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ABSTRACT A theoretical model of [ Ca*™* ], diffusion, buffering, and extrusion was developed for Aplysia sensory neurons, and integrated
with the measured optical transfer function of our fura-2 microscopic recording system, in order to fully simulate fura-2 video or
photomuttiplier tube measurements of [Ca**};. This allowed an analysis of the spatial and temporal distortions introduced during each
step of fura-2 measurements of [Ca**]; in cells. In addition, the model was used to evaluate the plausibility of several possible
mechanisms for modulating [Ca**}, transients evoked by action potentials. The results of the model support prior experimental work
(Blumenfeld, Spira, Kandel, and Siegelbaum, 1990. Neuron. 5: 487-499), suggesting that 5-HT and FMRFamide modulate action
potential-induced [Ca**]; transients in Aplysia sensory neurons through changes in Ca** influx, and not through changes in [Ca**};

homeostasis or release from internal stores.

INTRODUCTION

A number of theoretical models have been developed to
describe the influx, diffusion, buffering, and extrusion of
free intracellular calcium ([Ca™**];) in excitable cells (see
Fischmeister and Horackova, 1983; Chad and Eckert,
1984; Sala and Hernandez-Cruz, 1990, for review).
These models were developed for a variety of purposes,
including analysis of the relationship between [Ca™**];
and transmitter release, [Ca**]; and Ca**-regulated ion
channels, and [Ca**); and Arsenazo III signals. How-
ever, no previous model relates microscopic images re-
corded with the widely used [Ca**}; indicator fura-2
(Grynkiewicz et al., 1985) to the actual temporal and
spatial profile of {Ca**]; in the cell. Such a model has
been developed here, and is used for two purposes. First,
it provides a multi-staged examination of the distortions
inherent in fura-2 measurements of intracellular cal-
cium. Second, we have used the model to simulate actual
fura-2 measurements, and to test the plausibility of sev-
eral mechanisms which have been proposed to modulate
[Ca™™*); transients in experiments.

Distortions in fura-2 recordings can have an impor-
tant impact on the biological conclusions reached from
experiments. For example, how does the peak [Ca**];
recorded with fura-2 correspond to the actual time and
amplitude of peak [Ca*"*]; in the cell? Can fura-2 reliably
measure high speed changes in [Ca**}; during action
potentials? How are the amplitude and recovery time
course of [Ca**], transients influenced by the intracellu-
lar fura-2 concentration? In order to address these and
related questions we developed a model of the relation-
ship between optical signals recorded with fura-2 and
actual [Ca**];. First, an idealized model was developed
of calcium diffusion, buffering, and extrusion in Aplysia
sensory neurons. Next, the kinetics of fura-2 and cal-
cium binding were included in order to evaluate the tem-
poral fidelity of fura-2 and to study the buffering effects
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of fura-2 itself. Finally, the measured optical properties
of our recording system were incorporated in order to
generate complete simulated photomultiplier tube
(PMT) and video recordings of [Ca**],. We were thus
able to study the effects of nonconfocal microscope op-
tics and other distortions introduced by the recording
system. To assess the model’s correspondence to a real
cell we have compared the simulated [Ca**]; measure-
ments with experimental fura-2 recordings in Aplysia
Sensory neurons.

In Aplysia sensory-to-motor neuron synapses, trans-
mitter release is facilitated by serotonin (5-HT) (Kandel
and Schwartz, 1982) and inhibited by the peptide
FMRFamide (Abrams et al., 1984). 5-HT increases ac-
tion potential duration in sensory neurons by closing
S-K* channels, thus indirectly increasing Ca** influx
(Klein and Kandel, 1978; Siegelbaum et al., 1982),
while FMRFamide opens S-K* channels (Belardetti et
al., 1987; Brezina et al., 1987) and also directly inhibits a
component of Ca** current (Brezina et al., 1987; Ed-
monds et al., 1990). These increases or decreases in
Ca™ influx during action potentials result in corre-
sponding changes in sensory neuron [Ca™**]; transients
(Blumenfeld et al., 1990) which may be important for
modulation of transmitter release from these cells
(Hochner et al., 1986). Previous experiments suggest
that 5-HT and FMRFamide modulate [Ca**]; tran-
sients during action potentials entirely through changes
in Ca** influx (Blumenfeld et al., 1990). However, it
has also been suggested that [Ca**); transients in these
cells could be modulated through changes in [Ca™*];
buffering, transport, or release from intracellular stores
(Boyleetal., 1984). Therefore, we have used the theoreti-
cal model to study the effects that each of these individ-
val mechanisms should have on [Ca**); transients in
Aplysia sensory neurons. We then ask which of these
mechanisms can account for the effects observed experi-
mentally with 5-HT and FMRFamide.
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METHODS

The experimental setup and methods used here for measurement of
[Ca**); with fura-2 have been described previously (Blumenfeld et al.,
1990). Briefly, the fluorescence microscope system consisted of a 75 W
Xenon arc lamp with a quartz condenser (Carl Zeiss, Inc., Thornwood,
NY), a Zeiss IM35 inverted microscope with a quartz fluorescence
intermediate piece and quartz nose piece and an Olympus UV Fluorite
40X objective (NA = 1.3). A 25% transmittance UV grade quartz
neutral density filter (Omega Optical Inc., Brattleboro, VT) was used
in the excitation pathway to minimize bleaching, and 340 and 380-nm
bandpass filters (Andover Corp., Salem, NH) were positioned in the
excitation light path by a motor which was controlled by the computer.
The field diaphragm located in the fluorescence intermediate piece was
used to restrict the excitation beam and was set at a diameter of 100
microns in the image plane. The filter block of the microscope con-
tained a 395 nm dichroic mirror and an emission filter ( Ditric Optics,
Inc., Hudson, MA) with a center wavelength of 510 and 40-nm band-
width at half-maximum transmittance. Emitted fluorescence light sig-
nals were measured either with a photomultiplier tube (PMT) (Schares
Instruments; DCP-2), with a Hamamatsu SIT camera or a Hama-
matsu intensified CCD camera (Bridgewater, NJ). A pinhole with vari-
able aperture was used to measure light intensity with the PMT from
different regions of the cell. The methods used for calibrations have
been described previously, as have the methods used for cell culture
and intracellular recording (Blumenfeld et al., 1990).

THE MODEL
1. Calcium diffusion

The cell body was represented by a sphere which was
subdivided into N concentric shells, each having a thick-
ness of Ar microns. The inner radius of shell n was taken
to be (n — 1)+ Ar and the outer radius was n- Ar. The
concentrations of calcium, fura-2, and intracellular
buffer were assumed to be constant within each shell.
Calcium diffusion between shells was modeled using an
adaptation of Fick’s Law described by Chad and Eckert
(1984). The diffusional flux of calcium entering shell ~
from shell n + 1 is given by:

dt Ar » (1)

(d mol ofCa) _—D-[Ca, — Ca,,,]-4x(nAr)?
n+l-en

where D is the diffusion constant of calcium, Ca, is the

concentration of calcium in the nth shell, and Ar is the

shell thickness. Then, since the volume of the nth shell is

(¥3)ywAr*[n® — (n — 1)3], the change in Ca, will be:

dCa, —3D-[Ca, — Ca,,,]- n?
(fo) 3o ul 2
n+l-en

dt Ar?.[n3—(n—-1)]

A similar equation describes the diffusion from the n — 1
shell to the nth shell, so that the total change in Ca, is:

dCa,
dt
- 3D. {(n — l)zlcan—l _ Can] _ nz[Ca,, - Can+l]}
Arte(n®—(n—-1)% .

. (3)

The cell bodies of Aplysia sensory neurons have a ra-
dius of ~25 microns and this value was, therefore, used
in the model. The shell thickness (Ar) was 1 um, an
acceptable value in terms of both stability of the solution
and spatial resolution attainable with video microscopy.
Smaller shell thicknesses were tested in the model as
well, but these did not have any significant effects on the
results on scales visible with current optical methods.

2. Calcium influx and calcium
extrusion by membrane transport

Calcium influx was modelled as a rectangular pulse of
current, ic,, entering uniformly throughout the external
surface of the outermost shell, representing the cell
membrane. Whole cell voltage clamp experiments with
Aplysia sensory neurons give peak calcium currents of 2
to 5 nA (Edmonds et al., 1990) and a value of 3.9 nA
(5 X 10* nA/cm?) was, therefore, used in the model.
Pulse duration was ordinarily 3 to 10 ms. Thus, the
change in calcium concentration per second in the outer-
most shell (the Nth shell) due to calcium influx is:

( dCaN) _ 3ic, (4)
influx

dt " 8FxAP[N*—(N- 1)%]"

Calcium extrusion was also assumed to occur uni-
formly throughout the cell membrane. The surface
membrane pump in the model was intended to represent
mechanisms such as Na/Ca exchange or the Ca**-ATP-,
ase (Requena and Mullins, 1979; DiPolo and Beauge,
1983; Schatzmann, 1989; Blaustein, 1988; Barish and
Thompson, 1983; Thayer et al., 1990). Although trans-
port of Ca** into endoplasmic reticulum probably plays
an important role as well (Blaustein et al., 1978; Blaus-
tein, 1988), this was not considered in the model. In
squid, the relationship between [Ca**]; and rate of Ca**
extrusion is fairly linear as long as [Ca**]; does not ex-
ceed ~1 uM (Requena and Mullins, 1979; DiPolo and
Beauge, 1983). In experiments in Aplysia sensory neu-
rons the [Ca**);, measured with fura-2 is well below 1
M in all parts of the cell, and in the simulations below,
[Ca™*]; in the outermost shell is also ordinarily below 1
uM, except for a very brief time during and just after the
current pulse. Therefore, the calcium flux J, (mol-
m~2.s7!) through the cell membrane due to calcium
pumping was modeled as:

JCI= x'(CaN_Car)’ (5)

where Cay is the [Ca™"]; in the outermost shell, Ca, is the
resting {Ca**]; (100 nM) and x is a pumping constant
with units of m - s~'. The second term of Eq. 5 is equiva-
lent to a constant inward Ca** leak of magnitude x - Ca,.
Multiplying the flux given in Eq. 5 by the membrane
surface area and dividing by the volume of the outermost
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shell gives the change in calcium concentration per sec-
ond in the outermost shell due to pumping:

dt Ar-[N°—(N-1)7
= —P-(Cay—Ca,). (6)

(dCaN) _ ~3x-N?-(Cay— Ca,)
pump

As in Zucker and Fogelson (1986) a value of 19.2 X
10~*cm - s~! was used for x, yielding a value of 20 s ! for
P. Combining Egs. 3, 4, and 6 gives:

dCay _ 3D-[Cay_, — Cay]-(N — 1)?
di ArZ [N’ — (N — 1)°]

dCa, dCay,
+( dt )inﬂux+( dt )pump (7)

for the outermost shell.

3. Calcium binding with fura-2 and
endogenous calcium buffers

As calcium diffuses through the cell body, it can be
bound by both endogenous cellular buffers and the fura-
2. The effect of buffers on calcium diffusion has been
modeled previously in two different ways. In many mod-
els (e.g., Zucker and Stockbridge, 1983; Stockbridge and
Moore, 1984) the effect of calcium buffering was incor-
porated by simply modifying the diffusion constant by a
constant factor. These models assume that the calcium
buffers do not diffuse and that the ratio of free to bound
calcium remains constant throughout the [Ca**];, tran-
sient. However, we were interested in including the ef-
fects of the diffusible buffer fura-2, and in modeling dy-
namic aspects of the [Ca ™™ ]; transient for which equilib-
rium assumptions would not be valid. Therefore, as in
Connor and Nikolakopoulou ( 1982) and others (Simon
and Llinas, 1985; Gamble and Koch, 1987; Sala and
Hernandez-Cruz, 1990) our model uses the unmodified
calcium diffusion constant in aqueous solution (6.0 X
107¢ cm?/s). We then simulate the effects of calcium
binding to endogenous buffers and to the [Ca**]; indica-
tor fura-2 by using the following first order rate equa-
tions, with k and k, representing forward and reverse
rate constants:

( dfﬁan ) = kbbuf [ CaBuf,,] - kfbuf [ Ca"] [ FreeBufn] ( 8 )
buf

( df;,, ) = kosural CaFura,] — kg,a[ Ca,][FreeFura,].  (9)
fura

This approach gives the same results as the model of
Zucker and Stockbridge at low time resolution and dur-
ing the slow recovery phase of [Ca*™*]; transients, but has
the added advantage of being able to simulate effects due
to fura-2 diffusion and due to rapidly changing [Ca**);
as will be seen below.

Many different molecules in the cytoplasm can rever-
sibly bind calcium, each one with its own rate constants
and concentration (Carafoli, 1987; Blaustein, 1988).
We have lumped these together as a single buffer (Buf
above) with a forward rate constant (kg,,¢) of 108 M ™!
s~!, areverse rate constant (Kyp,e) of 500 7!, a Ky( kppus/
ke ) Of 5 uM, and a buffer concentration of 153 uM. At
a resting [Ca**); of 100 nM, this gives a ratio (8) of
buffer-bound to free [Ca*™*]; of 30. These values are con-
sistent with the buffer capacity at rest measured in mol-
luscan neurons by Ahmed and Connor (1988). Since
most endogenous calcium buffers are large proteins, the
buffer was considered to be immobile. The buffer was
also assumed to be uniformly distributed throughout the
cell, although some experiments have suggested nonho-
mogeneous calcium buffering in neurons (Tillotson et
al., 1980).

In contrast to the endogenous buffers, both bound and
free fura-2 are assumed to diffuse freely throughout the
cell. The equations governing fura-2 diffusion are analo-
gous to those presented above for calcium (Egs. 1-3).
For the diffusion constant of fura-2, we have used the in
vitro value of 4.7 X 107° cm?s~! estimated by Timmer-
man and Ashley (1986 ) since the value in Aplysia cells is
not known. The diffusion constant of fura-2 has been
reported to be decreased by a factor of ~2 due to intra-
cellular viscosity and binding in skeletal muscle cells
(Timmermann and Ashley, 1986; Konishi et al., 1988)
and neurons (Strautman et al., 1990; Adler et al., 1991).
However, in smooth muscle cells (Williams et al., 1985)
the mobility of fura-2 does not differ from its value in
vitro. When the fura-2 diffusion constant in our model
was reduced to 2.0 X 107 cm?s™!, the peak [Ca**]; in
the innermost shells occurred ~300 ms later due to
slowed diffusion but, otherwise, the time course of
[Ca**]; during simulated transients was essentially un-
changed.

The forward and reverse rate constant for calcium
binding by fura-2 have been measured by Jackson et al.
(1987) (see Table 1). The reverse rate constant of fura-2
was adjusted to give the appropriate K; of 760 nM
(Grynkiewicz et al., 1985) expected for the high ionic
strength present in marine species. We estimated the in-
tracellular fura-2 concentration in experiments to be 10-
50 uM based on measurements done in the whole cell
clamp configuration with known fura-2 concentrations
in the patch pipette, and based on a comparison of fluo-
rescence levels in fura-2 loaded cells to fluorescence of a
microelectrode cuvette containing known fura-2 con-
centrations (see below).

In arecent [Ca**]; diffusion model (Sala and Hernan-
dez-Cruz, 1990; Hernandez Cruz et al., 1990) a second
endogenous [Ca**]; buffer which was freely mobile was
included. For simplicity, we have used a single immobile
cellular buffer, and were able to simulate the effects of
mobile [Ca™**); buffers by introducing varying concen-
trations of fura-2.
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TABLE1 Model parameters

Parameter Value
Calcium
Resting level 100 nM
Diffusion constant 6.0 X 107% cm?/s
Current density 5 X 107™* nA/cm?
=3.9nA/cell
Current pulse 10 ms, square pulse
Fura-2
Total concentration 0-50 uM
Ky 760 nM
ks 380/s
ke 5% 10°/M-s
Diffusion constant 4.7 X 1075 cm?/s
Cellular buffer
Total concentration 153 uM
Ky 5uM
ks 500/s
ke 1X105M-s
Pump
Rate P =20/
x =192 X 10~ cm/s
At
Rising phase 0.01 ms
Recovery phase 0.1t0 1.0 ms
Ar 1 um
Cell radius 25 um

4. Implementation of the model

Using the differential equations described above, the be-
havior of intracellular calcium in each shell can be deter-
mined by a numerical approximation in which time var-
ies discretely in small steps (At). For each simulation the
step size was chosen by reducing At until no significant
change in the time-course of [Ca**]; was detected. Dur-
ing the rising phase of [Ca**]; transients and during the
initial 100 ms of recovery a shorter At (0.01 ms) was
generally needed than during the remainder of the recov-
ery phase (At = 0.1 to 1.0 ms). The resting calcium
(Ca,(t = 0)) was 100 nM. With this approach, the con-
centrations of free calcium, free and bound intracellular
buffer, and free and bound fura-2 can be determined at
time ¢ + At from their respective values at time ¢ by
combining Eqgs. 3, 8, 9 as follows:

From Eq. 10 it is clear that in order to determine
[Ca**]; for each shell at ¢ + At the free and bound buffer
and fura-2 concentrations must also be calculated. This
is done in Egs. 11-14. In Eq. 13 the diffusion of CaFura,
is modeled in the same way as the diffusion of free cal-
cium described above (cf. Egs. 3, 10). Free Fura, is also
allowed to diffuse in the model. However, if it is assumed
that bound and free fura-2 have the same diffusion con-
stant then it can be proven inductively that the total fura-
2 concentration in each shell will remain constant even
when free and bound fura-2 diffuses from shell to shell.
In this case the free fura-2 concentration can simply be
calculated by subtraction, as is done in Eq. 14. Equations
used for the outermost ( Nth) shell were identical to Eq.
10-14 except that additional terms were present for cal-
cium influx and pumping (Eq. 7).

Default values used in the model are found in Table 1.
Except for where specifically mentioned, calcium diffu-
sion was modeled using the “nonequilibrium” equations
described above (8-14). During the rising phase of
[Ca**]; transients, large amounts of Ca** influx and dif-
fusion occur, and these “nonequilibrium” equations,
therefore, provide an accurate portrayal of the rapid and
dynamically changing [Ca**];. However, as shown in
Fig. 9 B, during the recovery phase of [Ca**]; transients
the equilibration of [Ca**]; with fura-2 and endogenous
[Ca**); buffers occurs quickly in comparison to the rate
of change of [Ca**};. Thus, during the recovery phase
the “nonequilibrium” model described above does not
differ significantly from an “equilibrium” model in
which the binding of Ca** by fura-2 and endogenous
buffers is assumed to reach equilibrium instantaneously
within each Atz. In this case, the following equilibrium
equations will hold for each shell:

TotalFura = FreeFura + CaFura

= CaFura- (1+ o ) (15)

TotalBuf = FreeBuf + CaBuf = CaBuf- (l + %T) (16)

. —1)? - —n? _
Ca(t + An) = 3D {(n—1) [Ca"_Alr(zt.)[nSCf,.((’t')l_ 1;13][Can(t) Ca,n 1} ,, {Kiour [CABUE ()] — K [Ca(D)]
X [FreeBuf,(1)]} - At + { kppual CaFura,(¢)] — ko[ Ca,(2)][FreeFura, ()]} - At + Ca, (1) (10)
CaBuf, (¢ + Af) = — { kypue[CaBuf,(£)] — knur[Ca,(r)][FreeBuf, ()]} - At + CaBuf, () (11)

FreeBuf, (¢ + At) = TotalBuf — CaBuf, (¢ + At)

CaFura, (7 + At) =

(12)

3Dpa* {(n — 1)} CaFura,_,(¢) — CaFura,(t)] — n}CaFura,(t) — CaFura,,H(t)]}

Art.[n®—(n-1)%]
— { konurl CaFura, ()] — kgun[ Ca,()1[FreeFura,(t)]} - At + CaFura,(1) (13)

FreeFura, (¢ + At) = TotalFura — CaFura,(z + Af).

(14)
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TotalCa = Ca + CaFura + CaBuf. (17)

These equations (15-17) can be combined to give the
following cubic equation:

0 = Ca® + { Kypyra + Kypus + TotalFura + TotalBuf
— TotalCa}-Ca? + { TotalFura- Ky, + TotalBuf
* Ksura — TotalCa - (Ksgura + Kapur) + Kaurn * Kavur }
+Ca — Kygyen * Kapus - TotalCa. (18)

The real positive root of this cubic can easily be found
(Bronsztejn and Siemiendiajew, 1959). Thus, in the
equilibrium model, the new TotalCa for each At is first
calculated by using Eq. (3) or (7). The new value for Ca
is then calculated by solving (18 ) for each shell. With the
above simplification, it is possible to run the model with
much bigger values for Az (up to 3-5 ms) without com-
promising stability or reliability of [Ca**); values during
the decay phase.

GEOMETRICAL CONSIDERATIONS AND
OPTICAL EFFECTS

The above equations provide a complete description of
the three-dimensional [ Ca**]; profile elicited by calcium
influx. The response of the model to a train of ten
current pulses with two different fura-2 concentrations is
shown in Fig. 1. In experiments, fura-2 recordings are
typically performed either with a confocal or a standard
fluorescence microscope coupled to a video camera or
PMT. Therefore, rather than recording [Ca*™*]; signals
from throughout the volume of the cell as shown in Fig.
1, in experiments, fura-2 fluorescence signals are ob-
tained from a single cross sectional slice through the cell,
along with some out-of-focus light from above and be-
low the focal plane. Two different methods for simulat-
ing [Ca**]; measurements in a cross-sectional focal
plane will now be described. First, we will describe
[Ca**]; for an ideal two-dimensional confocal slice
through the cell. Then we will consider optical effects
such as out-of-focus light and the effects of PMT pinhole
selection on fura-2 recordings obtained with non-confo-
cal fluorescence microscopy.

1. Ideal confocal cross section of
[Ca*'];

Fig. 2 (middle traces, A-D) shows the time course of
average [Ca*"]; in a cross-section through the center of
the model cell in response to the same train of current
pulses used in Fig. 1. In order to calculate the average
[Ca**]; in a cross-section, the contributions from each
shell are weighted by (2n — 1)/N?, i.e., the relative con-

10 uM fura-2

100 S S <0
0 1 2 sec 3
50 puM fura-2
B
1600
A[Ca”]l‘
(nM)
850
20 um
10
1007+ e T or “0
0 1 2 sec
FIGURE 1 Free calcium concentration distribution predicted by the

model during and after a 1.0 sec train of 10 ms rectangular current
pulses given at 10 Hz. (4) 10 uM fura-2. (B) 50 uM fura-2. Fura-2
concentrations in experiments were estimated to lie between these two
values. The traces shown deepest in the page are for shells closest to the
cell membrane (25 um) and the ones towards the front of the page are
for the shells near the center of the cell (0 um). The time courses for
each of the 25 shells, spaced at 1-um intervals, are shown. The stimulus
begins at ¢ = 0 and ends at ¢ = 0.9 s. Peak [Ca*"]); for the innermost
shellisatt = 2.4s(A4),and ¢t = 1.5 s (B).

tribution of each shell to the cross sectional area (Fig. 2
C, inset, darker symbols). For comparison, the [Ca**];
transient time courses generated by two other averaging
methods are also shown (Fig. 2, ftop and bottom traces,
A-D). When [Ca*™], is averaged throughout the volume
of the cell (zop traces) each shell is weighted by (3n2 —
3n+ 1)/N?3, and the outermost shells, therefore, make a
larger relative contribution than in the cross-sectional
average (Fig. 2 C, inset, lighter symbols). Conversely,
when [Ca**]; is averaged along a radial line (bottom
traces), as might be done by averaging values obtained
along a single confocal microscope scan line, each shell is
weighted equally by a factor of 1/25. Thus, with the ra-
dial average (bottom traces), the inner shells will contrib-
ute more heavily than with the cross-sectional average,
and the peak [Ca**); value, therefore, occurs with a sub-
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C 10 pM fura-2
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a[Ca™], 0.08
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0.04
6501 oookazziie
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ot——/rr—v—r"—yr—r——"rrr+——+~+r—F
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50 uM fura-2
700 L

A[Ca™} .
("M) ] /

400

1004+ S S

D

50 uM fura-2
700 s

AlCa*'} \
(nM) ]

400

100t+—r+r4—rr
0 20 40 sec

FIGURE 2 Simulated free calcium concentration averaged by three different methods. Same stimulus as in Fig. 1. Intracellular fura-2 concentra-
tions are indicated. ( Top trace in each panel) Volume average (weight of each shell is given by (372 — 3n + 1)/ N?; see inset). (Middle trace in each
panel) Average in cross section through center of cell (weight of each shell is given by (27 — 1)/ N?; see inset). (Bottom tracein each panel) Average
along a radial line (each shell weighted equally ). (Inset) Values of weighting functions used for cross sectional average ( darker symbols) and volume

average (lighter symbols).

stantial delay due to the time required for [Ca**]; to
diffuse toward the center of the cell. With the cross-sec-
tional average (middle traces), the peak occurs earlier,
but still with a significant delay of 0.7 s (Fig. 2, 4 and C)
to 0.4 s (Fig. 2, B and D) from the end of the Ca**
current pulse. With the volume average (top traces), the
peak [Ca**]; coincides with the end of the current pulse
and, consequently, with the peak [Ca**]; in the outer-
most shells. These effects are less pronounced at the
higher fura-2 concentration (Fig. 2, B and D) since
[Ca**]; then diffuses more quickly toward the center of
the cell (Fig. 1). After the first few seconds, the time
course of [Ca**], with the three different averaging
methods converge (Fig. 2, C and D). This serves to illus-
trate that although the volume average of [Ca**]; in the
cell reaches its peak with the end of the current pulse, the
average [Ca**]; in a cross-section can continue to rise
for a time due to geometric considerations alone. An-
other way of describing this is that the [Ca**]; in cross-
sections near the center of the cell will peak and decay
slightly later than the volume average, while [Ca**]; in
cross-sections near the top and bottom surfaces of the
cell will decay slightly more quickly than the volume
average.

2. Effects of the optical
microfluorescence system
on fura-2 recordings

In order to evaluate the optical distortions introduced
during fura-2 video or PMT recordings done with a non-
confocal microscope it was necessary to: (a) simulate the
expected fura-2 fluorescence in response to the local cal-
cium concentration throughout the cell, and to then (b).
transform this signal in the same manner as our micro-
fluorimetry system in order to generate complete images
of [Ca**]),.

(a) Relationship between [Ca**], and fura-2
fluorescence signals

To simulate the response of fura-2 to calcium we needed
to determine the relationship between free calcium and
the absolute fluorescence levels of fura-2 at the excita-
tion wavelengths used to measure [Ca**]; (340 and 380
nm). According to Grynkiewicz et al. (1985 ) the fluores-
cence of fura-2 can be modelled as follows:

Fluorescence at 340 = F| = §,,CaFura + SyFreeFura (19)
Fluorescence at 380 = F, = S,,CaFura + Sp,FreeFura. (20)

Blumenfeld et al.
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Therefore, since values for CaFura, and FreeFura, are
provided by the model (Eqs. 13 and 14), we needed to
determine S, Sg, iz, and Sp, in order to calculate the
fluorescence at 340 and 380 nm excitation wavelengths.
This was done by measuring the fluorescence emitted by
solutions with known concentrations of bound and free
fura-2 (Blumenfeld et al., 1990) using 340 and 380 nm
excitation wavelengths. Egs. 19 and 20 could then be
solved giving the following values for our recording sys-
tem:

S, = 1.000; S, = 0.455; S,, = 0.051; Sp = 1.006. (21)

Since all calculations using these constants involve tak-
ing a ratio, only their relative magnitudes are important,
and they have, therefore, each been normalized by S, .

(b) Point spread function of the

microfluorescence system

By using the values from Eq. 21 in Egs. 19 and 20 to-
gether with the model we were able to reconstruct the
relative fluorescence intensities at 340 and 380 nm for
each point within the cell. The next problem was to de-
termine how our optical system transforms this three-di-
mensional ensemble of point sources of fluorescent light
into a two-dimensional image detected by a PMT or
video camera. In the specimen plane, an ideal fluores-
cent point source will pass through the microscope op-
tics to produce an Airy disc (Inoue, 1986; Hecht and
Zajac, 1974) in the image plane consisting of a small
bright spot surrounded by progressively dimmer alternat-
ing light and dark concentric rings. If the specimen lay
entirely in a two-dimensional plane, then its image
would consist of the superposition of all the Airy discs
produced by each individual point in the specimen
plane. However, in a real specimen having finite thick-
ness, there will also be contributions from point sources
located above and below the specimen plane. Therefore,
we needed to determine the image of a point source in
focal planes both above and below the specimen plane,
i.e., the point spread function (Inoue, 1986; Hecht and
Zajac, 1974), for our optical system.

The point spread function was determined using digi-
tized images of a fluorescent 0.2 um polystyrene YG mi-
crosphere (Polysciences) taken at varying focal planes as
described previously (Fay et al., 1986, 1989; Hiraoka et
al.,, 1990). The microsphere diameter of 0.2 um was
smaller than the limit of resolution of the microscope
(~0.24 um). The point spread function obtained in this
manner (Figs. 3, 4) implies that light from points
beyond about 6 um above or below the focal plane will
contribute only a negligible amount to the fluorescence
signal. The diameter of the field diaphragm (used to
limit the region of illumination in the specimen plane)
was 100 um for these measurements, and for all fura-2
measurements done on cells. The emission optics used
with the microspheres were identical to those used for

+3

+4

+5

x
3

FIGURE 3 Point spread function of the fura-2 microfluorescence sys-
tem. Images of a 0.2 um fluorescent microsphere taken at different
focal planes (indicated in microns). A dilute suspension of micro-
spheres was evaporated onto a glass coverslip and images were then
taken with a SIT camera (Hamamatsu) of an individual microsphere
while adjusting the focus at I-um intervals. Focal planes acquired with
the objective closer to the specimen are indicated by more positive
numbers. Diameter of field diaphragm used to restrict the area of illumi-
nation was 100 um in the specimen plane.

fura-2. The excitation wavelength was 485 nm. Since
this is longer than the 340 to 380 nm wavelengths used
for fura-2 it is, therefore, expected to produce a point
spread function which is slightly more spread out along
the optical axis (Sheppard, 1988; Stokseth, 1969; Hop-
kins, 1955). Thus, these measurements of the point
spread function actually provide an upper limit to the
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FIGURE 4 (A4) Simplified point spread function assuming radial sym-
metry in planes perpendicular to the optical axis. Intensity values ( ver-
tical axis, arbitrary units) were obtained by scanning along a single line
through the center of each of the successive digitized images shown in
Fig. 3. Traces, from top left to bottom right, are from focal planes at —6,
-5, -4, -3, -2, —1, 0, +1, 42, +3, +4, +5, +6 um (more positive

extent of out-of-focus light present in fura-2 measure-
ments.

In addition to nonconfocal microscope optics, a sec-
ond effect which could potentially introduce stray light
into the recorded image in a biological specimen is light
scattering. Therefore, we added a dilute suspension of
microspheres to five culture dishes containing Aplysia
sensory neurons, allowed them to settle for 3-4 h, and
then exchanged the solution in the dishes with fresh me-
dium in order to remove the microspheres still in suspen-
sion. Upon imaging these cells under the same condi-
tions used above, fluorescent microspheres were seen on
the surface of the cells, and by focusing up and down it
appeared that some microspheres were present within
the cells as well. The point spread functions obtained
with these microspheres were not significantly different
from those obtained above with dry microspheres on
plain glass (Fig. 4, B and C). Thus, it appears that light
scattering due to cytoplasm and culture medium does
not significantly change the point spread function mea-
sured under the conditions used for our experiments.

Using the point spread function as determined above,
we could generate images of any focal plane or cross
section in our model cell. The intensity at each point in
the image was calculated by adding up the contributions
(given by the point spread function) of all the points in
the volume surrounding that point in the model cell.
This is equivalent to performing a discrete approxima-
tion to the convolution integral of the fluorescence in-
tensity in the cell and the point spread function in order
to obtain an image at a particular focal plane. Images
were generated in this way for both 340 and 380 nm
excitation wavelengths.

(c¢) Simulation of fura-2 video recordings

[Ca**), is measured with fura-2 by taking the ratio of
images at 340 and 380 nm excitation wavelengths. The
relationship between these ratio values (R) and [Ca™™);
is then estimated through calibration measurements
which can be fit by the following equation (Grynkiewicz
et al., 1985):

R — R AY
++71 — min f2
[Ca™]; dem(—Rm — R)( sz) , (22)

where R_;, is the ratio value as [Ca**], approaches zero,
R, is the ratio value at saturating [Ca**]; and S;, and
S,z have been defined above.

numbers indicate focal planes with the objective closer to the speci-
men). (B) Intensity drop-off (arbitrary units) as a function of defocus
for point spread functions obtained with dry microspheres on glass
cover slips (n = 4). Different microspheres indicated by different line
types. ( C) Intensity drop-off (arbitrary units) as a function of defocus
for point spread functions obtained with microspheres on the surface of
or within Aplysia sensory neurons in culture (n = 5). Different micro-
spheres indicated by different line types.
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In a simulation of fura-2 video recordings, a point by
point ratio was taken of images generated at 340 and 380
nm for a focal plane through the center of the cell, which
is the focal plane which was routinely used in our experi-
ments. The resulting maps of 340/380 ratios were then
converted into complete simulated images of [Ca**]; by
using Eq. 22, together with values for R.;,, Rpy.x, and
Kisuea(Se2/ Sp2) determined by calibration measurements
(Blumenfeld et al., 1990). Since [Ca**]; does not ap-
proach R, of the fura-2 calibration curve in experi-
ments or even in the outermost shells of the simulations
below, there is probably no significant problem with satu-
ration of the fura-2 response in these cells.

We were interested in estimating the distortion intro-
duced into fura-2 images by out-of-focus light. There-
fore, we compared the time course of average [Ca**];
predicted above (Fig. 2) for an ideal confocal cross sec-
tion to the time course of average [Ca**]; in simulated
images which include the convolution operation. As
seen by comparing the top and middle traces in Fig. 5 4,
the convolution operation has only a very small effect on
the time course of [Ca**];. Similarly, video-like images
of the spatial profile of [Ca**), varying over time were
only minimally affected by the convolution operation,
especially for focal planes near the center of the model
cell (data not shown). Thus, according to the model,
video images of [Ca**]; measured using fura-2 with the
microscope focused on a plane through the center of the
cell, and using a relatively small field diaphragm (100
um) as was used here, should provide a fairly accurate
representation of [Ca**]; in a cross-sectional plane.

(d) Simulation of fura-2 PMT recordings

When fura-2 measurements are performed with a photo-
multiplier tube (PMT) a pinhole having a projected di-
ameter of several microns in the specimen plane is typi-
cally used. Thus, the fluorescence from different loca-
tions within the pinhole is effectively averaged at each
wavelength prior to taking the ratio. In order to under-
stand how this averaging, and how the location of the
pinhole on the cell alters the observed free calcium val-
ues, we simulated the effects of the pinhole with our
model. This was done by starting with the 340 and 380-
nm images generated by the convolution operation, and
separately averaging the fluorescence within a circular
pinhole for each wavelength. The ratio of the 340 over
380 nm signal was then used to calculate free calcium
with Eq. 22.

In order to evaluate the distortion due to spatial averag-
ing, a worst-case scenario was assumed, where the PMT
pinhole diameter was 50 um and would, therefore, in-
clude the entire model cell. In this case, there was a small
damping effect on the contribution of the outermost
shells to the signal during the rising phase as shown in
Fig. 5 A (bottom trace). There was no effect, however, on
the peak amplitude of the [Ca**];, transient, on the time
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FIGURE 5 Complete simulated fura-2 video and PMT measurements
of [Ca**];. Stimulus was a train of ten current pulses ( pulse duration =
10 ms; frequency = 10 Hz). Fura-2 concentration = 10 uM. (4) (Top
trace) Average [Ca**]; predicted by the model in a cross section
through the center of the cell without incorporating the optical transfer
function (same as Fig. 2 4, middle trace). (Middle trace) Simulation of
average [Ca**]; in video images taken in a focal plane through the
center of the cell. (Bottom trace) Simulation of PMT measurements of
[Ca**]; taken in a focal plane through the center of the cell with the
pinhole aperture covering the entire cell. Similar results are seen with
50 uM fura-2. (B) Effect of pinhole position on simulated PMT mea-
surements. Pinhole radius = 8 um. ( Left trace) Center of pinhole at 19
pm from middle of cell. Peak [Ca**]; occurs 200 ms after end of
current pulses. (Middle trace) Center of pinhole at 15 um from middle
of cell. Peak [Ca**]; occurs 700 ms after end of current pulses. (Right
trace) Pinhole centered on middle of cell. Peak [Ca**]; occurs 1.5 s
after end of current pulses.

course of [Ca**); following the peak, or on the delay
between the end of the current pulse and the [Ca**];
transient peak. On longer timescales, such as that used in
Fig. 2, C and D no significant difference can be detected
between [Ca**]; transients simulated by the three differ-
ent methods used in Fig. 5 4.

A second aspect of PMT measurements that was ex-
plored with the model was the effect of pinhole position
(Fig. 5 B). For these simulations, a pinhole with a radius
of 8 um in the specimen plane was used, which is the
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FIGURE 6 Profile of [Ca**]; in an Aplysia sensory neuron cell body in response to action potential stimulation. Pseudocolor scale used is shown at
lower left. [Ca**); range for representative color bins are indicated. 0 s: resting [Ca** ], profile. 1.1-5.9 s: train of action potentials (indicated by bar)
beganat? = 0.5 sand ended at ¢ = 6.0 s. During the train [Ca** ], rose steeply near the outer rim of the cell and then diffused towards the center. 6.5 s:
after the end of the stimulus [Ca™*]; continued to rise for a short time in the central areas of the cell due to inward diffusion of [Ca**};. 10.3-31.3s:
[Ca**]; gradually recovered towards rest. Images are pixel-by-pixel ratios of digitized images obtained with intensified CCD camera (Hamamatsu).
Filter switching rate was 1.85 ratio measurements (wavelength pairs) per second. Stimulus train duration = 5.5 s, stimulus rate = 10 Hz, stimulus

duration = 20 ms, current pulse = 1.6 nA.

same size frequently used in experiments. When the pin-
hole is placed by the outer rim of the model cell (Fig. 5 B,
left trace), the [Ca**]; transient time course more
closely reflects the [Ca**]; time course in the outermost
shells (Fig. 1). Therefore, the peak amplitude is higher
and the peak occurs just after the end of the current
pulse. As the pinhole is moved inward to include shells
primarily from the middle of the cell (Fig. 5 B, middle
and right traces), the peak amplitude of the [Ca**];
transient becomes smaller and occurs up to 1.5 s after the
end of the current pulse. These effects are more pro-
nounced with smaller pinholes. Similarly, the model also
predicts that as the focal plane is moved from the center
of the cell towards the top or bottom surface membrane,
the [Ca**]; transient peak amplitude will grow larger
and occur with less delay (not shown).

COMPARISON OF EXPERIMENTAL [Ca**],
RECORDINGS WITH THE MODEL

During a train of action potentials, Ca** enters the cell
through voltage-dependent Ca channels in the surface
membrane giving rise to a transient increase in [Ca**];.
This [Ca*"]; transient was measured with fura-2 while
- focusing the microscope on a section through the center
of an Aplysia sensory neuron cell body (Fig. 6). Asin the

model (Fig. 1), [Ca™"]; was seen to rise first and to the
highest values near the rim of the cell just under the
surface membrane (Fig. 6). In this particular cell there
was a slight [Ca**]; gradient even at rest with the highest
values in the upper left part of the cell ( = 0 s). How-
ever, it can be seen that during the stimulus (¢ = 1.1 to
5.9) a steep gradient in [Ca** ]; was present from the rim
to the center of the cell. Also, as in the model (Fig. 1),
the peak value of [Ca*™*); at the rim of the cell coincided
with the end of the stimulus (Fig. 6, = 5.9 s), while the
[Ca**]; at the center of the cell did not reach its peak
until 0.5 to 1.0 s after the end of the stimulus (Fig. 6, t =
6.5 s). [Ca™**]; then gradually returned toward the rest-
ing prestimulus level (Fig. 6, t = 10.3, 14.6, 31.3 s).
These results are in general agreement with measure-
ments done in other cells (Lipscomb et al., 1988b; Her-
nandez-Cruz et al., 1989). However, unlike results from
vertebrate sympathetic ( Thayer et al., 1988a; Lipscombe
et al., 1988a, b; Hernandez-Cruz et al., 1990) and sen-
sory neurons ( Thayer et al., 1988b) these cells showed
no evidence of Ca**-triggered Ca** release from inter-
nal stores giving rise to a prolonged local elevation in
[Ca**]; lasting after the end of the stimulus (Hernandez-
Cruz et al., 1990).

The delay from the end of the stimulus to the peak
[Ca**]; can be seen in PMT experiments as well. Fig. 7
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FIGURE 7 Example of a [Ca**]; transient in an Aplysia sensory neu-
ron cell body showing delay-to-peak of ~1.0 s following a train of
action potentials. (Bottom) Membrane potential, V,,. Train dura-
tion = 1.6 s, stimulus rate = 5 Hz, stimulus duration = 5 ms, current
pulse = 2.3 nA. (Top) Fura-2 fluorescence at 380 and 340 nm excita-
tion measured as the filter changer alternated between the two wave-
lengths. The delay to peak is most easily seen in these single-wavelength
measurements. The bottom of the fluorescence signal at each wave-
length has been cut off; actual magnitude of 10% of the full amplitude
of the fluorescence signals at each wavelength are indicated. Filter
switching rate was 1.0 ratio measurements (wavelength pairs) per sec-
ond. Diameter of pinhole aperture on PMT was 26 um. Pinhole was
centered ~15 um from the edge of the cell. (Middle) [Ca**}]; calcu-
lated on-line from the ratio of background-subtracted fura-2 fluores-
cence signals at 340 and 380 nm.

10 sec

shows a PMT recording with the pinhole position cen-
tered ~15 um from the edge of the cell. The [Ca**);
transient recorded in response to a train of action poten-
tials has a similar time course to the simulated PMT
measurements shown in Fig. 5 B. In addition, as in the
simulated PMT measurements, [Ca**], continued to
rise for ~1.0 s after the end of the action potential train.
The model demonstrates that this delayed peak can be
accounted for by continued diffusion of calcium towards
the center of the cell after the end of the stimulus and
disproportional weighting of the center of the cell by the
recording apparatus.

RELIABILITY OF FURA-2 AS A [Ca™*"},
INDICATOR

In addition to acting as a [Ca**]; indicator, fura-2 is also
a powerful Ca** buffer which can diffuse throughout the

cytoplasm ( Grynkiewicz et al., 1985; Timmermann and
Ashley, 1986). It is, therefore, important to investigate
the effects of fura-2 itself on [Ca**};. This was done ex-
perimentally by recording [Ca**]; transients evoked by
action potential trains in Aplysia sensory neurons (Fig.
8). It was found that as the intracellular fura-2 concen-
tration increased due to leakage from a fura-2 filled in-
tracellular microelectrode, (a) the [Ca**]; transient am-
plitude was reduced, and (b) the recovery kinetics be-
came more prolonged (Fig. 8 4). In a different cell (Fig.
8 B), where the intracellular microelectrode was par-
tially clogged (and the fura-2 concentration, therefore,
remained low and relatively constant) the amplitude
and recovery kinetics of the [Ca**]; transient were rela-
tively stable over time. Intracellular fura-2 concentra-
tions were estimated by comparing the absolute fluores-
cence intensity of the fura-2 in the cell to that of fura-2 at
varying concentrations in a microelectrode cuvette (Fig.
8 C).

The effects of fura-2 on [Ca**); transients were also
studied by varying the fura-2 concentration in the model
(Fig. 9 4). The cross-sectional average [Ca**]; was used
here, and in much of what follows, since it was shown
above to be very close to simulated PMT or video mea-
surements (Fig. 5 4). In agreement with the PMT experi-
mental results, the model predicts that increasing the
fura-2 concentration should lead to a significant de-
crease in [Ca**], transient amplitude and a prolongation
of recovery kinetics. An additional effect of fura-2,
which is predicted by the model, is that fura-2 should
speed up the net rate of [Ca**); diffusion in the cell. This
is because fura-2, acting as a mobile [Ca**]; buffer, will
bind Ca**, diffuse through the cell, and release Ca** in
areas with lower [Ca**];. This can be seen in Fig. 1
where peak [Ca**]; in the innermost shell of the model
occurs 1.5 s after the end of the stimulus when 10 uM
fura-2 is present (Fig. 1 A), but occurs just 0.6 s after the
end of the stimulus when 50 uM fura-2 is present (Fig. 1
B). Furthermore, as increasing fura-2 concentration
speeds up the diffusion of [Ca**]; towards the center of
the cell, this will also result in a shorter delay to the peak
of the [Ca**], transient, as seen in Fig. 9 4.

An additional aspect of fura-2 measurements that was
important to evaluate is how rapidly the dye is able to
respond to fast changes in [Ca**];. One way of estimat-
ing how quickly fura-2 responds to dynamic changes in
[Ca**], is to examine the instantaneous values for
[CaFura, ] and [FreeFura, ] generated by the nonequilib-
rium model (Egs. 13 and 14). These values can be used
together with the K, of fura-2 to calculate a value for
[Ca,], which represents the instantaneous value for
[Ca**]); “seen” by fura-2 as it equilibrates with the actual
[Ca**];. This is mathematically equivalent to using
[CaFura,] and [FreeFura,] to calculate fluorescence at
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FIGURE 8 Effects of intracellular fura-2 concentration on [Ca**]; signals in two Aplysia sensory neurons. (A) Intracellular fura-2 increasing over
time. [Ca**); (lower traces) and absolute intensity of fura-2 fluorescence (fop traces) at 340 and 380 nm excitation wavelengths are shown in
response to a train of action potentials. The intracellular fura-2 concentration increased due to leakage from an intracellular fura-2 filled microelec-
trode. Middle trace was taken 13 min after left trace; Right trace was taken 27 min after left trace. Current pulse = 8.0 nA, stimulus duration = 2 ms,
train duration = 2.0 s, stimulus rate = 5 Hz (10 action potentials). In 4, B, and C diameter of pinhole aperture on PMT was 26 um and filter
switching rate was 1.0 ratio measurements ( wavelength pairs) per second. ( B) Intracellular fura-2 relatively low and constant. [Ca**]; (lower traces)
and absolute intensity of fura-2 fluorescence (top traces) at 340 and 380 nm excitation wavelengths in response to a train of action potentials.
Middle trace was taken 16 min after left trace; right trace was taken 22 min after left trace. Current pulse = 5.6 nA, stimulus duration = 5 ms, train
duration = 2.5 s, stimulus rate = 2 Hz (5 action potentials). (C) Estimation of [Fura-2);. Absolute fura-2 fluorescence levels (Fagg 340, arbitrary
units) are shown for microelectrodes filled with different fura-2 concentrations. Calibration bars for [Fura-2]; (4 and B, top traces) were generated
using the linear fit to the F,g,, values shown here. Thus, the calibration bars for [Fura-2]; above refer to the fura-2 fluorescence intensities at 380 nm
shown for the cells in the top traces. PMT pinhole aperture was focused on a region of the microelectrodes with a diameter similar to Aplysia sensory
neurons (~50 gm). The solutions in the microelectrodes were calibration buffer (Blumenfeld et al., 1990) with [Ca**] = 100 nM, and [ fura-2] as

indicated.

340 and 380 nm using Egs. 19-20, and then using the ratio
of these values directly in Eq. 22 without incorporating
the effects of microscope optics. The time course of fura-
predicted [Ca**]; calculated in this way was compared to
the actual [Ca**]; predicted by the model at very high
time resolution (Fig. 9 B, bottom and top traces). With
the onset of Ca*™* influx, the nonequilibrium model pre-
dicts a steep initial rise in [Ca*™*); occurring before fura-2
and the cell’s endogenous buffers begin to significantly
buffer [Ca**];. As buffering begins to occur, the [Ca**);
rises steadily (Fig. 9 B, top trace), as does the fura-pre-
dicted [Ca**]; (Fig. 9 B, bottom trace). At the end of the
current pulse, [Ca**}; has an initial steep decay (Fig. 9 B,
top trace) due to the rapid equilibration of free Ca** with
fura-2 and endogenous buffer in the outermost shells.
This is followed by a slower phase in which the time
courses of [Ca**]; and fura-predicted [Ca**]; gradually
converge. Note that the timecourse for [Ca**]; predicted
by the equilibrium model (Fig. 9 B, middle trace) lies
between the nonequilibrium model and fura-predicted
[Ca**);. Thus, aside from an offset due to nonequilib-

rium conditions during the rising phase of [Ca**]; tran-
sients, the model predicts that fura-2 should reliably de-
tect [Ca*™*], to within a few milliseconds. This is well
beyond the temporal resolution used in most fura-2 mea-
surements.

EVALUATING POTENTIAL MECHANISMS OF
[Ca**], TRANSIENT MODULATION

In presynaptic Aplysia sensory neurons, 5-HT increases
and FMRFamide decreases the amplitude of action po-
tential-induced [Ca**), transients, leading to corre-
sponding changes in transmitter release (Klein and Kan-
del, 1978; Belardetti et al., 1987; Edmonds et al., 1990).
Based on Arsenazo III and voltage clamp measurements,
Boyle et al. (1984) suggested that 5S-HT may increase
[Ca**]; transients both by increasing Ca** influx and by
altering intracellular calcium homeostasis. However,
more recent experiments have suggested that 5-HT and
FMRFamide modulate [Ca**]; transients entirely
through changes in Ca** influx (Blumenfeld et al.,
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FIGURE 9 Simulation of effects of intracellular fura-2 on [Ca**]; sig-
nals. (4) Effects of fura-2 concentration on [Ca**]; transient ampli-
tude and recovery kinetics. Average [Ca**]; in a cross-section through
the center of the model cell is shown in response to a single 10-ms
current pulse with different fura-2 concentrations (from top to bot-
tom): 0, 10, 20, 50, and 100 uM. Peak [Ca**]; occurs with a delay of
1500, 900, 650, 500, and 450 ms, respectively, after the end of the
stimulus. (B) Temporal fidelity of fura-2, and comparison of “equilib-
rium” and “nonequilibrium” models. High resolution time-course of
average free calcium in a cross-section through the center of the model
cell is shown in response to a 10-ms current pulse. ( Top trace) [Ca**);
predicted by “nonequilibrium” model using first order rate equations
for binding of Ca** to fura-2 and cellular buffer (Eqgs. 8-14). (Middle
trace) [Ca**); predicted by “equilibrium”™ model (Eq. 18). (Bottom
trace) [Ca**]; detected by fura-2, calculated from the values for
[Ca-Fura,] and [FreeFura,] generated by the nonequilibrium model
for each time interval (see text). Fura-2 concentration is 10 uM. Simi-
lar results were obtained with 50 uM fura-2.

1990). Therefore, the model developed here was used to
ask on theoretical grounds whether the [Ca ™™ ]; transient
modulation seen experimentally could be due to (a)
changes in [Ca**); buffering or extrusion, (5) changes in
Ca™* release from internal stores, or (¢) changesin Ca**
influx.

1. Effects of Ca*"* buffering and Ca**
transport

Increasing the concentration or affinity of intracellular
Ca** buffer in the model led to: (a) a decrease in [Ca**];
transient amplitude, and () a prolongation of the recov-
ery time course (Fig. 10, 4 and B). Decreasing Ca**i
buffering in the model had the opposite effects. Since
5-HT and FMRFamide modulate [Ca**]; transient am-
plitude during action potentials without affecting the re-
covery time course ( Boyle et al., 1984; Blumenfeld et al.,
1990), this suggests that these transmitters do not act by
changing intracellular Ca** buffering.

When the fura-2 concentration in the model is in-
creased from 10 uM (Fig. 10 4) to 50 uM (Fig. 10 B) the
same changes in endogenous Ca** buffering now have a
smaller effect on both [Ca**); transient amplitude and
recovery kinetics. Our measurements were all done with
fura-2 concentrations below 50 uM. Therefore, we
should have detected any changes in recovery kinetics
produced by 5-HT or FMRFamide. If the fura-2 concen-
tration had been significantly higher, however, fura-2
would dominate intracellular Ca** buffering and pre-
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FIGURE 10 Effects of buffering and surface membrane pump on
[Ca**]; transients in the model cell. Timecourses of average [Ca**];
are shown in a cross-section through the center of the model cell in
response to a 10-ms current pulse. Fura-2 concentrations are indicated.
(A and B) Effects of buffer concentration. ( Top traces) Buffer concen-
tration = 51 uM (B = 10). (Middle traces) Buffer concentration = 153
#M (B = 30). (Bottom traces) Buffer concentration = 255 uM (8 =
50). Traces have been shifted slightly along the time axis for clarity of
display. 8 is defined as [Ca**Buf];/[Ca**); at rest. Identical results
were obtained when intracellular calcium buffering was varied either
by changing the buffer K, or the buffer concentration, as long as 8 was
varied by the same amount. In addition, in agreement with Sala et al.
(1990), identical results were obtained whether K, was varied by chang-
ing its forward or reverse rate constant. (C and D) Effects of surface
membrane pump. Pump rate: P = 0/s (top traces); 20/s (middle
traces); 100/s (bottom traces).
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vent the detection of changes in endogenous Ca** buff-
ering.

As shown in Fig. 10, C and D, the model predicts that
[Ca**]); cannot return to resting values without a mecha-
nism for calcium extrusion. Increasing the rate of the
surface membrane pump speeds up the recovery kinetics
of the [Ca**]; transient, and slightly decreases its ampli-
tude at the peak. Since neither 5-HT nor FMRFamide
change [Ca**]; transient recovery kinetics, this again
implies that these transmitters probably do not signifi-
cantly change [Ca**), homeostasis.

In both the models of Connor et al. (1982) and Sala et
al. (1990), substantial recovery of [Ca**}; occurs follow-
ing a [Ca**}; transient even when the pumping rate is
zero. This discrepancy can be explained by different
choices of buffer K; and current amplitude which result
in less saturation of cellular buffers near the surface
membrane in our model. In contrast, in the other mod-
els, initial saturation of buffers near the surface mem-
brane leads to a high initial free calcium which then de-
creases largely due to diffusion and redistribution of
Ca** to available buffers in the cytoplasm (Connor et al.,
1982).

2. Ca**-triggered Ca*" release from
internal stores

If the relationship between the number of action poten-
tials and [Ca*™™); transient amplitude were markedly
nonlinear, this might suggest the presence of Ca**-trig-
gered Ca** release from internal stores. In experiments
with Aplysia sensory neurons it was found that, in fact,
the [Ca**); transient amplitude increased approximately
linearly with the number of action potentials in the train
(Fig. 11, A and B). Our model was used to confirm that
in the absence of Ca**-triggered Ca™" release, the rela-
tionship between the number of Ca** current pulses and
[Ca**]; transient amplitude is expected to be approxi-
mately linear (Fig. 11 C).

3. Modulation of Ca** influx

We next asked whether or not the effects of SHT and
FMRFamide can be accounted for by modulation of
Ca'* influx alone. The model was used to simulate PMT
measurements of [Ca**); transients in response to a 1-s
train of current pulses given at a frequency of 10 Hz (Fig.
11 D). The pulse duration was 3 ms and the current was
varied to simulate changes in Ca** influx. On this time-
scale, identical results were obtained if, instead, the
current was kept constant and the pulse duration was
varied to give the same changes in total charge move-
ment. The relationship between [Ca**}]; transient ampli-
tude and total charge movement per pulse shown in Fig.
11 D appears to be approximately linear (with a very
slight upward concavity). As will be discussed further
below, this result implies that modulation of Ca** influx
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FIGURE 11 Experimental and theoretical relationships between Ca**
influx and [Ca**]; transient amplitude. (4, B, C) Effect of number of
action potentials or current pulses in the stimulus train. (4, B) Results
of experiments in two different cells. Each point is the average [Ca**];
transient amplitude (+SEM) for three trains with the indicated num-
ber of action potentials. Diameter of pinhole aperture on PMT was 26
pm, placed near the edge of the cell. Stimulus pulse rate, duration and
current were 10 Hz, 20 ms, 4.2 nA (A4); 2 Hz, 5 ms, 5.6 nA (B). (C)
Theoretical relationship between number of pulses in train and [Ca**};
transient amplitude in PMT measurements simulated with the model.
PMT measurements were simulated as described in section on optical
effects. Pinhole diameter = 26 um, centered at 12 gm from middle of
cell. Fura-2 concentration was 50 uM. Current density was4.15 X 104
nA/cm? (3.23 nA). Pulse duration was 3 ms. Stimulus frequency was
10Hz. (D) Effect of Ca** influx per pulse. Simulation of PMT measure-
ments of [Ca**]; in response to train of ten current pulses (pulse dura-
tion = 3 ms; frequency = 10 Hz; train duration = 1 s). The current per
pulse was varied to give the charge per pulse (pcoul) indicated on the
horizontal axis. Pinhole diameter = 16 um, centered at 15 ym from
middle of cell. Fura-2 concentration was 50 uM.

alone is of the correct magnitude to fully account for the
changes in [Ca*™™]; transient amplitude produced by 5-
HT and FMRFamide.

SUMMARY AND DISCUSSION

1. Interpretation of [Ca**],
measurements with fura-2

The model described above enables a detailed analysis of
the relationship between fura-2 measurements and the
actual time-varying distribution of [Ca**]; evoked in
cells by Ca™ influx. Each stage in the signal pathway has
been analyzed sequentially, from intracellular diffusion
and buffering of Ca**, to fura-2 and Ca** binding, to the
optical transfer function of the microfluorimetry system.
Using this approach, it was possible to ask two general
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questions about the fidelity of fura-2 measurements: (a)
how closely do fura-2 measurements correspond to the
actual [Ca*™*]; in the cell?, and (b) how does fura-2 itself
affect [Ca™™],?

According to the model, images obtained with fura-2
measurements are expected to be fairly close to the ac-
tual [Ca**]; distribution in a cross-sectional focal plane
of the cell. Thus, although a confocal microscope was
not used, the contributions of out-of-focus light from
above and below the focal plane are not expected to sig-
nificantly distort the time-course of average [Ca**); in
the focal plane. This may be explained by the partial
confocal properties of fluorescence microscopy de-
scribed by Hiraoka et al. (1990) when a field diaphragm
of 100 um or less is used, as it was in our measurements.
Thus, the point spread function under these conditions
decays to nearly zero within + 5-6 um of the focal plane,
a distance over which [Ca**]; does not vary in a major
way for most choices of focal plane, except for near the
surface membrane. The relatively fine depth of field im-
plied by these measurements may also partly account for
the recent impressive fura-2 images obtained from indi-
vidual dendritic spines in the hippocampus without the
use of confocal microscopy (Miiller and Connor, 1991;
Guthrie, Segal, and Kater, 1991).

At higher time resolution, during the rising phase of
[Ca**); transients, the model predicts some discrepancies
between the time course of fura-2 measurements and the
actual [Ca**],. During Ca** influx, fura-2 will not be in
equilibrium with [Ca**}; in the outermost shells and, will
therefore, underestimate [Ca**];. Following this phase,
however, the model predicts that the time course of ac-
tual [Ca**); and fura-2 measurements will be very simi-
lar. Thus, the temporal fidelity of fura-2 is expected to be
adequate for the measurement of [Ca**]; transients in
the bulk cytoplasm in response to Ca** influx. However,
[Ca**];, just under the surface membrane at high time
resolution, which is thought to be most relevant for trans-
mitter release at active zones (Smith and Augustine,
1988; Simon and Llinas, 1985), cannot be accurately re-
corded with fura-2 according to the model.

Since fura-2 is, itself, a [Ca**]; buffer the model pre-
dicts that it should significantly decrease the amplitude
and prolong the recovery kinetics of [Ca**]; transients.
These effects were seen in experiments as well, with in-
tracellular fura-2 concentrations as low as 10 uM. There-
fore, the intracellular fura-2 concentration should al-
ways be taken into account in experiments using fura-2.
In addition, at intracellular fura-2 concentrations above
~50 uM, the model predicts that fura-2 begins to domi-
nate the endogenous buffers of the cell, making it diffi-
cult to detect changes in endogenous [Ca**]; buffering.
Therefore, for studies of the endogenous cellular [Ca**);
buffering systems, intracellular fura-2 concentrations
below ~50 uM should be used. Finally, the model pre-
dicts that even low concentrations of fura-2 are expected
to increase the rate of diffusion of calcium throughout

the cell. This effect is probably somewhat exaggerated in
our model since it does not incorporate other diffusible
calcium buffers aside from fura-2. Nevertheless, care
should be taken in interpreting experiments using fura-2
to measure the rate of intracellular calcium diffusion.
An apparent paradox is that fura-2 binding to calcium
decreases the free calcium concentration and decreases
the [Ca**}; reported by fura-2, while, at the same time,
the amount of calcium bound to fura-2 is increased. The
explanation is that fura-2 measurements depend roughly
on the ratio between bound fura-2 and free fura-2. Thus,
although increasing the total fura-2 concentration will
increase the bound fura-2, free fura-2 will increase even
further, corresponding with the decrease in [Ca**];.

2. Mechanisms of [Ca**], transient
modulation

Aside from evaluating the reliability of fura-2 measure-
ments, the second purpose of the model was to simulate
several potential mechanisms for presynaptic modula-
tion and to determine their expected effects on [Ca*™);
transients. Modulation of [Ca**]; transients could, theo-
retically, occur through: (a) changes in [Ca**], homeosta-
sis (e.g., [Ca™™]; buffering or transport); (b) changes in
Ca**-triggered release of Ca** from internal stores; or (c)
changes in Ca** influx. Each of these three potential
mechanisms was investigated with the model. The re-
sults of the model provide further support for previous
experiments (Blumenfeld et al., 1990) that suggested that
5-HT and FMRFamide modulate [Ca**); transients in
Aplysia sensory neurons entirely through changes in
Ca** influx.

As reported previously (Boyle et al., 1984; Blumenfeld
et al., 1990), the recovery kinetics of [Ca™*); transients
are not altered by 5-HT or by FMRFamide. The model
predicts that if changes in [Ca**]; buffering or transport
were used to modulate [Ca**); transient amplitude then
there should be a significant change in recovery kinetics
as well. However, opposing changes in both buffering
and transport could, conceivably, modulate the [Ca**];
transient amplitude with no net effect on recovery ki-
netics. Thus, according to the model, unless such coun-
terbalancing effects are present, it is unlikely that
changes in [Ca**]; buffering or transport contribute to
[Ca**), transient modulation in response to 5-HT or
FMRFamide. Further evidence against the contribution
of changes in [Ca**], homeostasis to modulation of
[Ca**); transients has been provided by previous experi-
ments in which [Ca**]; transients evoked by Ca*™ injec-
tions were not modulated by 5-HT or FMRFamide,
while action potential-induced [Ca**]; transients were
modulated by both transmitters (Blumenfeld et al.,
1990).

In sympathetic cells (Thayer et al., 1988a; Lipscombe
et al., 1988a, b; Hernandez-Cruz et al., 1990) and DRG
cells (Thayer et al.,, 1988b) it has been reported that
Ca**-triggered Ca** release from internal stores gives
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rise to a prolonged localized increase in [Ca**]; lasting
for several seconds after the end of a depolarizing stimu-
lus. Aplysia sensory neurons do not exhibit this pro-
longed localized rise in [Ca**];, however, it was found
that in some cells the [Ca**}; signal continued to increase
for up to 1 s after the action potential train had termi-
nated. The model was used to show that a delay of 1-2 s
to the [Ca**], transient peak could be explained on the
basis of Ca** influx and diffusion alone if the region
examined lay in a cross-section near the center of the
cell. A number of different factors will influence this de-
lay to peak. After the end of the action potential train,
Ca™™* continues to diffuse from the outermost shells,
where [Ca**); is highest, toward the center of the cell.
This was confirmed with video imaging of [Ca**}; tran-
sients in Aplysia sensory neuron cell bodies. Thus, al-
though [Ca™™); falls after the end of the train in the few
outermost shells, [Ca**]; continues to rise in the many
internal shells as it diffuses inward. These inner shells are
weighted relatively more heavily in a cross-sectional
average of calcium than in a volume average (Fig. 2 in-
set) and, therefore, the average [Ca**]; taken in a cross-
sectional focal plane continues to rise after the end of the
train. If the measurements are done with a pinhole aper-
ture placed near the center of the cell, the delay-to-peak
will be exaggerated further (see Fig. 5 B). Therefore, a
measured delay of 1 to 2 s to the [Ca**]; transient peak
after the end of Ca*™™ influx cannot be taken as evidence
for Ca**-triggered Ca** release from internal stores.
Additional evidence against Ca**-triggered Ca** re-
lease from internal stores in Aplysia sensory neurons has
come from experiments in which the number of action
potentials in the stimulus train was found to be approxi-
mately linearly related to [Ca**], transient amplitude. A
similar linear relationship was described by Smith and
Zucker (1980) using Arsenazo III, and in rat DRG cells
when Ca** loads were in the range used here (Thayer
and Miller, 1990). The actual Ca** influx may not re-
main constant during successive action potentials in a
train due to effects such as Ca channel inactivation and
frequency-induced spike broadening. However, since
[Ca**); increases by approximately the same amount
with each successive action potential, these effects proba-
bly produce no net change in Ca** influx (unless they are
exactly offset by changes in [Ca**];, homeostasis or re-
lease occuring during the train). The model was used to
confirm that, in the absence of Ca**-triggered Ca*™™ re-
lease, the relationship between the number of action po-
tentials in the train and the [Ca**); transient amplitude
is, in fact, expected to be approximately linear. This does
not rule out the possibility of a linear Ca** release pro-
cess. However, even if Ca**-induced Ca** release were
present it does not contribute to modulation of the ac-
tion potential-induced {Ca**]; transient. This conclusion
is based on the lack of effect of S-HT or FMRFa on
[Ca**]; transients evoked by Ca** injections (Blumen-
feld et al., 1990), which should contain a contribution

from any Ca**-induced Ca** release process. One hypo-
thetical mode of Ca**-triggered Ca** release which can-
not be ruled out by these experiments would be release
occurring just under the membrane in response to the
very high local [Ca**};. This type of Ca**-triggered Ca**
release might not be triggered by Ca** injections since
the local submembrane [Ca**]; may not be as high as
during action potentials. It has been shown, however,
that caffeine, which is known to induce Ca**-triggered
Ca** release from internal stores in other neurons has no
effect on [Ca**]; in Aplysia sensory neurons (Blumenfeld
et al., 1990).

The model was used to investigate whether changes in
Ca** influx alone can account for the modulation of
[Ca**); transient amplitude observed experimentally.
SHT causes a 50% increase and FMRFamide a 40% de-
crease in the amplitude of [Ca™*}; transients produced by
action potentials (Blumenfeld et al., 1990). Previous volt-
age clamp studies (Klein and Kandel, 1978; Belardetti et
al., 1987; Edmonds et al., 1990) combined with recent
Ca current modeling (Edmonds, 1990) have shown that
SHT increases and FMRFamide decreases total Ca**
current during action potentials by up to twofold. Ac-
cording to the model presented here, the relationship
between Ca** influx and [Ca**]; transient amplitude is
approximately linear. Therefore, the changesin Ca** in-
flux measured by voltage clamp are, alone, sufficient to
produce the [Ca**}; transient modulation seen with fura-
2, without any need to invoke other mechanisms, such
as changes in [Ca**), homeostasis or release.

It has recently been reported that 5-HT increases Ca*™*
influx during action potentials through two distinct
mechanisms (Blumenfeld et al., 1991; Eliot et al., 1991).
Based on experiments using 5S-HT and dihydropyridines,
about one-third of the increase in the [Ca**); transient is
due to action potential broadening, while about two-
thirds of the increase is due to direct modulation of a
dihydropyridine-sensitive (L-type) calcium current. In
the future, it should be possible to estimate the relative
contributions of these two mechanisms for modulating
the [Ca**]; transient by using a Hodgkin-Huxley type Ca
current model based on voltage clamp data together with
the model presented here and to then compare this pre-
diction to the imaging results obtained experimentally.

Thus, in agreement with prior experiments, the model
provides additional evidence against changes in intracel-
lular Ca** buffering, transport, or release as mechanisms
for modulating [Ca**); transients in response to 5-HT or
FMRFamide. In addition, the model suggests that the
modulation of Ca** influx produced by 5-HT or
FMRFamide should be sufficient to account for the ob-
served modulation of [Ca**]; transient amplitude pro-
duced by these transmitters.

3. Limitations of the model

As in previous models of [Ca**], diffusion (Blaustein and
Hodgkin, 1969; Baker et al., 1971; Andresen et al., 1979;
Smith and Zucker, 1980; Gorman and Thomas, 1980;
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Connor and Nikolakopoulou, 1982; Zucker and Stock-
bridge, 1983; Fischmeister and Horackova, 1983; Stock-
bridge and Moore, 1984; Chad and Eckert, 1984; Simon
and Llinas, 1985; Zucker and Fogelson, 1986; Gamble
and Koch, 1987; Parnas et al., 1989; Holly and Poledna,
1989; Sala et al., 1990; Dissing et al., 1990; Holmes and
Levy, 1990) our model is limited by the incomplete in-
formation available for several model parameters. Most
importantly, the exact properties of neuronal [Ca**];
buffers and extrusion mechanisms have not been fully
characterized. The values used in our model for [Ca**];
buffering and extrusion are based on the available experi-
mental estimates for these parameters (e.g., Requena
and Mullins, 1979; DiPolo and Beauge, 1983; Blaustein
et al., 1978; Ahmed and Connor, 1988; Schatzmann,
1989; Carafoli, 1987; Blaustein, 1989) and the Ca
current values are based on voltage clamp measurements
(Edmonds et al., 1990). The spatial and temporal charac-
teristics of the [Ca**); transients that we simulated in this
manner are in reasonable agreement with experiments
in Aplysia sensory neurons, however the model parame-
ters could be further adjusted in a variety of ways in
order to get a better fit. Thus, while the current set of
model parameters give simulations which approximate
the experimental results, they do not represent an opti-
mal fit to the empirical data.

In addition, there are a number of factors that have
been neglected by the model, which may significantly
influence [Ca*™*]; transients in real cells. Thus, for exam-
ple, in our model we have included a single, uniformly
distributed, immobile [Ca** ], buffer, while in cells, mul-
tiple [Ca™*);, buffers are present, some of which are
thought to be mobile in the cytoplasm (Carafoli, 1987;
Blaustein, 1988). In addition, there is evidence that sub-
cellular inhomogeneities in buffering may alter local
[Ca**]; (Tillotson and Gorman, 1980). Calcium influx
is also likely to be nonuniform in neurons ( Anglister et
al., 1982; Connor, 1986; Smith and Augustine, 1988;
Thompson and Coombs, 1988; Tank et al., 1988; Hock-
berger et al., 1989; Blumenfeld et al., 1990; Silver et al.,
1990). Although the [Ca**]; extrusion mechanism in
our model is restricted to the surface membrane,
Ca**-ATPase pumps located on endoplasmic reticulum
are likely to play a significant role in removal of [Ca*™*];
as well (Blaustein et al., 1978; Blaustein, 1988). Finally,
the presence of cytoskeletal elements, intracellular or-
ganellar membranes, and invaginations of the surface
membrane (Mirolli and Talbott, 1972; Graubard, 1975)
may also significantly alter the influx and diffusion of
[Ca**],. Despite its limitations, this model provides im-
portant information about the reliability of fura-2 mi-
crofluorescence measurements, and, in addition, allows
further insight into potential mechanisms for modula-
tion of [Ca**]; transients in Aplysia sensory neurons.
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