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The apparent concentration—effect relationship is the ensemble of many effector units (such as
individual cells or channels) that do not always exhibit a uniform stimulus—effect relationship.
This concept is substantiated by many observations of heterogeneity in receptor—effector popula-
tions including hormone secreting cells, response to hormonal stimuli, activity pattern of second
messengers, stimulus-evoked synaptic currents, and single ion channels. The relationship between
drug concentration and magnitude of pharmacologic response is commonly described by the
sigmoidal B,,,. model which was derived from the Hill equation. The sigmoidicity factor (N) in
this model is assumed to be a pure mathematical parameter without physiological connotations.
This work demonstrates that the numerical value of N (measured empirically ) is the product of
two factors: (i) the degree of heterogeneity of the effector subunits, i.e., the elemental component
that upon drug stimulus contributes its pharmacological effect independently and does not interact
with other subunits (it could range from a single receptor up to a whole tissue), and (ii) value
of N*—the shape factor of the subunits’ concentration—effect relationship. A special case of this
approach occurs when N*> 5, which is an on—off case. Here N is determined by the distribution
(density equation) of the subunit values. In case of heterogeneity of the microparameters of the
effector subunits the apparent N will always have a lower value than N*. According to this
theory it can be concluded that without knowledge of the distribution of the microparameters no
mechanistic interpretation can be deduced from the apparent N value. If in the future N* can be
determined by theoretical or experimental methods, the distribution function relating N* to N
can be calculated. The relevance of this theory is increased in view of the progress being made in
advanced research techniques which may enable us to determine the concentration—effect relation-
ship at the level of the individual effector unit.

KEY WORDS: concentration-effect ; heterogeneity; pharmacodynamics; receptor ; Epax model;
dose response; shape factor; effector unit; Hill coefficient; sigmoidal E,,.x model.

INTRODUCTION

Most of the current conceptualization relating stimulus and effect
regards the subeffector units (e.g., each unit that secretes neurotransmitters
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or hormones, contractile proteins in muscle cell, single ion channels) as a
homogeneous -population. This concept is questionable since it overlooks
natural variability among subeffector units (e.g., diversity in a cell’s age,
stage of differentiation, or structure of receptor subtypes). Further, biologi-
cal responses are often quantal in nature with characteristic amplitude distri-
bution; research is revealing that heterogeneity of subeffector units is the
rule in many biological systems (see Discussion). Subeffector heterogeneity
provides a new perception of the apparent relationship between stimulus
and effect; this paper highlights the pharmacodynamic implications of this
phenomenon.

The concept that drug activity occurs by its interaction with a receptor
substance has been a basic pharmacologic principle for over a century. This
concept suggests that the drug interacts reversibly with a receptor and the
resultant effect is proportional to the number of receptors occupied. This
relationship can be described as:

Drug (D) + Receptor (R) = (DR) — Effect (1)

Rearrangement of this relationship produces Eq. (2) analogous to the
Michaelis-Menten equation which correlates the effect (E) to free drug con-
centration (D), a dissociation constant for drug-receptor binding (Kd), and
maximal effect (Enax) attainable when all the receptors (R are occupied
by drug. This relationship is based on the assumption that

R ¥
Rtol

where R* represents activated or occupied receptors

*_ RtotD or E= Emax D (2)

Kd+D Kd+D
The theory and application of this relatively simple equation forms the basis
for the understanding and use of kinetic-dynamic relationships. Ariens et
al. (1) was the first to recognize and formulate the analogy between receptor
systems and enzymes, an analogy based on the theory of “receptor” occu-
pancy. In both systems the binding of the ligand precedes the “biochemical”
reaction. In Eq. (2) the binding constant Kd, was replaced by ECs, the
drug concentration producing 50% of the maximal response, resulting in
Eq. (3) the E,,x model.

EmaxC
Effect =————— 3
L ECs+C )
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Fig. 1. Schematic illustration of the typical steps from drug binding to the receptor (the
input signal) up to the pharmacologic effect (the output signal).

Interpretation of an ECsy value in terms of Kd (determined in receptor
.binding studies), in most cases flawed, e.g., transducer systems linking drug
concentration to effect and the existence of “spare receptors.” As shown in
Fig. 1, the step of receptor occupancy should be followed by a successful
coupling between the receptor and the effector system resulting in the induc-
tion of an intitial stimulus. This stimulus triggers a cascade or transduction
of intracellular biochemical events that eventually lead to the final physio-
logical or pharmacological response in the target cell.

A more flexible model for correlating drug concentration and effect is
provided by the sigmoidal E,,, model [Eq. (4)]. It brings in the additional
concept of slope or steepness of the Enax curve by using the Hill coefficient

(N) 3).

EmaxCN
Effect=Ey+ ECE+C® (4)

In the theories linking drug binding and response at isolated tissues,
the Hill coefficient was used to measure the cooperativity of the sytem (5,6).
In general N>1 is interpreted as the binding of one agonist molecule facili-
tating the binding of subsequent molecules.

The major difference between the signoidal E., model and the En.x
model is that in the sigmoidal model the parameter N provides an additional
variable which can influence the gradient of the effect-concentration curve
around ECs,.

Utilization of the sigmoidal E,., model to relate drug concentration
and pharmacological response in intact animal and man was first proposed
by Wagner (7). As indicated by Wagner and since then by many more
researchers, the value of NV in most cases is larger than 1 (the implicit N value
in the simple E,, model). This fact actually stresses the clear advantage in



452 Hoffman and Goldberg

the empirical analysis of data using the sigmoidal En.x model. It is known
that N which is often called the “shape factor,” or “sigmoidicity factor” (7)
need not be an integer. When N is greater than 1, the slope becomes
sigmoidal and very steep and rapid changes in drug activity occur with small
changes in drug concentrations. As N increases it becomes more difficult to
carefully titrate a desired effect. Values of N greater than 5 approximate a
response which behaves as an all-or-none phenomenon. It appears as if there
is a threshold concentration below which no drug effect is seen but almost
full response observed at concentrations just over the threshold. On the
other hand, when N is less than 1, a shallow hyperbolic concentration-effect
relationship is displayed, with changes in effects occurring over a wide range
of drug concentrations.

The apparent pharmacological response is the sum of the effect of the
drug on many subeffector units. Most of the “Receptor” theories linking
drug binding and response assume that all the receptors involved with a
defined activity are homogeneous. Usually the heterogeneity within all the
other steps (specified in Fig. 1) that occur between drug presence at the
pharmacological receptor biophase and the measured effect is not appreci-
ated in these theories. In cases where the subeffector units are not a homo-
geneous population, it affects the shape of the apparent concentration-effect
relationship (i.e., the pharmacodynamics) as discussed below.

It is quite common to find that the binding process of ligands is not
simple and that it frequently exhibits negative characteristics, €.g., an
upwardly concave Scatchard plot (4,5). The question often arises as to
whether such behavior results from genuine site-site interactions leading to
negatively cooperative binding or whether the data reflect the binding of
ligands to a heterogenous population of sites (5).

The sequence of reactions (between ligand binding and final response)
essentially forms a “cascade amplifier” in which one step limits the maximal
attainable effect. With gradual increase in the initial stimulus, one of the
steps in the sequence will be the first to reach saturation, long before the
initial stimulus reaches its maximal level (i.e., maximum receptor occu-
pancy). Questions are raised, such as: Is the point of saturation in all the
subeffector units in the population uniform? Is the sensitivity of each sub-
effector unit identical? New techniques like cloning of receptor cDNAs or
genes have revealed heterogeneity far greater than had ever been anticipated
from pharmacological analysis. Moreover, advanced procedures have
enabled quantitative measurement of hormone release from individual cells,
identification of channel subpopulations, and even monitoring the associa-
tion between stimulant concentration and the response of a single channel
in the cell membrane. In many cases (as detailed below), the results of
investigations using such techniques support the concept of heterogeneity in
the subeffector units.
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The aim of this paper is to show the relationship between the subeffector
unit heterogeneity and the value of the shape factor N. The subeffector
units are defined here to contribute independently (of each other) to the
pharmacological effect.

THEORETICAL
All-or-None Response Characteristic of the Subeffector Unit

Consider an all-or-none response with biological variation in the con-
centration at which the response is triggered. As recognized by Gaddum (8)
and later by others (1,9), the biological variation determines the slope of the
“population” (log) concentration-effect curve. This is because the observed
concentration—effect relationship is actually the cumulative profile of the
responses from each of the subeffector units, and according to Eq. (4) the
sigmoidicity of this profile is defined by the shape factor N. Specifically,
this means that N is directly related to the distribution function of the
microparameters characterizing the population of subeffector units, includ-
ing: (i) the threshold sensitivity of each unit, and (ii) the maximal response
produced by each of the units. This relationship can be mathematically
defined for the case of on-off behavior 8* of the subeffector units as

1 C>EC%

5
0 C<ECY ®)

0*(C, ECS()) = {
Here the concentration (C) —effect (E) relationship of the subeffector units
is determined by the threshold concentration of each subeffector action
(EC%) and the corresponding maximal effect E,,. This is illustrated for a
single subeffector unit in Fig. 2.

If the distribution function of the threshold concentrations is defined
as W(EC%) then the observed concentration-effect relationship is described
by

EmexCY  [° ¢
= 0*(C, ECs))¥(EC%) d(EC% =f Y(e)de 6
EC?{)'*‘CN J; ( 50) ( 50) ( 50) . ( ) ( )
Where (the last part) is the integral of the function W between 0 to C.

By using the fundamental theorem of calculus (10) we can differentiate

Eg. (6) by C to yield

d EmaxCN ) N XN_I
Y(xX)=—|———= =Epax NEC5g —————— 7
) dc(Ec%+cW cex P (ECH+XV) @

This equation precisely determines the density function of EC%, that gener-
ates the observed concentration—effect relationship [i.e., Eq. (4)]. The pattern
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Fig. 2. The relationship ‘between drug concentration and the magnitude of effect of a single
effector unit in case of an all-or-none response.

of this density function is illustrated in Fig. 3 by numerical simulation of
Eq. (7).

Ariens et al. (1) indicated that a certain distribution—namely, (log)
Gaussian distribution of the threshold sensitivity—will ensure that the
apparent pharmacodynamic profile will follow the E,., model [Eq. (3)],
which is a special case of Eq. (4) with N=1.

There is a functional relationship between the value of N and the stand-
ard deviation (SD) of the subeffector unit distribution. The relationship
depends on the ECs, value and can be described as

1 1
1+(/1+a)" 1+(1/1—a)"

Where @ =SD/ECs (for a detailed mathematical derivation see Appendix
A). It should be noted that SD is defined here as the symmetric interval
around ECs, that includes 0.668 of all EC¥, values.

The relationship between N and SD of the EC% is illustrated in Fig, 4.
For a given ECs, the greater the SD value, the lower the N. Hence in the

=0.668 (8)
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Fig. 3. Illustration of the relationship between the density function of EC¥ and the
apparent shape factor N.

case of all-or-none behavior of the individual subeffector units N is a function
of the heterogeneity in the subeffector units.

The Pharmacodynamics of Subeffector Units: The General Case

The relationship between the available drug concentration seen by each
subeffector unit and the intensity of response that it produces can be
described as

* N*
EmaxC

E*=E*+—“’.—“‘—.
T ECH +cCV

%
The symbol * denotes that this is the value of the individual subeffector
unit. Equation (9) is a general equation that can also be used to describe
the case of all-or-none behavior of the subeffector unit, discussed above,
i.c., the N* value is large (N> 5).

Heterogeneity in the pharmacodynamics of the subeffector units can
actually be derived from variability in the values of each of the parameters
characterizing the pharmacodynamic profile of each of the subeffector units,
ie., Es, E¥.x, N*, and ECY. 1t is therefore of interest to understand how
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Fig. 4. Simulation of the relationship between N and SD of the EC% according to Eq. (8).

variability in every one of these parameters could affect the votue of N which
determines the shape of the observed Effect-Concentration profile.

Equation (10) is the sigmoidal E,,,, equation in a basic form relating
the apparent E and microparameters determining the value of effect for each
subeffector unit (E*) and the density function ¢.

E(E()’ Emax: ECS(), Ns C)
=J. E(E(:)k, E:mxs EC;‘O’ N*’ C)¢(Ega Ers'r:ax, EC;O, N*)

xdE§ dE o dEC% dN* (10)

This equation can be written also as
E= f E}¢dES dE}Y .  dECY dN* + f dEC% dN*

c¥

XN —m " Ey Ef.., EC%,N* E;axdE,’f,axdE*]) 11
(EC;‘JV TV [J' d(Eo 50 ) o (11)
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The right term vanishes when C=0. The left term is a constant numerical
value which is independent of C and therefore equals Fy. The ternt in the
square brackets (which will be regarded as Z) is a function that depends
solely on EC% and N*. Therefore, it can be concluded that the variability
in Ep., values among the subeffector units does not affect the shape factor
N of the ensemble equation. This leads to Eq. (12) that shows more clearly
that N is dependent only on function Z which in fact is the density function
of N* and EC%.

E=FEy+ j [CY /(ECHY" + CY)]Z(N*, ECY) dN* dECY  (12)

Furthermore, when C is taken to infinity, Eq. (12) is reduced to have the
form of

Epax= J Z(N*, EC%) dN* dEC5, (13)

Equation (13) denotes that E,.x depends upon Z.

To facilitate the mathematical derivations, the value of N* will be
regarded as a constant parameter. This also has biological connotations, and
means that a certain value of N* characterizes a specific pharmacological
response.

The value of N can be calculated according to

_4ECs 0E (14)
Emax aC C=ECso

This equation was obtained from the sigmoidal E,,., equation. [Eq. (4)] (see
Appendix B for the full derivation). This mathematical definition of N is
actually wider than that denoted by Eq. (4) and includes all functions that
have sigmoidal shape (on log concentration scale). This approach is required
in order to analyze the changes in N value in different situations. For that,
it is more convenient to replace the commonly used sigmoidal E,,, equation
[Eq. (4)], that is used to characterize the empirical concentration-effect data,
with Eq. (15), which resembles very closely the pattern of Eq. (4).

E=EO+EmaxErf[N\/Il'/S(l—lso)], A=In C, /'L50=lnEC50 (15)

Here A equals In(C), Asp equals In(ECso), and N follows Eq. (14). The term
“Erf” is a commonly used function in statistics (11) that is employed to
calculate the area under the normal (Gaussian) distribution curve and has
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the following form:
Erf(X)=(1/{2n) f ey (16)
Rewriting Eq. (12) according to the concept of Eq. (15) provides
E=Ey+ J Erf [N*Jr [8(A— A%))Z(A%) dA%, (17
Following differentiation of Eq. (17) with respect to A yields

(1) (NT> j NI LG Ay (18)

In the case where EC%, follows a log-normal distribution function Eq. (18)
takes the form

o0
NEmax e—sz(l—lw)z/IG__.J e—N*Zn(A—Ag‘OV/w
-0
X (A/27G) e~ o As0l/20% gy % (19)

where o is the standard deviation of (the log form of) this function. Mathe-
matical manipulations of Eq. (19) (specified in Appendix C) lead to the
relationship between N, N* and o

N*¥zn
CN*1+8/0°

From this relationship it is apparent that in case of heterogeneity of the
subeffector units (o >0) the value of N is lower than N*. Similarly, when
o equals O (i.e., in case of homogeneity) N=N*. A very shallow apparent
concentration-effect relationship will result in cases where ¢ tends to infinity.
Further illustrations of the relationship between N and N* at different o
values are presented in Fig. 5.

In practical cases, the values of N* and o are not available. Therefore,
Fig. 6 shows what pairs of N* and o values produce an apparent N value.

When N* is not a constant parameter, and is also different between the
subeffector units, the system becomes more complex (mathematically) with
a two dimensional distribution function. In the (special) case where ECY is
constant, the apparent N is an arithmetic average of N* as evidenced from
Eq. (14). In case where both EC% and N* vary the apparent N is a function
of the distribution of both parameters.

A special case that takes place in practical situations is a descrete hetero-
geneity of the subeffector population. This means that the observed

N*=N*? (20)
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N

Fig. 5. The relationship between N* and N at different o values. o is the SD of
the log EC%,.

pharmacodynamic profile is an ensemble of a small (finite) number of differ-
ent classes of concentration-effect relationships for the same drug or hor-
mone. This case is similar in certain modes to the additive effect of two or
more agonistic drugs (or endogenous stimulants) that is commonly
encountered in pharmacodynamic investigations, and obviously to the cases
in which the measured effect is related to more than one type of receptor,
e.g., the effect of clonidine on pain (12). In that case the measured response
is considered to be the sum of several sigmoidal E,,x equations with the
form of
EnaxC"' | EnaxC"

E= ey cv  BCy+ cm @l

This type of mathematical modeling is clearly required in cases where the
concentration-effect relationship has a steplike shape. Such a pattern
emerges when the (apparent) cumulative pharmacodynamic profile is the
product of a certain number of populations with a clearly distinct EC%
value. However, if these EC¥% values would not be so distinct, it would
provide an apparent N that is smaller than N*. In this case the apparent N
value is the median (weighted mean) as shown in Fig. 7. The category of



460 Hoffman and Goldberg

Fig. 6. Simulation according to Eq. (20) to demonstrate which pairs of N* and o values
produce an apparent N value.

finite (discrete) heterogeneity is actually a unique condition of the general
case of effector unit heterogeneity described above.

Another practical special case that is encountered during investigations
is the situation where the concentration—effect relationship of each small
entity (e.g., whole cell) follows the sigmoid E,,., model [Eq. (4)] while the
single subeffector unit of which the “small entity” is composed (e.g., specific
ion channels) exhibits quantal (all-or-none) behavior. The heterogeneity of
each of these parameters (i.e., the subeffector units and the small entity)
follow different density functions. The overall pattern will be influenced by
the two distribution functions. Practically, this situation can be treated as
an undivided case, depending upon the available information. It can be dealt
with either according to the data of the quantal behavior exhibited by the
single subeffector unit or by considering the data of the small entity as
composed of many single subeffector units that follow the shape of Eq. (9)
(e.g., whole cells data).
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Fig. 7. The shape of the apparent concentration-effect profile (broken line) in case of
discrete heterogeneity. The magnitude of the effect of each profile is normalized to give
maximal E=1.

DISCUSSION
Indications for Heterogeneity in Subeffector Units

The issue of receptor heterogeneity has been investigated for many years
and is still in the forefront of life science research (13). Until now most
of the attention has focused on heterogeneity in ligand-receptor binding
properties (5,6,13), rather than at the concentration-effect level. For
instance, the finding that intrinsic activity (the ability of an agonist to cause
an effect) can vary independently of chemical binding has been disregarded
(14). Current investigational methods have revealed that not only do recep-
tors have an astonishing variety of subtypes but also the components of the
“amplifying system” such as the G-proteins, are composed of several sub-
units, each of which has a great degree of variability (15). The different
subtypes give rise to a variety of different oligomeric isoforms with different
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pharmacological sensitivities. In addition, as can be seen by the variety of
examples delineated below, heterogeneity in subeffectors units is quite com-
mon in biological systems and is part of the regulatory processes of the
stimulus-response system in normal physiology. Most of the examples have
been taken from physiological responses that are normally activated by
endogenous regulatory ligands (e.g., hormones, neurotransmitters), since
many drugs act on such physiological receptors.

The examples for heterogeneity in subeffector unit populations cover
data from various types of biological processes including (i) hormone secre-
tion; (ii) response to a hormonal stimulus; (jii) activity of second messen-
gers; (iv) stimulus-evoked synaptic currents; and (v) ion channels.

Hormone Secretion. Unlike the traditional method of evaluating secre-
tory activity by measuring hormone release in cell supernatants, recent inves-
tigations examining endocrine secretion from individual cells have provided
convincing evidence for heterogeneity in the response of cells. These results
oppose the classical stimulus-secretion coupling theory that suggests that
each cell responds to a given stimulus with the release of secretory product.
The evidence found so far includes parathyroid hormone (PTH) cells (16);
pancreatic beta-cells (17,18) ; the gonadotropes—Iluteinizing hormone releas-
ing cells (19); pituitary cells (20); and porcine somatotrophs (21).

Response to a Hormonal Stimulus. Evidence of variability in cellular
responsiveness to hormone stimulus includes antidiuretic hormone (ADH)
which reflect inherent heterogeneity of granular cell reactivity to the hormone
(22); actin polymerization in human blood platelets (23); considerable cell
to cell variations in cytosolic Ca>* in response to epidermal growth factor
stimulus (24,25); evidence that hormone-evoked calcium release from intra-
cellular stores is a quantal rather than a continuous process (26).

Activity of Second Mesenger. Current studies (26-28) provide direct
evidence that Inositol 1,4,5 triphosphate (InsP;)-induced Ca** liberation is
quantized and have suggested that the InsPs-sensitive Ca>* pool may be a
collection of independent, localized compartments that release Ca>* in an
all-or-none manner.

Stimulus-Evoked Synaptic Currents. The variability in miniature excita-
tory postsynaptic current amplitude arises predominantly from variability
within a single bouton (29-32).

Ion Channels. Because of advanced research techniques we are now
able to see electrophysiological heterogeneity in single-channels. For
instance, using a patch-clamp study in a pituitary slice preparation, it was
shown that GABA-mediated synaptic transmission in neuroendocrine cells
has an all-or-nothing character of stimulus evoked synaptic currents (34).
Na™ channel expression in lactopore subpopulations of rat is not uniform
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(35). Electrophysiological analysis following specific activation of a human
K * channel gene has also disclosed heterogeneity in the currents recorded
from single channels at a constant stimulus (+30 mV) (36).

In addition, the overall thesis of heterogeneity in drug concentration—
effect relationship at the subeffector level is also supported by the known
heterogeneity in blood cells (23,37), mast cells (38), and hepatocytes (39).

In many cases a heterogeneous subeffector unit population is composed
of a discrete distribution of receptor subtypes. A phenomenon of receptor
subtypes that show considerable variation not only in the binding affinity
but also in the sensitivity to the same adrenergic molecule (e.g., norepi-
nephrine) has been demonstrated in arteries taken from different sites in
the body (14). In certain cases, heterogeneity of receptor and postreceptor
apparatus in different parts of the same organ may be related to basic
concepts of topoendocrinology (40).

There are many cases in which the sigmoidal E,,,, model was employed
to assess a pharmacodynamic profile constructed by the number of indi-
viduals (patients) who required a certain threshold concentration of the drug
to produce a defined pharmacologic response (41,42). This is a case of
an all-or-none response that is analogous to that of quantal response in
heterogeneous subeffector unit population that was described above. The
apparent N value in this case is also a function of the distribution density
function of the individual threshold of drug concentration. Analogous
discrepancies between individual subunits and the apparent profile rep-
resenting an ensemble of these subunits was also described before in another
pharmaceutical discipline—in vitro release kinetics from microparticulate
systems (43,44).

Pharmacodynamic Implications of Effector Unit Heterogeneity

As demonstrated above, heterogeneity of subeffector units and/or cell
subpopulations normally exist in physiology and consequently in pharmacol-
ogy. This phenomenon is reflected in the relationship between the stimulant
concentration and the intensity of the response it induces. This idea was
suggested long ago (1) but was not substantiated. Currently available
research techniques enable us to monitor activity patterns of single cells and
even single channels. Thus, we can now demonstrate that in various cases
in which a stimulant concentration-effect relationship at the level of a single
cell follows a continuous function [e.g., Eq. (9)], it may be actually derived
from quantal behavior of the individual channels. In case of heterogeneity
of the (sub)effector units the apparent concentration-effect relationship
which is the overall pattern of the ensemble of units does not reveal the
pattern of the single subunit. This is the reason why the role of subeffector
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unit heterogeneity in influencing the shape of the concentration—effect rela-
tionship has not been clearly appreciated until now. As has been demon-
strated here the heterogeneity in E§ and E ., values do not affect the shape
of the concentration effect profile, whereas variability in EC% and N * are
crucial in determining N value. The mathematical principles which relate
the concentration-effect profile of the individual subeffector unit [Eq. (9)]
and the apparent pharmacodynamic profile [Eq. (4)] are fundamental for
concentration—effect investigations. It should be noted, however, that when
the pharmacodynamic investigations are performed in an intact animal there
could be certain deviations between the measured effect of the drug and the
initial stimulus due to the fact that the empirical description of the relation-
ship between plasma or effect site concentration and the observed effect is
not a clear reflection of the drug-effector unit interaction. Furthermore, it
may be hard to distinguish in vive independent effector units. Nevertheless,
the principles associating subeffector unit heterogeneity and the shape of
the pharmacodynamic profile of an observed pharmacologic response (as
determined by N) should not be substantially different from pure pharmacol-
ogic investigations performed in cell cultures or similar isolated conditions.
This is, of course, provided that the concentration-effect relationship under
investigation is free of pharmacokinetic complexities (45).

APPENDIX A
The Relationship Among a, N, and the ECs

ECsp+ o
f W(x) dx=0.668 Enax
ECso— 0

EmaxCN ECyy+o
omS T = 0.668
EC50+ C ECsp—o
(ECpto)’ — (ECu—o)"

=0.668

(ECso+ )V +ECY, (ECso— o)V +ECE,

i i
1+(1/(1+0/ECso))" 1+ (1/(1 +0/ECsp))"

where x=0/ECs

1 1

TF (T 140 1= 008
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APPENDIX B
The Derivation of N from the Concentration-Effect Relationship
a_E__a_< EmaxCN )__ EC}S\(I) N1
dC OC\ECH+CV) T (ECH+CNY
JE EmaxECg{)NEC%_I=EmaxN
OC |c=kcy QRECY)? 4ECs
4ECs OF
N=—2320""2
Emax ac C=ECsg
APPENDIX C

The Mathmetical Derivation Leading from Equation (19) to Equation (20)
Let L be the left side and R the right side of Eq. (19).
L

NE.._ e~ N2m(A—A50)?/16
max
R
ee]
R~ TS (2t 2 2
:j g~ V(- 130) /16—(/4/\/%0" e~ P~ As0)/20 d/’l,;‘o (19)

oo

Calculating the exponent term of R

N*2 11”6— (A= A5)+ (A~ k)2 207

. *2< 1 )+1§‘ (Aso)_*_(lgo +2,§2()N*27Z'_AAsoN*Zﬂ'_AzN*zﬂ)
— o Pt

T o) \26® 16 8 16

c
By completing the square
A(AM—B)+ CA*+ DA+ E

For some constants 4, B, C, D, E, which depend only on N*, 1, and o it is
enough to calculate C.

R=K e “*PY for some constant K.

The calculations of C yield
C=— (n*2 — _ﬁl.v*“—n__)
16 N*¥n+8/0°
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comparing with the exponent of L it becomes

N3g N*z
16 =C=> N2=N*2_N*2'7r+8/0.—2

which is Eq. (20).
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