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Summary. Stimulations or inhibitions by various agents of 45Ca 
efflux from prelabeled cells or tissues display distinct and repro- 
ducible profile patterns when the results are plotted against time 
as fractional efflux ratios (FER). FER is the fractional efflux of 
~SCa from stimulated cells divided by the fractional efflux from a 
control unstimulated group. These profile patterns fall into three 
categories: peak patterns, exponential patterns, and mixed pat- 
terns. Each category can be positive (stimulation) or negative 
(inhibition). The interpretation of these profiles is difficult because 
4SCa efflux depends on three variables: the rate of calcium trans- 
port out of the cell, the specific activity of the cell compartment 
from which the calcium originates, and the concentration of free 
calcium in this compartment. A computer model based on data 
obtained by kinetic analyses of 4SCa desaturation curves and 
consisting of two distinct intracellular pools was designed to 
follow the concentration of the traced substance (4~ the tracer 
(4SCa), and the specific activity of each compartment before, 
during, and after the stimulation or the inhibition of calcium 
fluxes at various pool boundaries. The computer model can re- 
produce all the FER profiles obtained experimentally and bring 
information which may be helpful to the interpretation of this 
type of data. Some predictions of the model were tested experi- 
mentally, and the results support the views that a peak pattern 
may reflect a sustained change in calcium transport across the 
plasma membrane, that an exponential pattern arises from cal- 
cium mobilization from an internal subcellular pool, and that a 
mixed pattern may be caused by a simultaneous change in cal- 
cium fluxes at both compartment boundaries. 
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Introduction 

Cytosolic free calcium is the t ransducer  of many 
stimulus-response couplings in a wide variety of 
cells. Unfortunately,  methods  to measure ionized cal- 
cium in the cytosol of small mammal i an  cells are 
not  yet readily available. M a n y  investigators have 
measured the efflux of  ~5Ca from prelabeled cells as 
a probe to estimate relative changes in intracellular 
calcium activity, assuming that  the efflux of calcium 
out  of  the cells is directly related to the cytosolic 
concentra t ions  of ionized calcium. Figure 1 shows 
several examples selected from many  such experi- 

ments published in the literature [10, 12]. One strik- 
ing feature of  all these experiments is that  most  if 
not  all the profiles of  45Ca efflux obtained after a 
given stimulus fall into three distinct pat terns:  (i) a 
sudden sharp rise in tracer outflow followed by a 
slower return to the control  levels; this can be called 
a peak pattern (Fig. 1A); (ii) a gradual  rise in 4SCa 
efflux that reaches a plateau exponentially and re- 
mains at that  st imulated level as long as the stimu- 
lus is applied; this can be called an exponential 
pattern (Fig. 1B); and (iii) a mixture of the two pre- 
vious patterns which can be called a mixed pattern 
(Fig. 1 C). Inhibi t ion of  45Ca efflux can be observed 
as well and these profiles can also be divided into 
the same three categories: (i) negative peak pattern, 
(ii) negative exponential  pat tern (Fig. 1D), and (iii) 
negative mixed pattern. The interpretat ion of  these 
profile patterns is not  easy. Peak patterns are often 
explained as a transient s t imulat ion of  calcium efflux 
out of the cells; exponential  patterns are sometimes 
assumed to reflect a slow, delayed response to a 
given stimulus, while mixed patterns are interpreted 
as temporal ly biphasic responses. Al though these in- 
terpretations may be correct, they are not  nec- 
essarily so because the efflux of 45Ca from cells 
depends on several independent  parameters :  the uni- 
directional t ranspor t  of ~~ from the cytosol to 
the cell environment ,  the cytosolic free calcium, and 
the calcium specific activity of the cytosolic pool. 
For  example, the fall in 4SCa efflux which character- 
izes the peak pat tern may  be due to a sharp drop in 
cytosolic calcium specific activity and not  to a re- 
turn of  the st imulated 4~ efflux to control  levels. 
It is, of course, technically impossible to measure 
each of these variables during a desaturat ion experi- 
ment. However,  a computer  model  representing the 
calcium pools  and the calcium fluxes measured in 
isolated cells might  be able to give some clues about  
the kinetic properties and behavior  of  such systems. 
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Fig. 1. Selected 45Ca fractional effiux profiles representing the 
basic patterns. (A): Peak pattern obtained in isolated liver cells 
after addition of 10 7 • epinephrine (from R.K. Studer and A.B. 
Borle, in preparation). (B): Positive exponential pattern obtained in 
pancreatic islets after a decrease in perfusate glucose concen- 
tration from 3 to 0 mM in the presence of 2 mM calcium (redrawn 
as FER from Malaisse etal. [121). (C): Positive mixed pattern 
obtained in pancreatic islets after a rise in perfusate glucose 
concentration from 2.8 to 16.7 mM in the presence of 3 mM cal- 
cium (redrawn as FER from Kikuchi et al. [10]). (D): Negative 
exponential pattern obtained in pancreatic islets after a decrease 
in perfusate glucose concentration from 3 to 0 mM in the absence 
of extracellular calcium and in the presence of EGTA (redrawn as 
FER from Malaisse et al. El2]) 

T h e  o b j e c t i v e s  of  th i s  p a p e r  a re  (i) to  d e s c r i b e  

t h e  m e t h o d  to  o b t a i n  c l ea r  4SCa efflux p ro f i l e  p a t -  

t e r n s  b y  c a l c u l a t i n g  f r a c t i o n a l  efflux r a t i o s ;  (ii) to  

d e s c r i b e  t h e  c o m p u t e r  m o d e l  r e p r e s e n t i n g  t h e  cal-  

c i u m  c o m p a r t m e n t s  o f  t he  cells  a n d  t h e i r  c a l c i u m  

e x c h a n g e ,  (iii) t h e  c o m p u t e r  s i m u l a t i o n  o f  t r a c e r  de-  

s a t u r a t i o n  prof i les ,  a n d  (iv) t he  t e s t i n g  o f  t h e  m o d e l  

p r e d i c t i o n s  b y  f u r t h e r  e x p e r i m e n t a t i o n .  

Materials and Methods 

45 Ca Desaturation 

Cultured cells, freshly isolated cells, and organ slices can be used 
to study ~SCa desaturation profiles. In this paper, monkey or 
bovine kidney cells cultured as monolayer, freshly isolated rat 
kidney cells, or rat kidney slices were prepared with methods 
already published [7, 14, 17]. The cells or the slices are prein- 
cubated for 1 hr in physiologic buffers (usually Krebs Henseleit 
bicarbonate buffer with 1.3 mM Ca), labeled with *SCa for exactly 

DI 

! 1 
Fig. 2. Lucite perfusion chamber used for 4SCa desaturation from 
isolated cells or from tissue slices. 1: Specially machined 18 gauge 
steel hypodermic needles. 2a, b, c: Plastic Lucite block 13.5 x 5.5 
x 1.8 cm. 3: Bolt and nuts holding the three pieces of the cham- 

ber. 4 : 0  ring. 5: Perfusion chamber (Smm diameter, 18ram 
height), capacity 0.35 ml. 6: Layered glasswool plug; bottom layer 
2 mm thick tightly packed, upper layer 5 mm thick loosly packed 
into which cells are placed. The chambers are perfused down- 
wards at a rate of 0.6 ml/min 

60 min (1-5 gCi 45Ca/ml) and desaturated in nonradioactive buf- 
fer for 2-3 hr. Several methods of desaturation can be used. The 
cells can be desaturated in a test tube and the medium separated 
by sequential centrifugation [2] or they can be perfused in flow- 
through chambers [17]. A new system consisting of four cham- 
bers of 0.25 ml capacity (5 mm diameter, 18 mm height) is shown 
in Fig. 2. After the cells have been labeled in a suspension gently 
stirred with a magnetic flea, they are transferred to the perfusion 
chambers as follows: the cell suspension is transferred to a 50-ml 
centrifuge tube and centrifuged at 200 x g for 15 sec. The radioac- 
tive medium is decanted, and an aliquot is saved to determine its 
specific activity. The cell pellet is washed with 40 ml of ice-cold 
Ca-Mg-free phosphate buffered saline containing glucose [13], 
resuspended briefly with a wide-mouth pipette, and centrifuged 
again at 200 x g for 15 sec. An aliquot of 60-100 gl of the packed 
cell pellet (~5  mg cell prot/chamber) is injected with an Eppen- 
dorf pipette within a glass wool plug placed in the lower third of 
the perfusion chamber (see Fig. 2). The chamber is closed and 
perfused with nonradioactive medium at a rate of 0.6 ml/min with 
a Gilson Minipuls 2. The connections between the medium re- 
servoir, the pump, the perfusion chamber, and the collecting vials 
are made of Tygon | tubing with an inside diameter of 0.6 to 
0.8 mm. The dead space from reservoir to collection vials is 
1.5 ml. The effluent is collected in scintillation minivials at in- 
tervals varying from 30 sec to 5 min. Each sample in the vials is 
made up to 3 ml with cold medium to which 4 ml of scintillator is 
added (New England Nuclear, NEN formula 963). At the end of 
the experiment the cells of each chamber are collected separately, 
homogenized with an ultrasonic probe, and aliquots of the homo- 
genates are analyzed for protein, 4~ and 45Ca [5, 11]. During 
the desaturation, the medium perfusing two of the chambers is 
changed to an experimental buffer (change in ionic composition, 
pH, or addition of hormone, etc.) for a fixed experimental period, 
while the other chambers are perfused with control medium. 

Calculation of  the Fractional Eff lux Ratio ( F E R  ) 

The data necessary for the calculations are the radioactivity in 
each effluent sample CPM(I) (Fig. 3A), and the cell radioactivity 
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Fig. 3. Conversion of the measured perfusate 4SCa concentration 
into FER profiles. (A): Perfusate 4SCa activity CPM(I) vs. time. 
(B): Cell radioactivity RA(I) vs. time. (C): Fractional 4SCa efflux 
FE. (D): Fractional efflux ratio FER= FE'/FE. �9 control group; 
o experimental group 

at the end of the experiment CELLCPM. First, the sum of all the 
radioactivity in each effluent sample plus the radioactivity of the 
cells at the end of the experiment is taken as the total radioac- 
tivity present in the cells at the beginning of the desaturation 
ZCPM. The radioactivity of the cells at each time point RA(I) is 
calculated by sequentially subtracting the effluent radioactivity of 
each period from ZCPM or from the cell radioactivity in the 
previous period RA(I-1): 

RA(I) =RA(I-1)-  CPM(I) 

where RA(O)=XCPM.  This is illustrated in Fig. 3B. 
The fractional efflux (FE) shown in Fig. 3C is the radioac- 

tivity released per unit time expressed as a percent of the mean 
cell radioactivity during the collection period T(I)-T(I-1): 

FE(I) = {CPM(I)/[T(I)- T(I-1)]} 

x lO0/{[Ra(I) +RA(I-1)]/2}. 

Finally, the fractional efflux ratio FER is the fractional efflux 
of the experimental group FE' divided by the mean fractional 
efflux of the two control groups FE 

FER = FE'/FE. 

FER is plotted against time as in Fig. 3D and constitutes the 
profile to be analyzed. 
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Fig. 4. Computer model designed for the simulation of 4SCa 
fractional efflux profiles. See text for the description of the model 

Table 1. 

Symbol Definition 

S i 

Ri 

Xi 

PU 

k u 

Amount of traced substance in compartment i 

Amount of tracer in compartment i 

Specific activity of compartment i 
X~ = R]S i 

Flux of traced substance from compartments i to j 
(i,j=0, 1, 2; i4:j) 

Rate constant of transfer from compartment i to 
j:  kq=pu/S i (i,j=0, 1, 2; i#:j) 

Primed parameters refer to the stimulated test system 

Unprimed parameters refer to the unstimulated con- 
trol system 

Computer Model of Fractional Efflux Ratio Profiles 

Several assumptions have been made in designing the computer 
model. 

Assumption 1. The intracellular exchangeable calcium of perfused 
isolated cells iabeled with 4SCa can be represented by two kinetic 
pools S~ and S z placed in series with. an infinite extracellular 
compartment S o as in the following catenary system: 

P01 P12 82 . 
So~-yT--oS1,-~2--  = 

Indeed, all cells or tissues (kidney, liver, pancreas , muscle, bone, 
and pituitary) studied by kinetic analysis of 45Ca desaturation 
curves have been shown to consist of two intracellular pools of 
exchangeable calcium [3]. 

Assumption 2. The extracellular pool of exchangeable calcium 
(glycocalyx or external membrane binding) detected by the fastest 
kinetic component of the desaturation curve, can be assumed to 
be in paralleI with the two intracellular pools [16] and can be 
ignored in the model since its rate constant of exchange (0.44 
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Fig. 5. Flow chart of the computer program designed to simulate 
fractional efflux profile experiments 

min-  1) is more than one order of magnitude faster than the two 
slower kinetic phases. After two time constants (4.5 min), this 
extracellular compartment can be considered completely desatu- 
rated. 

Assumption 3. Although calcium fluxes are saturable transport 
processes, the changes imposed on the model are small (50~o 
decreases or two-fold increases) so that within narrow limits one 
can assume that k~j is constant and plj=klj �9 S i, 

Figure 4 shows a representation of the computer model used 
for the simulations. Table 1 defines all the parameters and sym- 
bols used in this analysis. 

The model consists of four separate catenary systems: A and 
B represent the cellular compartments of the traced substance S t 
and S 2 and of its tracer R 1 and R 2 in the control steady-state 
conditions. C and D represent the equivalent compartments of an 
experimental cell that undergoes stimulation or inhibition. The 
specific activity (X i= Ri/Si) of each compartment i is calculated by 
the computer. During the simulated labeling period, the specific 
activity of the extracellular compartment X o is arbitrarily set at 1 
and kept constant; during the desaturation, X o is programmed to 
be 0 in accord with the conditions prevailing in vitro of a con- 
stant perfusion with unlabeled medium. 

Experimental manipulations are imposed upon the model by 
altering four factors, F 1 to F 4. F t modulates Pot, F2 operates on 
Plo and F 3 and F 4 regulate Pt2 and P2a respectively. The oper- 
ation of these modulating factors is very simple: a doubling of 
Pro is obtained by setting F2=2, while a 50~o reduction in Pt2 
follows a setting of F3=0.5. 

Program 

A Fortran IV program was written to simulate the behavior of 
this model. It consists of approximately 400 Fortran statements 
and is run on the PROPHET system made available from the 
NIH Biotechnology Resources Program. To run the program 
takes approximately 10K of core. Interaction with the computer 
is accomplished with a Tektronix 4010-1 terminal. 

Figure 5 shows the overall flow chart for the computer pro- 
gram. There are three main divisions: (i) establishing initial con- 
ditions, (ii) performing the simulation, and (iii) plotting the re- 
sults. 

Initial Conditions 

To establish the initial conditions and the parameters of the 
model, the computer program demands the relevant data (pool 
sizes and exchange rates). These are furnished from steady-state 
desaturation data ($1, $2, P01 and P12). Before the stimulus is 
applied, the system is at steady state so that p o t = P l o  and P12 
=P2t.  The rate constants k~ are calculated by the computer 
program (k~j=pq/S~). The four unidirectional fluxes are increased 
or decreased by the four different factors F 1 to F 4 which mod- 
ulate the flux equations. Before the stimulus is applied, the 
factors have a value of 1. During a stimulation, single or multiple 
factors can be altered independently. This information is provided 
to the model at the beginning of the program. Finally, the com- 
puter model requests the lengths of time of (i) the labeling period, 
(ii) the control desaturation period, (iii) the experimental period 
during which the stimulus is applied, and (iv) the recovery period 
after cessation of the stimulus. To save computer time, the initial 
values for the specific activities of the various polls are calculated 
using standard exponential equations. 

Simulation 

During the actual simulation, the program proceeds by a point- 
slope approximation method E9]. Using the pool sizes and rate 
constants, the fluxes of calcium between each pool are calculated. 
Subsequently the specific activity of each pool is used to calculate 
the flow of isotope between each pool. The net flow of calcium 
and isotope into and out of each pool is divided by the pool size 
to get the derivative of each poo l  The size of the time step to be 
used is then adjusted so that no pool of calcium or isotope 
changes by more than 1.0~ on a given time step. The model is 
then updated to reflect both total pool changes and specific 
activity changes. At the end of each 1.0 rain of biological time, 
the program stores the model values in an array for subsequent 
display. Finally, as long as t is less than 200 rain, the program 
cycles for another time step. Usually about 3000 cycles are need- 
ed to accurately simulate the behavior of the model. 

During each run, certain ratios are also calculated to help 
summarize the results. For instance, the time curve relating the 
tracer released by the compartments St+S 2 (representing the 
cellular compartments) into S O (representing the washout me- 
dium) is integrated to give the radioactivity left in S t +S  a at each 
time point (simulation of RA(I)). The program aiso calculates the 
fractional tracer efflux which is the radioactivity released in So as 
a function of the radioactivity left in S 1+S~ (simulation of FE 
and FE'). Finally the fractional efflux of the stimulated pools is 
compared to the fractional effiux of the control pools whose 
steady state is left unperturbed (simulation of FER). The latter 
ratio gives the efflux profiles and their specific patterns. 

Computer Output 

The third phase of the program operation is reached only after 
completion of the simulation. At the end of a run, the data file 
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Table 2. Interaction between the operator and the program to 
establish the initial conditions of the simulation 

S 1 IN CONTROL 
4.7 

FLUX 1 IN CONTROL 
0.15 

$2 IN CONTROL 
3.0 

FLUX 2 IN CONTROL 
0.028 

LABELING TIME 
6O 

CONTROL DESATURATION TIME 
60 

EXPERIMENTAL DESATURATION TIME 
80 

% CHANGE 
0.01 

DT M I N I M U M  
0.001 

DT M A X I M U M  
0.1 

TYPE FACTORS 1, 2 3, 4 IN EACH LINE 
1 
2 
1 
1 

The underlined figures are the answers entered by the operator. 
S1 and $2 are calcium pool sizes expressed as nmol/mg protein. 
FLUX1 and F L U X 2  are calcium fluxes expressed as nmol/(mg 
protein)(min). The values given are those determined experimen- 
tally from steady-state +SCa desaturations in kidney cells. 

has arrays recording the values of 15 different parameters at each 
of 200 time points. One can select the parameter to plot and 
specify the scale factors and whether to use linear or semi-log 
plots. Various combinations of plots can be repeatedly displayed 
using the results of a single simulation run. 

For example, from the data file computed by the program, 
the following parameters can be displayed or plotted against 
time: (i) S'~ and S~, the pool size of traced substance before, 
during, and after the stimulation; (ii) R t and R2, the radioactivity 
of the control compartments in steady state, unstimulated con- 
ditions; (iii) R' t and R2, the radioactivity of the stimulated sys- 
tem; (iv) Xt ,  X2, X' 1 and X~, their respective specific activity; (v) 
the fractional efflux of tracer FE and FE' and their ratios FER. 
As long as the graph coordinates are compatible, several parame- 
ters can be graphed on the same plot. The Fortran program 
performs Tektronix graphics by making calls to NASUS, a MA- 
CRO plot routine supplied for PROPHET by Bolt Beranek and 
Newman, Inc., Cambridge, Mass. 

S a m p l e  R u n  

To illustrate the interaction between the operator and the com- 
puter, the following experiment will be simulated: two suspen- 
sions of isolated kidney cells are labeled for 60 min with +SCa. 
The cells are then desaturated for 180min. The experimental 
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Fig. 6. Some of the parameters computed by the program si- 
mulating 45Ca desaturation from isolated cells. The compartment 
sizes and fluxes assigned to the model are taken from published 
steady-state experimental values and are given in Table 2. In this 
simulated experiment, the unidirectional flux Pro is doubled step- 
wise at hour 1 and returned to control values 80 rain later (F 2 set 
at 2 from min 60 to 140). (A): Compartment size of the control 
pools S t and S 2 and of the stimulated system S' 1 and S~. (B): 
Radioactivity of the two pools R'I and R~ of the stimulated model 
of the cell. (C): Specific activity of the control pools, X~ and X2, 
and of the stimulated system X'~ and X~. (D): The total radioac- 
tivity of the control pool R ( R = R  t +R2) and of the test system R' 
(R'=R'  t +R'2). (E): Fractional efflux of both control and test sys- 
tem, FE and FE'. (F): Fractional efflux ratio, FER (FER = FE'/FE); 
the fractional efflux ratios give the specific profile patterns shown 
in Fig. 7 

conditions of the control group are kept constant throughout the 
desaturation period. In the test group a stimulus which doubles 
the unidirectional efflux Pt0, (from S t to the washout medium) is 
applied 60 min after the beginning of the desaturation and Pl0 is 
kept elevated for the following 80min. After the 80-min test 
period, the stimulus is stopped, ,o10 returns to the control levels, 
and the desaturation is followed for a recovery period of 60 min. 
To accomplish that, the factor F 2 has to be increased from its 
control value of 1 to the test value of 2 from min 60 to min 140 
of the desaturation. Table 2 shows the interaction between the 
operator and the program as displayed on the terminal screen. 
Figure 6 presents the plots of all the parameters computed by the 
program for control and test conditions: (i) the changes in the 



42 A.B. Borle et al.: 4SCa Fractional Efflux Profiles 

compartment size of each pool; (ii) their radioactivity; (iii) their 
specific activity; (iv) the total radioactivity of both pools; (v) their 
fractional efflux; and (vi) the fractional efflux ratio or efflux 
profile. 

Results 

Compu te r  s imulat ions of  t racer  desatura t ion profiles 
were obta ined  by increasing or decreasing single uni- 
direct ional  fluxes by a factor of 2 for 80 rain. Figure 
7 shows six basic profile patterns.  When  the efflux 
PlO from the fast per ipheral  c o m p a r t m e n t  S t to the 
med ium S O increased twofold at rain 60 of the 
desaturat ion,  a typical peak  pa t te rn  is observed 
(Fig. 7A). The tracer  efflux or F E R  rises steeply and 
then returns to baseline despite the fact that  the 
efflux of the traced substance is main ta ined  at its 
s t imulated level th roughout  the exper imenta l  per iod 
of 80 min. When  the s t imulat ion is s topped  and  the 
efflux Plo is re turned to its control  level, one ob- 
serves a negative peak. This fall in F E R  occurs in 
spite of the fact that  P~o is identical to the control  
group. 

When  the same unidirect ional  flux Pro is de- 
creased 50%, a negative peak  pa t te rn  is observed 
(Fig. 7B). F E R  drops  immedia te ly  then the tracer 
efflux returns toward  baseline, a l though Pt0 is kept  
depressed at the same low level th roughout  the ex- 
per imenta l  period. When  the inhibi t ion is released 
and P t0 is re turned to normal ,  a posit ive peak  pat-  
tern is obtained.  This positive peak  pa t te rn  occurs 
when Pt0 of the exper imenta l  g roup  is identical to 
the control  effux.  

When  efflux P21 from the central  slow compar t -  
men t  S 2 to the peripheral  fast c o m p a r t m e n t  S t is 
increased by a factor of  2, an exponent ia l  rise in 
F E R  is ob ta ined  (Fig. 7C). This slow, progressive 
rise in tracer  efflux occurs even if the flux P2t is 
sharply increased, stepwise, at 60 min. 

When  P21 is re turned stepwise again  to its con- 
trol level, F E R  returns exponent ia l ly  to its control  
level. The opposi te  occurs with a 50% inhibit ion of 
Pzt followed at 80 min  by a re turn to control  levels 
(Fig. 7D): an exponent ia l  fall of  F E R  which remains  
depressed th roughout  the exper imenta l  per iod fol- 
lowed by an exponent ia l  rise after the end of the 
inhibition. 

When  the two fluxes Plo and P21 are s t imulated 
simultaneously,  bo th  by a factor of 2, a mixed pat-  
tern of F E R  is observed (Fig. 7E), which is the sum 
of the tracing obta ined  by s t imulat ing each flux sin- 
gly. A 50~o inhibi t ion of bo th  Pro and P2t pro-  
duces a negative mixed pattern,  not  unlike a nega- 
tive square wave (Fig. 7F): F E R  falls abruptly,  re- 
mains  depressed during the inhibition, and rises 
sharply back  to control  levels at the end of the ex- 
per imenta l  period. 
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Fig. 7. Computer simulated tracer desaturation profiles. (A): Pat- 
tern obtained from a twofold stimulation of Pl0, the efflux from 
the fast peripheral compartment $1 to the medium S o (F 2 set at 2 
from min 60 to 140); (B): Pattern obtained fiom a 50% inhibition 
of Plo (F2 set at 0.5); (C): Pattern obtained by a twofold stimu- 
lation of P2t, the efflux from the slow compartment S 2 to the fast 
compartment S 1 (F 4 set at 2); (D): Pattern obtained from a 50% 
inhibition of Pzl (F, set at 0.5); (E): Pattern obtained from a 
twofold stimulation of Plo and of P21 (F2 and F 4 set at 2); (F): 
Pattern obtained from a 50% inhibition of Pl0 and P2~ (F2 and 
F 4 set at 0.5) 

Figure 8 presents a s u m m a r y  of single st imu- 
lations or inhibit ions of  each individual  flux, simul- 
taneous  st imulat ions of  any two fluxes, s imul taneous 
inhibi t ion of any two fuxes  and all possible com- 
binat ions  of  the s t imulat ion of any one flux plus the 
inhibi t ion of another.  

Interpretation of 45 Ca Fractional Efflux Profiles 

In this compute r  model,  the reproducibi l i ty  of the 
basic pat terns  of  ~SCa fractional efflux is r emarkab ly  
immune  from changes in the assigned pool  sizes of 
S 1 or S 2, in the absolute  rates of exchange Pu, in the 
t ime of labeling (i.e., relative specific activity of  S 1 
and  $2), and  in the t ime of the s t imulat ion or in- 
hibi t ion (early desa tura t ion  or late desaturation).  

Several conclusions can be drawn from these 
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Fig. 8. Summary of FER profile predicted by the computer mod- 
el. All stimulations are twofold (F~=2, i=1-4), and all in- 
hibitions are 50~o reductions (F,.=0.5, i=1-4). Left upper panel: 
single and double stimulations. Right upper and left lower panels: 
mixed stimulations and inhibitions. Right lower panel: single and 
double inhibitions. The pools sizes, fluxes, and time sequence used 
are those given in Table 2. The four numbers at the lower right 
corner of each box indicate the values of F1, /;2, F3, and F~, 
respectively, during the experimental period 

computer simulations of 45Ca efflux profiles. First, it 
is apparent that the positive peak patterns fre- 
quently observed after the introduction of a given 
stimulus do not necessarily reflect a transient in- 
crease in calcium efflux. Such a pattern can also 
represent a stimulation sustained throughout the ex- 
perimental period. The fall in the fractional efflux of 
tracer may be due to the faster drop in specific 
activity of the rapidly exchanging intracellular com- 
partment of the stimulated cell compared to the 
control. This is clearly shown in Fig. 6C where X'~ 
drops much faster than X 1. This is also true for the 
negative peak patterns which do not necessarily rep- 
resent transient inhibitions but may reflect sustained 
inhibitions with different rates of decay of intracel- 
lular specific activity. 

Secondly, a progressive or slow rise in ~SCa frac- 
tional efflux may not reflect a slow or delayed 
stimulation reaching a maximum only after same 
elapsed time. It can represent an immediate and 
maximal stimulation of Ca efflux from an internal 
compartment. Thus a rise in 45Ca efflux may appear 
later than the maximal stimulation of a calcium- 
triggered function if the source of calcium is an 
intracellular compartment. It would be wrong to 
conclude that the two phenomena are unrelated. 

Thirdly, a mixed pattern of 45Ca fractional efflux 
(e.g., Figs. 1 C and 7E) does not necessarily mean 

that the stimulus has a biphasic effect: a fast effect 
followed by a delayed action. It may also reflect a 
simultaneous effect on two different fluxes at the 
boundaries of different calcium compartments. 

One surprising prediction of the computer model 
is that a stimulation or an inhibition of calcium 
influx into the fast compartment (a rise or a fall in 
Pol) does not produce any changes in fractional 
efflux (see Fig. 8). Moreover, a change in Pol super- 
imposed on any other stimulation or inhibition of 
the three other fluxes does not alter the characteris- 
tic pattern of FER (Fig. 8). 

Test of the Computer Model 

Kinetic analyses of steady-state 45Ca desaturation 
curves from isolated cells or tissue slices have con- 
sistently shown three kinetic components: two in- 
tracellular pools of exchangeable calcium and one 
extracellular compartment. The fast intracellular 
pool has been identified with the cytosolic compart- 
ment, while the slowest compartment has been as- 
sociated with subcellular organelles, mainly the mito- 
chondria [3, 7, 14, 16, 17]. The steady-state calcium 
exchange between the mitochondrial pool and the 
cytosol or the fluxes between the cytosol and the 
extracellular compartment across the plasma mem- 
brane have been shown to be altered singly or to- 
gether by a variety of experimental conditions. To 
test the prediction of the computer model, fractional 
efflux profiles were obtained with stimuli or experi- 
mental conditions known to alter these fluxes. 

1. Calcium efflux across the plasma membrane. The 
model predicts that an inhibition of calcium efflux 
across its outer boundary (Pl0) should produce a 
negative FER peak pattern, while a stimulation of 
Pl0 should give a positive FER peak pattern. In our 
model, this outer boundary represents the cell 
plasma membrane. A series of recent experiments has 
shown that, in renal cells, lowering the extracellular 
Na or replacing it entirely with choline or tetraethyl- 
ammonium ions decreases the steady-state efflux of 
calcium across the plasma membrane without affect- 
ing the mitochondrial calcium, the slowly exchange- 
able calcium pool associated with mitochondria, or 
the steady-state calcium exchange between the mi- 
tochondria and the cytosolic pool [4]. One would 
predict that such conditions would produce typical 
FER peak patterns. Figure 9 shows the effect of 
reducing extracellular Na to zero and substituting 
choline in a Hepes buffered Krebs Henseleit medium 
perfusing prelabeled rat kidney slices. When extra- 
cellular Na is totally replaced by choline, there is an 
immediate 15~o drop in FER;  when Na is rein- 
troduced in the medium, the fractional efflux rises 
then falls. Both inhibition and stimulation have the 
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typical peak patterns expected from the changes in 
calcium efflux across the plasma membrane obtained 
in the steady-state experiments. 

2. Calcium influx across the plasma membrane. The 
model predicts that a stimulation or an inhibition of 
Pol does not alter the fractional efflux of ~SCa so 
that no FER pattern is obtained. We have shown in 
the past that low concentrations of pyrophosphate,  
0.1 to 0.5 mM, produce a massive net shift of calcium 
into kidney cells [2] and increase all intracellular 
calcium compartments  [1]. In spite of this stimu- 
lation of calcium influx, one would predict from our 
model that no change in F E R  should be observed. 
Figure 10 shows that, indeed, 0.3 m u  pyrophosphate,  
which significantly increases calcium influx [2], does 
not produce any FER pattern. 

3. Stimulation of calcium uptake by mitochondria. Ac- 
cording to the model, a stimulation of influx P12 
into the inner compartment  should produce an ex- 
ponential fall in F E R  that should be maintained 
until the end of the stimulation, which should pro- 
duce an exponential rise back to control levels. Stu- 
der and Borle have shown that increasing the me- 
dium pH bathing isolated kidney cells increases in- 
tracellular pH and stimulates calcium influx into the 
mitochondrial pool without affecting calcium trans- 
port across the plasma membrane [14]. In addition, 
a high pH of 7.7 stimulates calcium uptake by iso- 
lated rat kidney mitochondria [15]. Figure 11 shows 
that increasing the pH of a Krebs Henseleit bicar- 
bonate buffer by lowering the pCO z from 5 to 
1.25 %, produces an exponential fall in FER, which 
returns exponentially to control levels when the pH 
is restored to 7.4. The rise in intracellular pH pro- 
duced by a 1.25 % CO 2 has been measured to be 7.9 
[14]. 

4. Inhibition of calcium uptake by mitochondria. An 
inhibition of the influx of calcium into the inner 
compar tment  Pa2 would produce a positive expo- 
nential pattern, according to the computer  model. 
Such an inhibition of calcium influx into mitochon- 
dria has been described in kidney cells and in isolat- 
ed kidney mitochondria when intracellular pH is 
lowered by decreasing medium pH [14, 15]. Thus an 
intraeellular acidosis should give an exponential rise 
in FER. Figure 12 shows the effect of increasing the 
pCO 2 of the gas phase of a Krebs Henseleit bicar- 
bonate buffer bathing isolated kidney cells from 5 to 
20 %, which has been shown to decrease intracellular 
pH to 7.11. When the medium pH is lowered to 6.8 
the fractional efflux rises exponentially, stays elev- 
ated, and when the medium pH is returned to nor- 
mal, the FER returns to basal levels. This example 
is not as clear cut as the previous one, because 
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intracellular acidosis also depresses the steady-state 
exchange of calcium across the plasma membrane  
[14-1. However, if one assumes that this decreased 
plasma membrane  exchange is a consequence of a 
decreased influx into the cells, the FER pattern 
would still be a simple exponential rise since 
changes in caIcium influx do not produce any 
change in fractional efflux patterns (see Fig. 8). 

5. Stimulation of efflux from both cellular compart- 
ments. In our model, the simultaneous stimulation of 
the two fluxes P21 and P,0 produces a mixed FER 
pattern. We have previously shown that cyclic A M P  
stimulates 4SCa efflux from renal cells [2]. Kinetic 
analyses of steady-state desaturation curves also in- 
dicate that two compar tment  boundaries are signifi- 
cantly affected: catcium exchange between the mi- 
tochondrial pool and the cytosol and calcium trans- 
port  across the plasma membrane  between the cy- 
tosol and the cell environment E8]. One would thus 
predict that cyclic A M P  would produce a mixed 
FER pattern. Figure 13 indeed shows that in rat 
kidney slices, the addition of 10-3M cyclic A M P  
stimulates ~SCa efflux: there is an immediate rise 
which rapidly declines (peak) then a sustained ele- 
vation which rapidly subsides when cyclic A M P  per- 
fusion is stopped. In these experiments, the slices 
were perfused with a buffer devoid of calcium so 
that one must conclude that the 4SCa appearing in 
the medium must have been mobilized from an in- 
tracellular compartment.  However, it is impossible 
to decide whether cyclic A M P  stimulates the two 
fluxes simultaneously or whether calcium efflux out 
of the cell is a consequence of a rise in cytosolic free 
calcium induced by its release from an internal com- 
partment.  

Discussion 

The measurement of 45Ca fractional effiux is a use- 
ful and easy method to study the effects of hormones 
and other stimuli that affect cellular calcium metab- 
olism. 

First, FER profiles can demonstrate whether a 
stimulus enhances or inhibits calcium efflux from a 
cell. When properly performed in calcium-free me- 
dia, such experiments can rule out changes in cal- 
cium influx as the first step in the sequence of events 
which leads to the change in calcium metabolism. 
For instance, an increase in 45Ca efflux in calcium- 
free media can only indicate that the source of cal- 
cium is intracellular; consequently, the stimulus or 
its second messenger signal must have an intracel- 
lular target site. However, the method by itself can- 
not precisely define the sequence of events from 
stimulus to response. Furthermore,  an absence of 
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calcium signal (no positive or negative FER profile) 
does not prove that a stimulus has no action on 
cellular calcium metabolism: the absence of profile 
after pyrophosphate  administration and the model 
prediction that changes in calcium influx do not 
produce any FER pattern are good illustrations. The 
method can only give qualitative information. Since 
the specific activity of the cellular compartments  
cannot be measured during the experiment, the el- 
flux of 45Ca cannot be converted into actual fluxes 
and no reliable quantitative information can be ob- 
tained. 

The computer  model described in this paper pro- 
vides some insight about the behavior of the system. 
Although it is clear that the model is an over- 
simplification of cellular calcium, it can provide use- 
ful information: first a FER peak pattern may in- 
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dicate that in a two-compartment series system, the 
stimulus acts primarily at the most peripheral 
boundary (e.g., plasma membrane). It also shows 
that the return to control levels of the fractional 
efflux can be explained by a change in the fast 
compartment specific activity while the rate of efflux 
remains stimulated or inhibited. The usual expla- 
nation that the effect is transient is another possible 
explanation. 

Second, the model shows that an exponential 
FER pattern may indicate an immediate change in 
calcium fluxes across the more central boundary 
(e.g., mitochondrial membrane) and not necessarily a 
progressive or delayed action. A mixed pattern may 
indicate a simultaneous or sequential activation of 
both boundaries. 

In all cases, however, it is impossible to know 
whether the increased calcium efflux is due to a rise 
in free calcium in one particular pool S i or whether 
it is caused by an increased rate constant kzj which 
could reflect an increased velocity of a transport 
process, by a greater passive permeability when the 
flux is going down its thermodynamic gradient, or 
by the increased affinity of a possible carrier mol- 
ecule to calcium. Only the resulting increase in cal- 
cium flux can be detected. 

The reasonably good fit between the model's pre- 
dictions and the experimental data is encouraging. 
Simple peak or exponential patterns may very well 
indicate the site of action of a stimulus, and the 
method may provide a nondestructive way of study- 
ing events occurring at the boundary of intracellular 
organelles. However, the identification of this most 
central compartment can still be the subject of con- 
troversy, and it may be different in various cells. It 
appears that in kidney cells this intracellular central 
compartment represents mostly mitochondrial cal- 
cium [3, 4, 6-8, 14, 17]. 

There is no reason to believe that the predictions 
based on results obtained at steady state will always 
agree with the data derived from FER profiles. In- 
deed, a stimulus may cause a shift in cell calcium 
metabolism from one steady state to another. The 
calcium fluxes and the free calcium of each compart- 
ment may be different during the early transient 
phase and during the stimulated steady state. Since 
FER profiles reflect this transient phase, some dis- 
crepancy can be expected. 

In conclusion, fractional efflux profiles can be a 
useful tool for the study of cell calcium metabolism. 
A computer model simulating these experiments 
predicts that effects at specific cell boundaries can be 
discriminated. Nevertheless, these FER profiles 
should be only one in an array of methods used to 
study cellular calcium metabolism. 
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