporal patterns in [Ca?"];, generated by the subtle interplay between cellular
Ca%* sources and removal mechanisms, are a common mechanism of transmitting hormonal
signals intracellularly (Meyer and Stryer, 1991). Because the Ca?"-sensing components of the
cell have both different sensitivities to Ca?* and different spatial locations, we now consider
the inclusion of spatial variation in the intracellular [Ca®*]. We introduce this structural
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change in the model because it is believed to be an integral part of the exocytotic pathway,
and may be important in the plasma membrane electrics (Meyer and Stryer, 1991). The
spatial distribution of [Ca®T]; is important in Xenopus laevis oocytes (Atri et al., 1993),
and was considered in a model of gonadotrophs (Li et al., 1997). Consequently we now
incorporate spatial variation in the cytosolic and endoplasmic [Ca2+] in the model. We
model the cell as a spherical body, bounded by a plasma membrane, and assume that the
ER is distributed homogeneously throughout the cell, sharing the intracellular volume with
the cytosol. Furthermore, the distribution of pumps, channels and leaks is assumed to be
uniform. The effects of cellular pump distribution on excitable cell electrical activity is not
addressed here (see Sneyd and Sherratt, (1997) for a discussion of [Ca*"]; wave propagation
in inhomogeneous media).

The model

The partial differential equation governing [Ca?T]; transport can be written as

8[Ca2+]i
ot

= D V?[Ca®T]; + (el — Jup), (8)

where D, is the effective diffusion coefficient for cytosolic Ca?t and V?2 is the Laplacian
operator, which under spherical symmetry has the form =20, (r287«). This equation is similar

to Eq. 6. Again f‘c,z *(Jrel — Jup) represents the ionic transfer from the ER into the cytosol, and
the term D.V?[Ca?*]; represents Ca?* diffusion within the cytosol. It is important to observe
that D is a function of the concentration of Ca?* buffer sites, the buffering kinetics, and the
[Ca?T];. When the [Ca"]; is high, the Ca?t buffers become saturated and the diffusion of
Ca?" is less impeded than for low [Ca?*];. For [Ca®"]; < 1.0 uM, D, can be assumed to have
a constant value of 20 ym?-s~! (Wagner and Keizer, 1994). The boundary condition for Eq.

8, is described by the flux condition

0 Ca2+ i
Dc% = fcyt(Jin - Jeﬁ)a (9)
r r:dcell/Q
where deen = 15 um, is the cell diameter. The construction of this boundary condition

assumes that the Ca?" flux near the plasma membrane is governed by Fick’s law. The
fraction of unbuffered cytosolic Ca?*, feyt, near the plasma membrane is likely to be larger
than 1%, and the Ca?t diffusion coefficient near the plasma membrane is also likely to be
nearer the unbuffered Ca?* diffusion coefficient. However we do not incorporate this detail
in our model. The ER dynamics are defined through an equation similar to (8), but the rate
of concentration accumulation is now moderated by the factor fe/Ver, so yielding

a[CaZ-i-]er — D v2[ca2+] o &

r - u 9 ].
ot Ver(Jel Jp) ( 0)

where De, is the effective diffusion coefficient for ER Ca?t. Because the concentration of Ca?*
buffer sites in the ER is several orders of magnitude larger than in the cytosol (Allbritton
et al., 1992), it is expected that D¢ < D.. Interestingly, because the cell does not generate
large [Ca®*],, gradients and the ER predominantly acts as a Ca?" storage facility rather than
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a source of Ca*", the value of D, (see Table 1) has very little effect on the model behaviour.
It is assumed that the ER does not interact directly with the extracellular medium, i.e.,

8[Ca2+]er

Der a
r 7‘:dcell/Q

~0. (11)

The model assumes for simplicity that all Ca?" buffers are immobile. It is important
to note that the existence of even small amounts of mobile buffer alters the mass transport
equations, introducing an extra non-diffusive term (Wagner and Keizer, 1994) into Eq. 8 and
Eq. 10. However we do not present here a model including this extra complexity.

Numerical Methods

The system of partial differential equations (Eqgs. 8-11), along with Eq. 1 and the equations
associated with the channel activation gating variables (I), were solved by the method of
lines (Schiesser, 1994) using a stiff system solver in the numerical package XPPAUT(3.0).
Various discretisations of the partial differential equations, ranging from coarse (5 shells of
equal thickness) to fine (100 shells) were implemented. The figures in this paper were gener-
ated using a model discretisation of 20 shells, allowing sufficient accuracy without excessive
computation.

The model behaviour

As more realistic Ca?* handling has been incorporated in the model, we wish to verify the
mechanisms of action potential generation established previously. The inclusion of spatial
variation in the intracellular [Ca?"] in the model does not affect the equilibrium state; at rest
the [Ca?t]; = 0.1 uM, [Ca®T],; = 8.48 uM and the membrane potential V = —54.1 mV. As
before, to simulate the proposed PKA-induced shift in the voltage sensitivity of the L-type
current, we left-shift V4, , the voltage at which the L-type current is half-maximally activated.
This left-shift in Vj,, from —12 mV to —18 mV generates action potentials, with associated
[Ca®T]; transients (Fig. 6). The action potentials (—) exhibit a similar form when compared
with those from the ER model (- ——), with a decrease in both the period and the amplitude of
oscillation. [Ca®"]; transients near the plasma membrane (—), and at the cell centre (— — ),
display faster and slower falling phases respectively when compared with [Ca2+]i transients
in the ER model (~ — —). Both models exhibit a slow [Ca?"]., increase. The similarity of
the bifurcation diagrams (not shown) for the spatio-temporal Ca?* model and the ER model
indicates that the characteristics of action potential generation are similar.

The cytosolic Ca?t diffusive flux is small relative to the average Ca?™ flux through the
plasma membrane during an action potential. Hence there exists a high [Ca2+]i gradient
within the cell. [Ca*"]; levels near the plasma membrane are typically higher than average
[Ca?T]; levels (Fig. 7). The combination of the high [Ca®"]; gradient, and Ca?* diffusion,
generates diffusive [Ca®"]; waves traveling from the cell boundary to the cell centre (Fig. 7).
Due to Ca?* buffering and Ca?t uptake by the ER, these diffusive waves undergo severe
damping as they travel toward the centre of the cell. This [Ca®T]; gradient does not signif-
icantly affect the generation of action potentials, so we conclude that at present, the simple
lumped cytosolic Ca?* description seems sufficient to explain plasma membrane electrical
activity. The ordinary differential equation model description is also more convenient to use
and easier to understand.
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Figure 6: Comparison of the action potentials and [Ca*]; transients for the spatio-temporal
Ca?" model, and the modified ER model with v, = 0.05 uM - ym - ms™'. (A) A left-
shift in the voltage dependence of the L-type Ca?" current, Vg, from —12 mV to —18 mV
generates action potentials in the spatio-temporal Ca?t model (—), which display similar
kinetic features to those in the ER model (— — -). (B) [Ca?']; transients near the plasma
membrane (—), and at the cell centre (— — —), display faster and slower falling phases
respectively when compared with [Ca?T]; transients in the ER model (-~ — -). (C) The ER
model (— — —) exhibits a slower [Ca?t]., increase than the spatio-temporal Ca®" model (—).

Proposed experiment to test model predictions

Both the ER model and the spatio-temporal model predict a considerable rise in [Ca2+]er
during repetitive action potential activity and that this, in principle, could signal back to the
plasma membrane and influence electrical activity. The extent of the rise in [Ca?*]., would
be an important determinant of the level of influence of such a signal, and is therefore an
important factor to consider. We propose, and simulate, a simple experiment that could be

used to measure this factor.
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Figure 7: The spatial distribution of [Ca?*]; during an action potential, at times 0, 80, 100,
130, and 250 ms. The horizontal coordinate r denotes the radial distance from the cell centre
(r = 0) to the plasma membrane (r = 7.5 ym). The diffusive [Ca®*]; wave traveling from
the cell boundary to the cell centre is highly damped, due to Ca?* buffering and ER Ca?*
uptake.

ER Ca?T can be released into the cytosol by Ca?' ionophores such as A23187 and ion-
omycin (Iono) (Corcuff et al., 1993; Won and Orth, 1995), and Ca?" uptake into the ER
can be inhibited by thapsigargin, an ER Ca?T-ATPase inhibitor. To measure the amount of
sequestered ER Ca?* following CRH-induced activity, Iono could be applied, and the level
of [Ca2+]i compared with the same treatment without prior exposure to CRH. The results
of this experiment simulated with our ER model are shown in Fig. 8, where a 40 s CRH
application is elicited by a change in Vj,, from —12 mV to —18 mV, and the application
of Tono is mimicked by a tenfold increase in the ER leak permeability P. As can be seen,
there is a greater release of stored Ca?" in the CRH-treated case. Some indication of the
rate of Ca?* accumulation in the ER could be obtained by varying the period of exposure
to CRH. Although this is a simple experiment, the results of its execution would be valuable
for testing the model predictions and for providing information on the role of the ER during
action potential activity.

Discussion

To investigate mechanisms by which CRH induces membrane electrical activity, we describe
in this paper an extension to our model of corticotroph electrical activity (I) by investigating
more realistic intracellular Ca?" mechanisms (addition of a distinct ER compartment allow-
ing bidirectional exchange of Ca’" with the cytosol) and the resulting effects on the model
dynamics. Using this model we have found that an increase in the L-type Ca?" current is
sufficient to initiate repetitive action potentials from a previous quiescent model state. It
must be emphasized that our hypothesis of action potential generation via a PKA-induced
enhancement of the L-type Ca?* current remains valid in the more physiological model. Ex-
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Figure 8: The magnitude of [Ca?*]., increase during CRH application is undetermined. Ap-
plication of an ionophore such as ionomycin (Iono) after an application of CRH would indicate
the amount of Ca?T sequestered by the ER during CRH application. A 40 s CRH application
is elicited by a change in V;,, from —12 mV to —18 mV, and is followed by an application of
ionomycin(—), mimicked by a tenfold increase in the ER leak permeability P. The degree of
ER Ca?" uptake is apparent from a comparison with cells subjected to only ionomycin (— —

,).

perimental investigation is necessary to determine whether the PKA enhancement of the
L-type Ca?T current occurs by an increase in the macroscopic current of the L-type channel,
or by inducing a left-shift in the voltage sensitivity of the L-type channel. Reports from
other cell types have indicated that PKA can induce a left-shift of 6 — 10 mV in the voltage
sensitivity of the L-type current. Shifts within this experimentally observable range induced
repetitive model action potentials in an all-or-none manner as observed experimentally.

We found that during repetitive action potential activity, the ER sequesters Ca?" and
therefore acts as a buffer for [Ca?*];. However, for our original parameter choices and Ca*"
exchange mechanisms action potential activity was eventually lost due to excessive feedback
release of Ca?t from the ER causing an increase in the activity of Ix_ca, which in turn
reduced membrane excitability sufficiently to prevent further action potential generation. We
do not believe this to be a response normally found in corticotrophs, and the effect can be
eliminated by small and reasonable parameter changes. However the underlying mechanisms
seem valid and so there would appear to be some risk to the cells that they could not faithfully
generate a sustained cellular response to CRH exposure. This suggests that corticotrophs
employ strategies to prevent such an effect from occurring. We tested the potential role of
CRH-induced reduction of an inward rectifier K+ current, an effect observed experimentally
by Kuryshev et al., 1997. We achieved this by reducing the conductance of the model leak
current, and we found that this change prevented the loss of action potential activity. This
reduction in the inward rectifier K™ current may represent one of many strategies employed
by corticotrophs to ensure a sustained cellular response to CRH.

The spatial distribution of Ca?" is important in other cell types. Consequently we incor-
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porated spatial variation in the cytosolic and endoplasmic Ca?" in the model. The resulting
model action potentials and Ca?T transients exhibit a similar form when compared with pre-
vious models. Model [Ca?*t]; levels near the plasma membrane were typically higher than
average [Ca?"]; levels. This high [Ca?']; gradient, combined with Ca*" diffusion, generates
highly damped diffusive [Ca*"]; waves traveling from the cell boundary to the cell centre.
This [Ca?T]; gradient did not have a significant impact on the generation of action potentials,
so we conclude that at present, the simple lumped cytosolic Ca?* description is sufficient to
explain plasma membrane electrical activity. However the spatial variation in Ca?" may be
important in modeling aspects of the secretion process. The simple lumped cytosolic Ca?*
model description is also more convenient to use and easier to understand.

The present study represents a step in a project to construct a model describing the
major aspects of the regulation of ACTH secretion in response to CRH and other ACTH
regulators. Many of the intricate details surrounding Ca?* signaling and the CRH-induced
exocytotic pathway remain to be resolved. This paper aims to highlight aspects of the cellular
regulation that can be tested experimentally in order to resolve some of these outstanding

issues in corticotroph cell function.
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