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Agonist efficacy and receptor desensitization:
from partial truths to a fuller picture

Steven ] Charlton

Novartis Institutes for Biomedical Research, Horsham, UK

It has been demonstrated that the degree of agonist-induced desensitization of the P,-adrenoceptor is related to agonist
efficacy (strength of signalling), whereby high-efficacy agonists (e.g. formoterol) cause more phosphorylation and internal-
ization of the receptor than low-efficacy agonists (e.g. salmeterol). These early studies, however, used a protocol where agonists
were matched for receptor occupancy rather than functional effect. In this issue of the BJP, Duringer and colleagues have
extended these studies to compare the ability of agonists to cause desensitization at equi-effective (cAMP signalling)
concentrations rather than equal occupancy. Their data and conclusions are quite different from those previously described.
After prolonged exposure, all the agonists caused a similar degree of desensitization, whereas a pulse protocol uncovered a
greater loss of responsiveness with the low-efficacy ligands. This is consistent with the notion that high-efficacy agonists have
‘spare receptors’, and are therefore less sensitive to loss of receptors through desensitization. It also reflects experience in the
clinic, where both formoterol and salmeterol show a similar early decline in bronchoprotection, after which their effects remain

stable. These findings challenge the notion that high-efficacy ligands always cause more functional desensitization.
British Journal of Pharmacology (2009) 158, 165-168; doi:10.1111/j.1476-5381.2009.00352.x

This article is a commentary on Duringer et al., pp. 169-179 of this issue and is part of a themed issue on GPCR. To
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Inhaled B,-adrenoceptor agonists are highly effective bron-
chodilating drugs used in the treatment of chronic obstruc-
tive pulmonary disease and asthma, where they are often
combined with inhaled corticosteroids (Giembycz et al., 2008;
Knox and Mortimer, 2008). In patients with mild disease,
short-acting agonists are recommended, but for patients in
whom these are not effective, longer-acting ,-adrenoceptor
agonists (LABAs) have been developed that more effectively
maintain airway tone over a longer period of time (Suther-
land, 2004). One risk of long-term exposure of a G protein-
coupled receptor (GPCR) agonist is desensitization of the
response, most commonly via receptor phosphorylation and
internalization (Johnson, 2006). Two LABAs are currently
available in the clinic, formoterol and salmeterol. Pharmaco-
logically, the clearest distinguishing feature between these
drugs is the extent to which they activate the receptor, termed
intrinsic efficacy. Formoterol demonstrates high intrinsic effi-
cacy when stimulating cyclic adenosine monophosphate
(cAMP) generation, whereas salmeterol has a much lower

Correspondence: Steven ] Charlton, Novartis Institutes of Biomedical Research,
Wimblehurst Road, Horsham RH12 5AB, UK. E-mail: Steven.charlton@
novartis.com

Received 3 April 2009; accepted 6 April 2009

intrinsic efficacy, appearing as a partial agonist in all but the
most highly expressed recombinant systems (McDonnell
et al., 1998). This distinction has led several groups to inves-
tigate the influence of efficacy on desensitization of the
B.-adrenoceptor.

Early studies showed a clear relationship between efficacy
and desensitization, with the partial agonist salmeterol
causing less receptor phosphorylation and internalization
than the full agonist formoterol (January et al., 1997; 1998).
This relationship between efficacy and desensitization has
now become a widely accepted phenomenon in GPCR
biology, and the statement that partial agonists cause less
desensitization is often quoted in the literature (Johnson,
1998; Clark et al., 1999; Hanania et al., 2002; Bleecker et al.,
2006; Moore et al., 2007).

It is important, however, to note the design of the experi-
ments that resulted in these conclusions. Agonist concentra-
tions were chosen based on binding affinity so that the
receptor occupancy was matched for each ligand at around
80%. Low-efficacy ligands are less able to activate the receptor
and may not be sufficient to generate a full response, even
when bound to all available receptors. In contrast, high-
efficacy agonists may only need to occupy a small percentage
of receptors to generate a full response, therefore having
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‘spare receptors’ (van Rossum and Ariens, 1962). By choosing
a high level of occupancy for each ligand, it is perhaps not
surprising that the high-efficacy ligands were more effective at
causing receptor phosphorylation and internalization, as by
definition, they would result in a higher number of activated
receptors than the partial agonists. In effect, this means that
any differences in receptor reserve for the agonists were
negated in these studies. Perhaps more importantly, doses
given to patients in the clinic are not chosen based on recep-
tor occupancy, but rather on the functional effect, which is
directly related to intrinsic efficacy.

In the current issue of the BJP, Diiringer et al. (2009) have
addressed this problem by comparing the desensitization
profile at equi-effective concentrations rather than at equal
occupancy, more closely mimicking the clinical situation.
Importantly, their first finding was that after a 24 h continu-
ous exposure, all agonists desensitized the response to a sub-
sequent formoterol challenge to the same degree, irrespective
of their intrinsic efficacy. In an effort to simulate the in vivo
clearance of the drugs, the authors designed an alternative
‘pulse’ protocol where the agonists were added for 1 h, after
which the cells were washed and left for a further 23 h prior
to stimulation by formoterol. Using this protocol, differences
between the agonists emerged, but instead of the high-
efficacy ligands causing a greater reduction to the response
elicited by a subsequent formoterol challenge, in general, the
lower-efficacy agonists caused a greater loss of responsiveness.
As discussed by the authors, this is likely to be due to the
reduced wash out of the more lipophilic compounds, but
there were exceptions to this pattern. Perhaps most strikingly,
the novel ultra-LABA indacaterol that exhibits a mid-range
efficacy (Battram et al., 2006) induced much less desensitiza-
tion than would be expected from its large degree of retention
in the cells.

So, with these different experimental designs giving such
contrasting results, which is more representative of the
clinical situation?

The loss of responsiveness to chronic LABA therapy has been
widely studied in the clinic. In general, there appears to be
rapid desensitization of the bronchoprotection afforded
against an external challenge, be it indirect (exercise or aller-
gen) or direct (methacholine or histamine) (Lipworth, 1997).
This is likely due to tachyphylaxis of receptor signalling on
inflammatory cells, particularly mast cells (Scola et al., 2004;
2009). The bronchodilator properties of 3, agonists, however,
are much more resilient to tolerance, demonstrating efficacy
that is normally stable after the first few days (Haney and
Hancox, 2005). This is perhaps due to reduced levels of key
proteins required in the regulation of receptor signalling in
airway smooth muscle cells (McGraw and Liggett, 1997),
and/or a higher initial receptor reserve in these cells (Chong
and Peachell, 1999). Conclusions from clinical studies investi-
gating desensitization of high- and low-efficacy ligands are
often contradictory, complicated by differences in design and
interpretation. Several studies have shown that while formot-
erol induces desensitization to both bronchoprotection (Aziz
et al., 1998) and bronchodilation (Newnham et al., 1995), sal-
meterol does not (Ullman et al., 1990; Hanania et al., 2005).
Other studies show the opposite, with no tachyphylaxis to the
brochoprotective (FitzGerald et al., 1999) or bronchodilator
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(Steffensen et al., 1995; Lipworth et al., 1998) effects of formot-
erol, and a clear loss of responsiveness to salmeterol for both
bronchoprotection (Bhagat efal., 1995; Booth et al., 1996;
Drotar et al., 1998; Giannini et al., 2001) and bronchodilation
(Donohue et al., 2002; 2003; Tsagaraki et al., 2006).

Should we be surprised that all B, agonists appear to induce
a small degree of tolerance, irrespective of efficacy?

As discussed above, choosing agonist concentrations based
on similar occupancy levels is not representative of the clini-
cal situation. While Diiringer et al. (2009) have avoided this
issue by choosing equi-effective concentrations, they deter-
mined the degree of desensitization by re-challenging after
each agonist incubation with the same high-efficacy agonist
formoterol. This was presumably done as the subsequent sec-
ondary response to formoterol was robust, but it does not
necessarily mimic the situation in the clinic where the same
drug is administered in a chronic setting. This is important
because although low-efficacy agonists may cause less recep-
tor desensitization at equal occupancy, they require more
receptors to generate a subsequent response so will be more
sensitive to loss of functional receptors (Kenakin, 2006).
High-efficacy agonists, in contrast, may cause a greater loss of
receptors, but are more tolerant to this, as they have ‘spare
receptors’, resulting in a loss in potency but not necessarily
maximal effect. This is nicely exemplified by classic experi-
ments with alkylating agents that irreversibly block the
agonist binding site, permanently preventing them from
being activated (Fisher and Snider, 1987).

The balance between receptor desensitization and spare
receptors can be demonstrated using the Operational Model
of receptor function (Black and Leff, 1983), shown in
equation (1).
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In this model, the term 1 is used as a composite for efficacy
of an agonist in a particular tissue and can be further broken
down to describe the influence of intrinsic efficacy (Kz) and
receptor concentration in the particular system ([Rq]), as
shown in equation (2).

[Rr]
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Figure 1A,B shows a series of simulated concentration-
response curves using the Operational Model. The two ago-
nists have the same binding affinity (K, = 1 uM) but different
efficacies [K; = 100 (low-efficacy agonist) in A or 1 (high-
efficacy agonist) in B]. The family of curves illustrate the
potency and maximal response at different receptor levels
(Rr). As can be seen, mimicking desensitization by reducing
the receptor number reduces the response to both agonists,
but to different degrees, with the partial (low-efficacy) agonist
being more sensitive to loss of receptor than the high-efficacy
agonist. This is shown more clearly in Figure 1C, where the
response to an ECo concentration for each agonist (deter-
mined at Ry = 100, i.e. no loss of receptor) has been plotted
against percentage of receptors lost. This mirrors the situation
in the clinic where the dose is maintained for some time after
the first administration. As can be seen, the response of an
ECy concentration reduces more rapidly with the partial
agonist than with the high-efficacy agonist. For example, in
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Figure 1 Simulating the loss of response to agonists of different efficacy as receptors are removed from the system. The operational model
was used, K, was fixed at 1 uM and Rr was reduced from 100 to 0.1. (A) Simulates a low efficacy agonist, with Ke = 100. (B) Simulates a
high-efficacy agonist with K;= 1. (C) The effect of an ECo of each agonist (calculated where Rr=100) at different receptor numbers. Data were
normalized to percentage of the response at the ECgy where Ry = 100. (D) The influence of receptor loss on Epax.

order to achieve a 75% response, the partial agonist can only
tolerate a loss of 26% receptors, whereas the high-efficacy
agonist can lose up to 66% receptors. This difference is even
more marked when one considers the effect on maximal
response achievable by each agonist (Figure 1D). The
maximal achievable response to the partial agonist reduces
immediately upon loss of receptors, but the high-efficacy
agonist can tolerate up to 90% loss of receptor before any
effect is observed on the maximal response to the ligand.
Hence, dose escalation with the high-efficacy agonist will
result in a maintained response, even if 90% receptors are lost
from the system. Increasing the dose of the low-efficacy
agonist will not, however, gain any additional effect. While
this is only a simulation, it demonstrates the balance between
having sufficient efficacy to have spare receptors, but not so
much that you drive excessive desensitization. So although
there may be an optimal efficacy for airway smooth muscle
cells, where the balance between internalization and receptor
reserve is sufficient to limit functional tachyphylaxis, it is
likely that the degree of desensitization and number of spare
receptors will largely cancel each other out.

There is growing evidence that some agonists are able to
stabilize distinct receptor conformations that have different
efficacies for downstream effectors (Kenakin, 2005). For

example, an agonist may stabilize the receptor conformation
that activates a G protein effector, but not the receptor form
that is subject to phosphorylation or B-arrestin recruitment,
critical steps in the desensitization process of the receptor.
This is an attractive concept, as it opens up the potential for
generating drugs that fully activate the required pathways but
are not subject to the development of tolerance. It has
recently been suggested that salmeterol acts in such a manner,
being unable to induce the receptor state that recruits
B-arrestin (Moore et al., 2007). Whether this represents true
agonist-directed trafficking of receptor stimulus or just high-
lights the different degrees of receptor reserve for each
pathway in a given tissue has yet to be proved, but until then,
these new data from Diiringer et al. (2009) suggest that high-
efficacy agonists do not necessarily cause more functional
desensitization as was once believed.
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