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ABSTRACT 
G protein coupled receptors (GPCRs) exist each in multiple forms and 

aggregates distributed across various cell compartments, signaling along 

multiple pathways upon activation by agonists. In addition, pervasive 

ligand-free GPCR signaling also occurs with multiple functional states. I 

propose three distinct ligand-free receptor categories: first, low level 

slippage into active forms (‘spontaneous basal signaling’); second, 

‘acutely activated ligand-free signaling’ which sustains signaling after the 

agonist has dissociated from the receptor; and third, ‘sustained ligand-

free signaling’ that is regulated to sustain cellular responses. Studies of 

the µ opioid receptor differentiate these three receptor forms and suggest 

that continued agonist stimulation can lead to sustained ligand-free 

signaling with a role in opioid dependence. The serotonin 5HT2A receptor 

also appears to support ligand-free signaling of physiological and 

pharmacological relevance. Yet, systematic studies of distinct ligand-free 

receptor forms are scarce. Sustained ligand-free signaling can arise from 

various mechanisms, such as tethered extracellular peptide regions of 

GPCRs stabilizing an active receptor-G protein state, demonstrated with 

the glucagon-like peptide 1 receptor GLP1R. Accurate assays are needed 

to measure ligand-free signaling along specific pathways, localized to 

cellular sub-compartments. Neutral antagonists (no effect on ligand-free 

signaling) and inverse agonists (block ligand-free signaling) distinguish 

between the various forms of ligand-free signaling and can lead to distinct 

therapeutic applications, highlighted with opioid, serotonin, and peptide 

hormone receptors, targeting pain, depression and schizophrenia, and 

metabolic disorders. GPCR mutations that activate or suppress ligand-

free signaling reveal (patho)physiological functions, but genetic effects on 

distinct ligand-free receptor signaling pathways are largely unresolved. 

Clarifying ligand-free signaling pathways of GPCRs has the potential to 

uncover hidden disease risk factors and novel targets for therapeutic 

interventions.  
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Introduction 
This review focuses on the expanding field of ligand-free 
GPCR signaling, building on previous reviews 1,2. 
Emerging advances reveal novel insights into the 
diversity of ligand-free signaling, its physiological 
relevance, and therapeutic opportunities. 
 
Encoded by over 800 genes, GPCRs respond to diverse 
compounds, peptides, proteins, pH, mechanical stress, 
and photons, broadly regulating physiological functions 
and serving as the main drug target 3,4. Each GPCR can 
exist in multiple conformations and aggregates with 
diverse signaling pathways 5. As the activating stimulus 
conveys rather minute activation energy to the large 
receptor complex – for example the energy of a single 
photon – GPCRs are finely tuned to remain silent while 
responding to stimuli with high sensitivity. Yet, 
unstimulated GPCRs tend to slip into ligand-free active 
states or maintain sustained regulated ligand-free 
signaling, the extent of which varies for each receptor. 
Ligand-free GPCR signaling can have profound 
(patho)physiological functions 1,6,7, often revealed by 
gain-of function or loss-of function mutations 8. Several 
GPCRs display high ligand-free signaling as part of their 
biological functions, for example the growth hormone 
secretagogue receptor 1 (GHSR1) with ~50% of 
maximal signaling occurring in ligand-free form 9. For 
some GPCRs, such as the angiotensin II type 1 receptor 
(AT1), basal activity is difficult to detect but the 
membrane environment, interaction with autoantibodies, 
and mechanical stretch can increase ligand-free 
signaling 10. 
 
Studies of ligand-activated GPCR signaling has revealed 
extensive complexity of the involved signaling pathways. 
Existing in various signaling complexes, each GPCR can 
be activated or blocked by biased agonists or 
antagonists, to engage diverse signaling pathways, 
involving distinct G proteins, b-arrestins, and more 
11,13,14. For drug development, biased agonists are 

employed to engage only a desirable signaling pathway 
with improved efficacy or reduced toxicity. Spatio-
temporal bias introduces additional complexity to GPCR 
signaling demonstrated with the angiotensin receptor 
(AT1R), V2 vasopressin receptor (V2R), and β2-

adrenergic receptor (β2AR): preferential activation of G 

protein versus β-arrestin signaling changes over time 
upon receptor activation in step with receptor 
internalization into endosomal compartments 15. Ligand-
free signaling manifests itself also in different forms over 
time and cellular location for any given GPCR 16. Varying 
properties of ligand-free GPCRs can be detected and 
exploited with use of biased antagonists 11. While current 
genetics studies mostly address effects of mutations on 
the extent of overall ligand-free signaling, use of neutral 
antagonists and inverse agonists specific for a single 
pathway begins to unravel the biological relevance of 
each pathway separately.  
 

Distinct categories of ligand-free receptor 
signaling 
Most GPCRs display detectable ligand-free GPCR 
signaling, mostly of uncertain physiologic function, 
detectable with the opposing actions of neutral 
antagonists (do not block basal signaling) and inverse 
agonists (block basal signaling). Only a limited number 
of studies has addressed distinct ligand-free signaling 
receptor forms, supporting an equilibrium between three 
categories of active ligand-free receptor states. Each of 
these categories can exist in several sub-states 
determined by cellular location and composition of the 
receptor aggregate including accessory proteins, lipids, 
and various allosteric modulators (Fig. 1) 1,2. The resting 
RO form can spontaneously slip into a ligand-free active 
state termed R*, with poorly defined function. This type 
of signaling is often observed with GPCRs transfected 
into donor cells at high levels, overcoming the barrier 
imposed on spontaneous activation. Whether and how 
this slippage has physiological relevance remains 
unknown for most receptors. 

 

 
Figure 1. Model of distinct ligand-free states of a GPCR. All states are assumed to interconvert among each other 
at rates that fluctuate with the cellular environment and external stimuli. Receptor activation by an agonist can result in 
acutely activated R** if the ligand-free receptor continues signaling after agonist dissociation. 
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Agonist binding leads to a ternary agonist-receptor-G 
protein or b-arrestin complex – typically considered the 
active GPCR state 17. However, activation of receptor 
signaling triggers profound changes in the composition 
and cellular location of the receptor complex, which can 
result in loss of high agonist affinity, agonist dissociation, 
and continued ligand-free receptor signaling 18 - defined 
here as the acutely activated R** state (Fig. 1). Duration 
of R** signaling can be a main factor in determining the 
time course of drug response 1. Spontaneously activated 
R* and agonist-activated R** can be differentiated with 
use of biased antagonists 11. For example, naloxone and 
naltrexone act as neutral antagonist at the 
spontaneously signaling ligand-free µ opioid receptor 
(MOR*) but as inverse agonists at the acutely agonist- 
generated MOR** and the sustained active MOR*** 
forms which continue signaling after agonist dissociation 
2,19. Many GPCRs display substantial sustained ligand-
free receptor signaling by R***, a process under cellular 
regulation endowed with physiological functions, and a 
novel target for therapeutic interventions. Continued 
agonist stimulation can be one factor regulating the level 
of R*** signaling, for example, elevating sustained µ 
opioid receptor by MOR*** as a factor in opioid 
dependence (reviewed in 1). Agonist pretreatments 
followed by washout generating R*** forms also changes 
antagonist efficacy (inverse agonism, neutral 
antagonism, and weak agonism) at the ligand-free forms 
of the ∆ and κ opioid receptors 19,20. Continued receptor 
signaling after agonist activation and dissociation may 
be a general phenomenon of GPCRs with profound 
physiological and pharmacological implications, 
illustrated further below with opioid and serotonin 
receptors.  
 
Just as orthosteric agonists have the capacity to convert 
silent RO into ligand-free signaling R**, allosteric ligands 
can stabilize distinct receptor forms and affect their 
equilibrium. A positive allosteric modulator can maintain 
MOR in a fully activated conformation, determined by 
cryogenic electron microscopy 21. In contrast, a negative 
allosteric modulator is shown to stabilize a silent MOR 
conformation, and by binding adjacent to naloxone, 
enhances naloxone’s potency while reducing withdrawal 
behavior in morphine dependent mice 22. Both 
orthosteric and allosteric ligands need to be studied for 
their ability to shift the equilibrium between ligand-free 
receptor forms (Fig. 1), with potential for enhanced 
therapeutic opioid management. The proposed 
accelerated conversion of sustained ligand-free µ opioid 
receptor (MOR***) signaling back to the resting state 
MORO by 6β-naltrexol, proposed to reverse opioid 
dependence 2, serves as an example for novel therapies 
through modulation of receptor state equilibria. Select 
GPCRs will serve here to illustrate the relevance of 
agonist-activated and sustained ligand-free GPCR 
signaling (R** and R***, respectively). 

 

Agonist-activated ligand-free receptor 
signaling (R**): implications for agonist 
potency  
Experimental documentation of continued R** signaling 
after agonist dissociation came unexpectedly from 
interactions involving retinal covalently bound to 
rhodopsin. When retinal dissociates from rhodopsin, the 
ligand-free rhodopsin-G protein complex continues to 
signal, allowing covalent rebinding of retinal over several 
cycles 18. This cycle can be interrupted by inverse 

agonists, which could thus serve to treat retinitis 
pigmentosa caused by activating mutations of the 
rhodopsin gene 18.  
 
Beyond the rhodopsin example, little direct evidence 
documents continued ligand-free R** signaling after the 
agonist dissociates. Nevertheless, pharmacological 
effects unaccounted for by common receptor models 
make a compelling case for a key role of R** in the 
immediate response to agonists, potentially applicable to 
many GPCRs. If the rate of agonist dissociation is faster 
than the decay rate of active R**, ligand-free R**can 
become the main receptor form mediating the response 
to an agonist, while also accounting for extreme potency 
1,2. The ultrapotent µ opioid receptor (MOR) agonist 
etorphine displays an EC50 of ~0.1 mg/kg for 
antinociception in rats; this dose delivers enough 
molecules to the brain to occupy only 2% of available 
MOR sites 23. In addition, the in vivo dissociation from 
MOR is fast (t1/2 50 sec versus >30 min in vitro), while 
circulating drug levels rapidly decline 23. These results 
support the hypothesis that etorphine serves as a trigger 
generating MOR**, while rapidly dissociating and 
rebinding to activate more receptors, thereby, account 
for the exceptional potency of etorphine. When 
measured in MOR-transfected cells, opioid agonist-MOR 
dissociation rates are rapid for morphine, DAMGO, and 
fentanyl 24. Yet, the in vivo potencies of opioid agonists 
such as morphine and fentanyl are much higher than 
expected from in vitro studies 24, likely a results of the 
same trigger mechanism described for etorphine, 
requiring only low receptor occupancy. The inability of 
morphine even at lethal doses to fully displace opioid 
antagonist tracers from MOR in vivo further supports a 
key role of ligand-free MOR** signaling, having low 
affinity for agonists but high affinity for antagonists 25. It 
remains to be determined what role R** plays with 
GPCRs in general. 
 
The same mechanism implicated for etorphine at MOR 
could also account for the extreme potency of lysergic 
acid diethylamide (LSD), which causes hallucinations at 
or above 30 mg per dose in humans 26, capable of 
reaching only low occupancy at its target receptor 5HT2A. 
LSD displays high affinity binding to a 5HT2A-G protein 
complex, with long dissociation half-lives 27,28. As 
suggested for etorphine, its extreme potency in vivo 
could result from rapid dissociation while signaling 
continues, with rapid rebinding to inactive receptors, 
triggering a robust overall response even at low receptor 
occupancy.  
 

Several GPCRs display high ligand-free signaling, for 
example growth hormone stimulation receptor (GHSR1) 
(~50% of maximum signaling capacity) 29 or are 
maintained in the active ligand-free states by portions of 
their extracellular regions reaching towards the binding 
pocket. The protease activated GPCR family acquires an 
intrinsic tethered agonist ligand by proteolysis of the N-
terminus 30, while several peptide hormone receptors are 
sustained in an active ligand-free conformation coupled 
to Gs by allosteric actions of their extracellular loops 
without an orthostatic ligand 31, presumably in a 
sustained R*** state further discussed below.  
 
Upon activation at the cell membrane, GPCRs can 
internalize into cellular compartments, mostly after 
agonist dissociation. As a result, polar GPCR ligands 
such as biogenic amines, glutamate, and peptides do not 



Ligand-Free Signaling of G Protein Coupled Receptors 

© 2024 European Society of Medicine 4 

have access to the cell’s interior unless membrane 
transporters facilitate entry 32. The role of intracellular 
ligand-free GPCR signaling captures increasing 
attention, for example regarding 5HT2A 33.  
 

Ligand-free receptor signaling (R**): neutral 
antagonist and inverse agonist effects 
Antagonists of varying efficacy reveal the presence of 
ligand-free GPCR signaling (Fig. 2). Endogenous GPCR 
antagonist such as Agouti polypeptide at melanocortin 
receptors 34 and Leap2 at growth hormone secretagogue 

receptor (GHSR1) 35 act as inverse agonists, implicating 
a physiological role of ligand-free signaling that is under 
regulatory control. 
 

Upon activation at the cell membrane, GPCRs can 
internalize into cellular compartments, mostly after 
agonist dissociation. As a result, polar GPCR ligands 
such as biogenic amines, glutamate, and peptides do not 
have access to the cell’s interior unless membrane 
transporters facilitate entry 32. The role of intracellular 
ligand-free GPCR signaling captures increasing 
attention, for example regarding 5HT2A 33.  

 

 
Figure 2. GPCR signaling response. A ligand’s efficacy can range from full agonist to inverse agonist. Ligand-free 
signaling (at 0) can vary with cellular conditions. In the case of MOR, Ntx is a neutral antagonist at MOR* but an inverse 
agonist at MOR** and MOR***. Its major metabolite 6BN is neutral at all three ligand-free signaling states of MOR. 
 
As each receptor state shown in Figure 1 can exist in 
distinct configurations, one can expect that any given 
antagonist can have different efficacy at each form. 
Whereas naloxone and naltrexone are neutral 

antagonists at spontaneous basal  opioid receptor 
(MOR*) signaling but inverse agonists at MOR** and 

MOR***, 6-naltrexol is a neutral antagonist at all three 
MOR forms 19. Similar results have been documented 

with various antagonist at the  and  opioid receptors 
stimulated by their respective agonists before testing 
ligand-free receptor signaling 19,36. For example, 

naloxone turns into an inverse agonist at the  opioid 

receptor 19,36, and 6-naltrexol is neutral before agonist 

treatment of the  opioid receptor but turns inverse after 

 agonist stimulation, whereas naltrexone remains 
neutral 19, with as yet undetermined pharmacological 
consequences. 
 
The distinct receptor interaction of naltrexone compared 

to 6-naltrexol can account for dramatic differences in 

antagonist potency at the  opioid receptor (MOR), 

documented in animal studies. Even though 6-naltrexol 
has near equal affinity to MOR compared to naltrexone, 
it is ~100-fold less potent in both blocking morphine 
antinociception and causing withdrawal in opioid-

dependent rhesus monkeys 37, even though 6-naltrexol 
readily penetrates the blood-brain-barrier in this species 
(J. Oberdick, unpublished data). This discrepancy could 
have resulted from the inverse activity of naltrexone at 
acutely activated ligand-free MOR** without any 

competition with the agonist, whereas 6-naltrexol does 
not block MOR** signaling but can block receptor 
activation only in competition with the agonist at resting 
MORO. This large potency difference implicates MOR** 
as the main receptor form carrying out the response to 
the agonist trigger. Potency differences between neutral 
antagonists and inverse agonists should be assessed for 
each GPCR separately. 
 

Endowed with substantial ligand-free signaling, the 
cannabinoid-1 receptor (CB1R) is targeted with 
antagonists to reduce drug taking behaviors, but clinical 
trials with the inverse agonist rimonabant were 
abandoned because of excessive toxicity 37. Testing the 
neutral CB1R antagonist AM6527 in an animal model of 
cocaine self-administration proved effective while 
lacking adverse effects 38, exemplifying the need to 
consider antagonist efficacies.  
 

As ligand-free signaling by each GPCR can involve 
multiple receptor conformations, antagonists could 
display distinct properties at each sub-from (biased 
antagonism) 11. This question was tested on signaling 
pathways of the serotonin receptor 5HT2A. Enhanced 
ligand-free signaling is implicated in schizophrenia, since 
the antipsychotic ketanserin has been identified as an 
inverse agonist at 5HT2A, a property thought to contribute 
to its superior efficacy compared to neutral 5HT2A 
antagonists 39. Muneta Arrate et al. 40 determined 
efficacy of several 5HT2A antagonists in activating or 
blocking G protein signaling (Gi1-3, Go, Gq/1) by ligand-
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free 5HT2A in post mortem human brain cortex, showing 
that each of the tested antipsychotic drugs displays a 
distinct efficacy profile at each signaling pathway. For 
example, altanserin and pimavanserin displayed inverse 
agonism at Gi1 but neutral antagonism at Gq/11, the 
former implicated in agonist-mediated hallucinogenic 
effects and the latter in memory effects 41. However, 
Wallach et al. 42 contend that a threshold level of Gq 
activation is required to induce psychedelic-like effects. 
Use of BRET analyses of interactions between 5HT2A 

with various G protein and -arrestin enabled fingerprint 
classification of antipsychotic drugs 43, supporting the 
notion that Gi1 signaling is a target of further 
antipsychotic drug development. However, these studies 
were done in transfected cells without agonist 
pretreatment that could have altered antagonist efficacy 
as shown for opioid receptors. Also, it remains uncertain 
whether these studies target ligand-free 5HT2A states at 
the plasma membrane or endosomal compartments, 
reflecting possible spatio-temporal antagonist bias. 
Nevertheless, these results begin to address a critical 
open issue, namely, the properties of various ligand-free 
receptor states. Similar studies are needed at other 
GPCRs with relevant ligand-free signaling to guide drug 
development. 
 

Sustained ligand-free receptor signaling 
(R***): regulation and physiological 
implications 
Multiple GPCRs display substantial R*** signaling, often 
involving intracellular sites after agonist activation of 
surface receptors followed by receptor internalization 1. 
Sustained high ligand-free signaling is physiologically 
relevant, demonstrated with opioid receptors, growth 
hormone secretagogue receptor 1 (GHSR1), 
melanocortin receptors, and more 44. For example, 
continuous signaling of GSHR1 is required to sustain 
growth in early childhood 45. Yet, little is known about the 
equilibration process between RO and R*** receptor 

states (Fig. 3). As GPCRs tend to heterodimerize with 
multiple other GPCRs, receptors with sustained high 
R*** signaling can convey their active status to 
heterodimeric GPCR partners, for example GHSR1 to 
dopamine receptors D1 and D2, melanocortin receptor 
3, cannabinoid receptor B1, and serotonin receptor 5-
HT2C 46. This process spreads ligand-free R*** signaling 
across many GPCRs, generating a complex network of 
physiological relevance.  
 

 
Figure 3. GPCRs in resting state (RO) in equilibrium with a sustained regulated ligand-free signaling state (R***). R*** 
can have profound physiological effects, but regulation and interconversion with RO is poorly understood. 
 

The sustained ligand-free signaling state of the  opioid 
receptor (MOR***) is thougth to be a driving force for 
opioid dependence (reviewed in 2). Whereas the neutral 

antagonist 6-naltrexol binds to but does not block R*** 
signaling, it gradually and potently appears to accelerate 

reversal to the resting MORO state (2). Thereby, 6-

naltrexol suppresses opioid dependence, possibly 

accounting for 6-naltrexol’s exceptional potency of 
reversing the opioid dependent state in rodents without 
blocking analgesia nor causing withdrawal 2. This 
reversal of receptor states was directly demonstrated in 

rat peripheral nociceptors expressing silent  opioid 
receptors (MORO) which is activated to ligand-free 
sustained signaling (MOR***) by inflammatory stimuli 47. 
Unexpectedly, the inverse agonist naltrexone alone 
caused silent MORO conversion to active MOR*** in 
peripheral nociceptors 47, even though inverse agonists 
are thought to lock the receptor into the silent RO state - 

this assumption may need to be revisited. In contrast, the 

neutral antagonist 6-naltrexol reversed ligand-free 
MOR signaling back to the silent MORO 46. Similarly, 

pretreatment of  opioid receptor-transfected HEK293 
cells with its inverse agonist ICI17486 increased 
receptor/G protein coupling, characteristic of an 
enhanced activity state, turning the inverse antagonist 
naloxone into a partial agonist 20, opposite to the effect 
of agonist pretreatment 19,36. Beyond these example, 
little is known about what cellular factors and ligands 
regulate the equilibrium between RO and R*** of GPCRs, 

as quantitative studies are still lacking. These results 

indicate that agonist receptor stimulation leads to 
incremental increases of sustained ligand-free receptor 
signaling - requiring further studies for other GPCRs as 
well. 
 
Many GPCR ligands cannot readily penetrate cell 
membranes so that intracellular ligand levels are low. 
Yet, many GPCRs are present in intracellular locations 
and most internalize after agonist-activation, often in 
ligand-free form after agonist dissociation. For example, 
the type I metabotropic glutamate receptor mGLUR5, a 
target for developing autism spectrum disorder therapies 
48, resides largely intracellularly in neurons 49, likely 
endowed with ligand-free signaling since glutamate does 
not readily enter the cells. To study glutamate activation 
of internalized metabotropic receptors in cell culture, a 
glutamate transporter had to be co-transfected 32. The 

adrenergic receptor 1 also displays ligand-free 
signaling with intracellular locations where epinephrine 
has access only with co-transfection of a membrane 
transporter 50. Irannejad et al. 51 argue that intracellular 
GPCRs have distinct signaling properties and propose 
the term location bias, further showing that that currently 
used β-blockers differ markedly in access to and ability 
to antagonize Golgi signaling. Clinical relevance of these 
findings remains to be clarified. 
 
For some GPCRs, the extracellular loops and C-
terminus function as internal, masked or open, covalent 
ligands or as allosteric factors stabilizing an active G 
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protein coupling state, creating sustained signaling of 
ligand-free receptors (reviewed in 1). Protease activated 
receptors PAR1-4 are permanently activated by 
proteolysis of the extracellular N terminus 31. Even if the 
local concentration of a tethered ligand is high, the active 
signaling process could reduce binding affinity of the 
tethered agonist and permit inverse agonist or allosteric 
modulators to shut down signaling or alter signaling 
pathways 29.  
 
Three peptide hormones receptors offer further insight 
into protracted ligand-free signaling. Involved in glucose 
homeostasis, glucagon-like peptide-1 (GLP-1), glucagon 
(GCG), and glucose-dependent insulinotropic 
polypeptide (GIP) activate signaling cascades of their 
cognate receptors GLP1R, GCGR, and GIPR, 
respectively 52, therapeutic targets for type 2 diabetes 
and obesity. Ligand-free signaling of all three receptors, 
including signaling from intracellular sites, has been 
shown to enhance glucose-induced insulin secretion 53, 

demonstrating its physiological relevance. A -arrestin 1 
complex with the glucagon receptor GCGR has been 
shown to form a complex with G protein promoting 
sustained ligand-free signaling in endosomes 54. Cong et 
al. 52 used cryo-electron microscopy to demonstrate for 
all three receptors the formation of a receptor state 
induced by Gs binding and stabilized with binding of their 
extracellular loop regions acting as allosteric ligands, 
resembling that of the ternary peptide agonist-receptor-
G protein complex presumed to be the active receptor 
form. Since these peptide hormones are highly potent 
agonists and are mobilized when metabolic conditions 
change, it is possible that sustained ligand-free signaling 
of receptor forms is a key part of their duration of action, 
with implications for optimal dosing regimen.  
 
A role for extracellular loop regions stabilizing active 
ligand-free receptor forms was also demonstrated for 
orphan receptor GPCR52 55 and adhesion receptor 
ADGRG5 31, suggesting a rather common mechanism 
maintaining R*** activity. The regulation of sustained 
ligand-free signaling involves multiple mechanisms, 
including internal allosteric and orthosteric ligands, 
diverse cellular components, and homo- and hetero-
oligomerization between GPCRs 5,12,14,56, all applicable 
to agonist activated receptor signaling while explored in 
much less detail for ligand-free receptor forms. 
 

Endogenous antagonists of ligand-free 
signaling GPCRs 
Endogenous antagonists play a role in controlling ligand-
free signaling of several GPCRs, including melanocortin 
receptors MCR1,3,4 34,57, growth hormone secretagogue 
receptor GSHR1a 35, and interleukin 1 receptor IL1R1 58. 
The anti-inflammatory IL1R1 antagonist peptide of 
IL1RN is physiologically and therapeutically relevant to 
the pathogenesis of both acute and chronic inflammatory 
diseases 58. The Agouti signaling peptide ASIP targets 
the melanocortin-1 receptor MCR1, interfering with 
pigmentation 34, while Agouti related neuropeptide AGRP 
block of MCR4 leads to obesity and late onset 
hyperglycemia 59. Both Agouti peptides are inverse 
agonists, highlighting the relevance of ligand-free 
receptor signaling.  
 
The hormone ghrelin activates the growth hormone 
secretagogue receptor 1a (GHSR1a), whereas the 
protein LEAP-2 serves as an inverse agonist of 

GHSR1a, blocking ghrelin's effects on food intake and 
hormonal secretion 35. The LEAP-2/ghrelin molar ratio in 
blood increases with food intake and obesity affecting 
energy intake. Both proteins are circulating in minute 
quantities, highlighting their role in potently regulating 
sustained ligand-free GHSR1a. A systematic genome-
wide search for endogenous GPCR antagonist will likely 
reveal more such examples with therapeutic 
implications. 

 

Sustained ligand-free receptor signaling of 
the serotonin 2A receptor (5HT2A) 
Agonist activation leading to a transient active ligand-
free receptor state (Fig. 1) is one likely regulatory factor 
that subsequently elevates sustained ligand-free 

signaling, as proposed for the  opioid receptor driving 
dependence 2,60. One would expect long-lasting effects 
of low agonist doses that go beyond the initial receptor 
trigger. The serotonin 5HT2A receptor could transition 
from an acutely agonist-upregulated R** state to a long-
lasting ligand-free R*** signaling state, largely with 
intracellular location, leading to enhanced sustained 
ligand-free R*** signaling. Sustained effects of one or a 
few doses of hallucinogens such as lysergic acid 
diethylamide (LSD) or psilocybin, presumably acting 
intracellularly via 5HT2A-G protein signaling 33, can result 
in persistent growth of dendritic spines, enhanced 
neuroplasticity 33,61, and neurological effects lasting for 
several days long after the drugs are largely eliminated. 
A low dose of LSD (26 µg) given to individuals with 
depressive symptoms results in positive mood and 
stimulant-like effects and reduces depression scores 
48h after dosing 26. A single dose of psilocybin 
(25mg/70kg) alters emotions and brain function for up to 
one month 62.  
 
These hallucinogenic compounds are also under study 
for treating depression, which could involve a pathway 
from intracellular 5HT2A signaling to tyrosine kinase B 
(TRKB) as target 63, while direct binding to TRKB has 
also been invoked 64. Endogenous serotonin metabolites 
such dimethyltryptamine exist intracellularly at low 
concentrations, with low potency as hallucinogens. 
Nevertheless, they have been proposed to represent 
intracellular endogenous regulators of 5HT2A 65, possibly 
by upregulating ligand-free receptor signaling. 
Microdosing of psychedelics at doses below those 
causing hallucinations has been applied to treat various 
mood disorders including depression 66. Possibly, sub-
acute levels of hallucinogens sufficiently enhance 
sustained ligand-free serotonin receptor 5HT2A signaling 
to yield lasting therapeutic benefits. Experimental 
studied are needed to test these hypothesis. Inverse 
5HT2A agonists targeting the involved signaling pathway 
would be expected to block these effects. It remains 
unknown whether neutral 5HT2A antagonists can 
accelerate reversion of the sustained ligand-free 
signaling state to the silent receptor state as proposed 

for the neutral MOR antagonist 6-naltrexol.  
 

Genetics of ligand-free GPCR signaling 
The purpose of this review is not to cover this broad topic 
comprehensively, but rather to address the question 
what can be learned about the functions of innate ligand-
free GPCR signaling. Both gain- and loss-of-function 
mutations affecting ligand-free GPCR signaling can 
reveal physiological or pathophysiological relevance. 
Yet, it remains mostly unknown what specific signaling 
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pathways are affected, or whether a mutation affects 
only ligand-mediated or ligand-free signaling, or both. 
 
Multiple reviews and large databases document a wealth 
of information on GPCR mutations 3,7,8,66-68. Main topics 
address cancers, often associated with gain-of-function 
driver mutations 69-71. Among the ~800 GPCRs, 
mutations in at least 55 GPCR genes cause 66 inherited 
monogenic diseases in humans, involving classic gain- 
or loss-of-function variants 8. In addition, multiple 
mechanisms can result in pathophysiological conditions, 
including biased signaling, ectopic expression, gene 
fusion, and gene dosing 8. GPCR variants further can 
disrupt ligand binding, G protein coupling, receptor 
desensitization and receptor recycling, while gain-of-
function variants can result in biased signaling or 
constitutive ligand-free activity 7, 72. For example, 
activating and inactivating variants of the calcium 
sensing receptor gene CaSR cause familial 
hypocalciuric hypercalcemia and autosomal dominant 
hypocalcemia, respectively, treatable with calcimimetics 
and calcilytics 7,73. In silico alanine-scanning mutations 
of GPCRs demonstrates the fluid nature of 
intramolecular thermodynamic interactions between the 
receptor’s structural elements, revealing underlying 
mechanisms of disease causing GPCR mutations 16.  
 
Among pertinent examples, loss of ligand-free signaling 
of the growth hormone secretagogue receptor GSHR1a 
has been associated with familial short stature 45. For 
example, the A203E mutation of GHSR1a ablates 
ligand-free signaling leading to short stature in human 
carriers 74. Nevertheless, the mutant receptor still 
responds to ghrelin activation, but ghrelin fails to affect 
food intake in mice 74. One might conclude that either the 
acute ghrelin signaling response differs from that of 
ligand-free GHSR1a signaling, or the latter is an integral 
part of the combined innate and agonist-dependent 
response. In another example of a basally active GPCR, 
the thyroid-stimulating hormone receptor (TSHR), 
‘inverse agonist’ TSHR mutations not only lower basal 
activity but also attenuate agonist-induced signaling, with 
pathogenic consequences 75. An immune checkpoint in 
the tumor micro-environment and an emerging target for 
cancer treatment, the adenosine A2A receptor (A2AAR) 
features multiple cancer-associated gain-of-function 
mutations that are immunosuppressive in the tumor 
micro-environment 76. Scanning the Genomic Data 
Commons (GDC) yielded 15 tumor associated A2AAR 
mutants that were expressed in HEK293T cells for 
testing the potency of antagonists 76, supporting drug 
development. Detailed analyses of the ligand-free 
signaling pathway(s) and their cellular location are 
needed to reveal the impact of GPCR mutations. 
 
Genetic factors can alter ligand-free GPCR signaling by 
multiple mechanism other than directly through GPCR 
variants themselves. Allosteric factors, lipids, proteins 
associated with the multicomponent receptor complex, 
membrane potential, and endogenous antagonist 
peptides all impinge on the formation and stability of 
ligand-free GPCR signaling. These indirect factors 
modulating ligand-free GPCR signaling can be 
addressed by measuring ligand-free signaling in a 

sufficiently large number of subjects with available 
genomic information. Thereby, genome-wide association 
studies could serve to discover hidden genetic variants 
indirectly affecting GPCRs that impinge on ligand-free 
signaling.  
 

Conclusions 
This review highlights a pervasive role of ligand-free 
signaling of GPCRs, providing a roadmap to further 
studies, and revealing novel therapeutic opportunities 
beyond those afforded by typical GPCR ligands. 
Numerous publications already address diverse aspects 
of ligand-free signaling; yet, critical gaps remain to be 
resolved. Whereas the multifaceted structure and 
function of each GPCR with bound agonist or antagonist 
have been thoroughly investigated, much less is known 
about the diversity of ligand-free signaling states for 
each GPCR individually. Key factors determining these 
states include spatial and temporal events that lead to 
new functions (spatio-temporal bias) dependent on 
membrane-bound and intracellular locations. 
 
To address these gaps, new methods are needed to 
measure quantitatively ligand-free signaling over time, 
including cellular location and receptor complex 
composition including signaling proteins (such as G 
proteins and arrestins). The analysis of serotonin 
receptor 5HT2A signaling with neutral antagonists and 
inverse agonists provides a roadmap for developing 
quantitative assays for individual signaling pathways 
40,43. Phenotypic in vivo effects of inverse agonists could 
also serve as downstream measures of ligand-free 
receptor signaling, for example, naloxone withdrawal 
symptoms as a surrogate measure of ligand-free 

 opioid receptor signaling.  
 
Once ligand-free signaling can be measured accurately 
over time, open questions about treatment outcomes 
can be resolved, for example, the long-lasting effects of 
psychedelic drugs 26,33,65 that may result from sustained 
serotonin receptor 5HT2A signaling. For receptors with 
known functional ligand-free signaling, such as growth 
hormone secretagogue receptor GHSR, one should ask 
whether continuous or sporadic agonist treatments are 
more effective, with agonists serving as trigger 
regulating acute and long-term ligand-free receptor 
activation. As to genetics, GPCR mutations affecting 
ligand-free signaling should be assessed for differential 
effects on the spectrum of receptor states, revealing 
novel phenotypic associations. Genome-wide 
association studies (GWAS) can further reveal hidden 
variants that affect ligand-free GPCR signaling. Overall, 
resolving diverse aspects of ligand-free GPCR signaling 
has the potential to reveal novel physiological functions 
and therapies. 
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