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OCCUPANCY THEORY AND SPARE RECEPTORS

Occupancy Theory proposes that drugs generate their effects by binding to a receptor.
It is a fairly simple but general theory about the mechanism of drug action.  Even though
many drugs can deviate in detail from its simplest formulation. it is a very useful starting
point for thinking about the mechanism of action of drugs and how drug concentration
relates to the amount of effect observed.  It also provides a framework for how to think
about the mechanism of action of agonists versus antagonists.  Finally, even when
Occupancy Theory does not provide a complete description of the mechanism of action
of a drug, it still provides a framework for understanding the drug!s action based upon
how it differs from ones that do obey the Theory.

1. The effect of a Drug (D) is mediated by its receptor (R) according to:

2. The effect observed is proportional to the amount of drug receptor complex (DR)
formed:

Effect = ke x [DR]

3. The maximum effect occurs when all of the receptors are occupied

Emax = ke x Rtotal

Emax is directly related to the efficacy of the drug

A full agonist would have the highest value of ke

Drugs with lower values of ke would be partial agonists

4.  The amount of effect at any given concentration of drug is predicted to be:

5. The shape of the drugs dose-response curve is:

(a). É a rectangular hyperbola on a linear dose-response plot

(b). É sigmoidal over ~3 orders of magnitude on a semi-logarithmic plot

(c).  É linear on a double reciprocal plot of (1/Effect) vs (1/[D])
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6. EC50 is the drug concentration (or ED50 the drug dose) required for an effect
equal to 50% of Emax.  Occupancy Theory predicts that the EC50 is equal to the
KD (equilibrium dissociation constant) for dissociation of the DR complex.

Where [D], [R] and [DR] are concentrations of drug, receptor or complex at
equilibrium.

KD is inversely proportional to the potency of the drug

Potency is directly proportional to Keq Ð which is the reciprocal of KD

Whereas KD has units of concentration, Keq has units of (1/concentration) and so
it does not have the intuitive kind of physiological interpretation ascribed to KD

(i.e., the concentration for 50% of maximum response). Keq does, however, have
a direct relationship to potency because it characterizes how far the Occupancy
Theory equation lies to the right (how much DR complex is formed based upon
the affinity of D for R).  The greater is Keq, the more DR complex at any given D
concentration and, hence, the greater the potency of D.

7. ke is a receptor-dependent and drug-dependent proportionality constant that
relates the concentration of the drug-receptor complex (DR) to the effect of the
drug.  Generally, between formation of the DR complex and the final response,
there are many additional intermediate steps (C1 and C2, as examples, below).

The value of ke must take into account all of the events and processes that
happen between formation of the DR complex and the final response (effect)
observed.
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8.  In order for all of the ideas of Occupancy Theory described above to apply to any
given drug and receptor combination, every step after formation of the DR
complex must be linearly related to the one before it.  ÒLinearly relatedÓ means
that for every amount that the previous step increases (such as for [DR]), the
next step (C1) also increases by a constant amount (although it need not be the
same amount unless the slope of the line is 1).  These relationships are shown in
the graphs below.  In this series of graphs, C1 is linearly related to [DR], C2 is
linearly related to C1, and Effect is linearly related to C2.  In the first of these
graphs, [DR] is not linearly related to [D] because the total amount of receptor (R)
is limiting and so the graph is a rectangular hyperbola where [DR] approaches a
maximum, which is equal to the total number of receptors (Rtotal)

In the example above, since every step after the first one is linearly related to the
one before, the final effect will be linearly related to the amount of the DR
complex, as predicted by Occupancy Theory.  In this case too, efficacy will relate
directly to ke and potency will relate to the inverse of KD (i.e., Keq).

If any of the steps (after D binding to R to form DR) is not linearly related to the
previous one, then the Occupancy Theory idea will not fully account for the
relationship between amount of drug and amount of response (effect).  There are
at least two ways the Occupancy idea can be basically correct (in that the drug
effects are receptor mediated with defined efficacy and potency) but fail to
account, in particular, for the observed potency of the drug Ð i.e., the EC50 is not
equal to KD.  One of these is called ÒSpare ReceptorsÓ, where the EC50 is at a
lower concentration than the KD, and the other is called ÒFractional Occupancy
ThresholdÓ, where the EC50 is at a higher concentration than KD.
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9. ÒSpareÓ Receptors

"Spare" Receptors refers to a situation where the drug has greater potency for an
effect than is predicted by its KD for binding R.

The graphs below, particularly the second one, illustrates a case where the
relationship between C1 and [DR] is not linear because C1 reaches a maximum
response before all of the receptors have drug bound to them - hence, you have
"spare" receptors.  In this example the event in the second graph (C1) is rate-
limiting for the effect of the DR complex on the final Effect.

In circumstances such as those above, you can actually get rid of receptors (by,
for example, giving a noncompetitive antagonist) without necessarily loosing the
ability to generate a maximum response because of the existence of these
ÒspareÓ receptors.  You do not loose the ability to generate Emax until the
number of receptors is reduced below those required to have a maximum effect
on C1.  As you reduce receptors, however, the agonist effect curves on the right,
at the top of page, moves closer to the agonist binding curve (DR) and the
system will look more like one predicted by Occupancy Theory (left graph at the
top of the page).

Many receptors systems exhibit ÒspareÓ receptors, to some degree.  One
practical consequence of ÒspareÓ receptors is that the functional potency of
strong agonists is increased and responses are seen at lower concentrations
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than would be predicted by the binding affinity of the drug for the receptor.  At the
same time the apparent ke for partial agonists is increased making them appear
to be more effective than they would be otherwise and, in fact, making some
partial agonists appear to be full agonists.

Another practical consequence of ÒSpareÓ receptors is that noncompetitive
antagonists do not (at least initially) have the expected effects.  At lower
concentrations, they will behave as ÒcompetitiveÓ antagonists, in the sense that
increasing concentrations of agonist can overcome their inhibitory effects.  This is
because the drug (agonist) does not need all of the receptors to have a
maximum effect.  In addition, the presence of the noncompetitive antagonist will
cause a right shift in the dose response curve (as would be seen with a
competitive antagonist) and make the response closer to that predicted by
Occupancy Theory.  Once enough noncompetitive antagonist is given to reduce
the number of receptors to the point that they can just reach the maximum
response at C1, the system will behave as predicted by Occupancy Theory.
Further increases in antagonist will then decrease the maximum response as is
expected.

Another potential consequence is that receptor levels may vary in different tissue,
organs or cells in the body such that they differ in their relative level of ÒspareÓ
receptors.  As a result, receptor responses both to agonists and (noncompetitive)
antagonists may be different at different sites.  Agonists will have different
potencies in different tissues because of different levels of ÒspareÓ receptors.
Noncompetitive antagonists (at a fixed concentration) may depress maximum
effects at some sites, but only shift the dose-response curve to the right in others,
leaving Emax unchanged.
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10. Fractional Occupancy Threshold

A second case that differs from the predictions of Occupancy Theory is called
"Fractional Occupancy Threshold" and is a case where the potency of the drug
for its effect is less than what it should be based upon the KD for drug binding to
receptor.

There are actually multiple ways this could happen, but one example is given by
the graphs below (right) and the equation beside it (left).  In this case, the drug is
an inhibitor of an enzyme that is part of a metabolic pathway.  The effect of the
drug is directly related to its ability to reduce the amount of the final product (P) in
the pathway.   Its "receptor", enzyme E2, and the substrate for E2 (B), are both in
excess over the amounts required to generate a maximum amount of P.  As you
increase the concentration for the drug you will not see any effect of it until you
inhibit enough the enzyme (E2) to make it the rate-limiting step in the reaction
series.  As a result, there is a "Threshold" effect where increasing the amount of
drug has no effect until you reach this "threshold" and then you see the effect.  In
this case the Effect curve for the drug concentration is to the right of the [DR]
curve so that the potency of the drug is less than predicted by the KD of binding.

The phenomenon above is happening because the target of the drug (its
receptor) is not rate-limiting for producing the final effect.  As a result, the use of
the drug will involve administering amounts (which could be large) that are
apparently ineffective before the desired response is seen.  A case where a
similar phenomenon, but by a slightly different mechanism, is functionally
important is in the use of neuromuscular blocking agents.
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