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The chronic character of chemogenetics has been put forward as one of the assets of the technique, particularly in

comparison to optogenetics. Yet, the vast majority of chemogenetic studies have focused on acute applications, while

repeated, long-term neuromodulation has only been booming in the past few years. Unfortunately, together with the rising

number of studies, various hurdles have also been uncovered, especially in relation to its chronic application. It becomes

increasingly clear that chronic neuromodulation warrants caution and that the effects of acute neuromodulation cannot be

extrapolated towards chronic experiments. Deciphering the underlying cellular and molecular causes of these

discrepancies could truly unlock the chronic chemogenetic toolbox and possibly even pave the way for chemogenetics

towards clinical application. 
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1. Introduction

Neurobiology research has undoubtedly been revolutionized following the introduction of opto- and chemogenetics. The

breakthrough of targeted neuromodulation started with the introduction of optogenetics by the Deisseroth lab in 2005 and

the proclamation of this technique as the “Method of the Year” in 2010 by Nature . Optogenetics finds itself at the

intersection of various disciplines, i.e., virology, genetics, biochemistry, and biology. It combines targeted expression of a

light-sensitive modulator, via viral vector or transgenic approaches, with photo stimulation—typically achieved via an

optical fiber connected to an external laser—to attain targeted control of specific cellular populations in an in vivo setting.

A few years later, chemogenetics has been pushed forward as an alternative technique to optogenetics, replacing optics

(light sensitive modulators and light stimulation) with pharmacology (drug sensitive modulators and drug stimulation). The

use of chemogenetics was spearheaded after the introduction of DREADDs (Designer Receptors Exclusively Activated by

a Designer Drug) in 2007 by the Roth lab . As the acronym implies, DREADD is an umbrella term encompassing a

group of genetically engineered G protein-coupled receptors (GPCRs) that have an altered ligand responsiveness.

DREADDs are unresponsive to their native, endogenous ligands, but are instead exclusively switched on by engineered

drugs . For example, the DREADD prototypes hM3Dq (stimulatory) and hM4Di (inhibitory) are no longer activated by

acetylcholine, yet hijacked to respond to the drug clozapine-N-oxide (CNO) . Briefly, hM3Dq activation triggers the

phospholipase C cascade, causing the release of intracellular calcium and membrane depolarization. On the other hand,

hM4Di inhibits the adenylyl cyclase cascade and activates inward rectifying potassium channels, leading to membrane

hyperpolarization . Yet, many other DREADD receptors exist, such as hM3Ds and rM3D; or KORDi, which is

activated by salvinorin B instead of CNO .

2. The DREADD Actuator CNO

A prototypical DREADD experiment includes the use of the archetypal DREADD ligand CNO, yet this also represents one

of the most frequently stated critiques on the platform. Evidence suggests that not CNO, but its parent metabolite

clozapine, permeates the blood–brain barrier and is the actual DREADD activator in many laboratory animals, including

rodents . Clozapine is a therapeutically approved antipsychotic drug that, when present at high levels, binds to a

variety of endogenous receptors with well-known effects on animal behavior . Since the majority of reports employ

DREADDs in behavioral studies, such off-target effects can easily confound the study results. Nonetheless, low doses of

CNO (≤3 mg/kg bodyweight) are reported to result in subthreshold clozapine concentrations that are unlikely to bind with

endogenous receptors, as the affinity of clozapine for DREADDs is much higher . Although many studies

demonstrated the absence of behavioral off-target effects induced by CNO or back-metabolized clozapine in animals

without DREADD expression , other ligands have been developed to overcome this concern—e.g.,

olanzapine , perlapine , compound 21 , deschloroclozapine , and JHU37160/152 . The absence of off-target

effects of these new generation of DREADD actuators also remains to be demonstrated. Although the number of studies

including other DREADD ligands is rising, CNO is still by far the most used DREADD activator, even in chronic DREADD
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studies, in spite of all critiques. Whether this is related to the superiority of CNO as DREADD actuator; to its commercial

availability; or to the inertia of scientific practice, i.e., the risk-averse option to stick to the most widely used and

conventional method, is not clear. This led to the consensus that, regardless of the chosen DREADD actuator, findings of

a DREADD study are not discounted when employing a well-considered, rigorous experimental design with proper control

experiments and tailored dosing of the DREADD actuator.

One remaining question is whether clozapine should be administered as DREADD actuator instead of CNO. This could

avoid variations in CNO-to-clozapine conversion, thus offering a better control of clozapine dosing . However, in

applications in which prolonged DREADD activation is required, CNO metabolism could offer some advantage as it steers

a gradual production of clozapine, possibly extending the time span of neuronal manipulation . Yet, repeated CNO

administrations could also cause clozapine accumulation, reaching clozapine doses that are too high to avoid non-

DREADD related side effects . To draw definite conclusions, this matter should be studied in more detail.

Although DREADDs form the leading chemogenetic platform, other approaches were also developed , such as the

pharmacologically selective actuator/effector module (PSAM/PSEM) tool. This platform is not based on GPCR signaling,

but instead hijacks ligand-gated ion channels . Due to the ionotropic mechanism of action, the PSAM/PSEM

platform leans more towards optogenetics, also in terms of the timescale of neuromodulation, i.e., ±30 min of neuronal

activation upon stimulation . Just as CNO, the PSEM ligand suffers from a number of flaws, primarily the need of

high concentrations to achieve adequate in vivo efficiency and its short half-life . Recently, so-called ultrapotent

PSEM (or uPSEM in short) ligands were developed . These ligands are highly effective at low doses and show great

brain penetrance upon systemic administration in both mice and nonhuman primates, therefore showing great promise for

future clinical applications.

3. Cell Specificity

The ability to specifically modulate a single cell population whilst leaving the others unaffected offers key benefits to the

neuroscience research field and can be accomplished by the DREADD platform. The most popular route to administer the

DREADD ligand is via intraperitoneal/subcutaneous injection(s); yet, given the need for repeated ligand administration in

chronic experiments, other systemic administration routes were introduced as well. Examples include adding the designer

drug to drinking water or food pellets , micropipette-guided oral administration , use of eye drops , or

implanted minipumps . Although one could opt for non-systemic, yet more invasive, ligand delivery routes such as

the use of intracranial cannulae  or magnetoliposomes , most chemogenetic studies still apply a systemic and non-

invasive administration, which implies that the DREADD construct should be specifically targeted to the cell population of

interest. The DREADD construct is typically introduced via vector-mediated delivery with cell-type specific promotors,

usually packed within adeno-associated viral vectors (AAVs). Upon diffusion of the vector to connected regions, off-target

expression of the chemogenetic modulators can occur, which can be disadvantageous upon systemic administration of

the DREADD ligand. Vector diffusion can, however, be limited by optimizing the vector’s serotype, titer, and injection

volume . Alternatively, to avoid off-target expression, recombinase strategies such as Cre-Lox, FLP-FRT, or Tet

expression systems can be employed . Another option to insert the DREADD modulators into the genome is

via DREADD-expressing transgenic mice, with or without recombinase approaches. Currently, there are 19 chemogenetic

mouse lines commercially available at the Jackson Laboratory (https://www.jax.org/research-and-

faculty/tools/optogenetics-resource, accessed on 2 December 2021). Of note, the recombinase strategies can suffer from

“leaky” expression, i.e., expression in the absence of the recombinase . This is most certainly troublesome in

transgenic mouse lines, in which the DREADD construct could have been inserted in the entire central nervous system

and even in peripheral tissues, which makes it fundamentally difficult to exclude the effects of possible leaky expression

on the study results. As such, localized viral vector injections still render an additional layer of specificity as compared to

transgenic approaches .

4. Lack of Fundamental Knowledge of Chronic DREADD Neuromodulation

Despite the fact that DREADDs were introduced more than a decade ago, their chronic use was largely unexplored until

the past few years. A major advantage of chronic chemogenetic experiments is that it empowers long-term and

longitudinal studies. Given the simplicity and availability of the DREADD platform, researchers adopted this plug-and-play

tool in chronic experimental designs without first scrutinizing the underlying cellular and molecular actions of chronic

neuromodulation. Skipping the molecular basis of chronic neuromodulation and directly probing its effect on behavioral

readouts was a long shot. This is underscored by studies comparing results obtained from acute and chronic DREADD

applications. Although some of those experiments show a similar level of neuronal activity or behavioral outcomes ,

many others report null or antagonistic effects upon continuous DREADD activation 
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. Given these discrepancies, it is clear that there is no straightforward way to extrapolate study results of acute

experiments to chronic experiments and more fundamental knowledge of chronic neuromodulation is of key importance.

Due to the lack of research into the (molecular) basis of chronic neuromodulation via DREADDs, the exact reasons

behind the diverse effects upon chronic DREADD activation remain unclear. Yet, receptor desensitization, feedback

mechanisms, as well as neural plasticity have been suggested as contributing, mutually reinforcing factors and are

elaborated upon in the sections below.

4.1. Receptor Desensitization

DREADDs are hijacked GPCRs. Endogenous GPCR signaling sets off a secondary messenger chain reaction that

amplifies intracellular signals and alters various physiological processes, including the membrane potential and thus

neuronal (in)activation . In contrast to a sole and direct altering of membrane potentials via ion channels, as achieved

by the PSAM/PSEM platform, DREADD activation thus indirectly affects neuronal activation . It remains unclear how

chronically playing with one of the most vital signaling mechanisms of eukaryotic cells will affect the cellular and molecular

physiology. On the other hand, it is well-known that overstimulation or constitutively active GPCR signaling can be

destructive to the cell . Some toxins, such as the cholera toxin, are even recognized to hijack GPCR signaling,

causing deleterious permanent G protein activation . To keep GPCR signaling within bounds, endogenous GPCRs

possess a memory of previous activation. They show a strong tendency to diminish their sensitivity for receptor re-

activation after prolonged activation, a phenomenon called receptor desensitization . Furthermore, upon

cumulative exposure to stimuli, GPCRs might be downregulated—i.e., internalized and degraded—thereby resulting in a

reduced number of receptors on the cell membrane . Apart from the activation by designer drugs, DREADDs are

highly identical to endogenous GPCRs and thus likely to be subjected to receptor desensitization in chronic set-ups .

Evidence for receptor desensitization upon repeated DREADD activation can indeed be found in literature. For example,

Goossens et al.  studied the effects of chronic chemogenetic inhibition of hippocampal neurons in a rat model of

temporal lobe epilepsy. Seizure suppression was achieved for the first 4–5 days of treatment, yet not thereafter. The

researchers proposed receptor desensitization as a possible mechanism behind this tolerance effect. The occurrence of

receptor desensitization was also proposed by Poyraz and colleagues , who tried to demonstrate this concept by

looking at the effect of an additional acute CNO injection at the end of a 2-week CNO application. Indeed, the additional

CNO injection did not affect the behavioral readout; yet, after a 2-day washout period, behavioral effects were reinstated

upon acute CNO application. This may suggest that receptor desensitization had occurred, and receptor levels were

restored after 48 h of drug abstinence.

More evidence for the existence of receptor desensitization can be found in the employment of either stimulatory or

inhibitory DREADDs. The required dose of DREADD actuator is influenced by a number of factors, including the DREADD

type . Stimulatory DREADDs have a higher efficacy in eliciting neuromodulation as compared to inhibitory

DREADDs; as such, the latter require a higher dose of DREADD actuator and are thus more prone to desensitization 

. Indeed, all studies reporting desensitization-like effects used inhibitory DREADDs, except for the recent study of

Libbrecht et al. , who linked receptor desensitization for the first time with stimulatory DREADDs, albeit using a

relatively high concentration of CNO (5 mg/kg). Nevertheless, there is ample evidence in literature that chronic

chemogenetic experiments with both stimulatory and inhibitory DREADDs do not necessarily lead to desensitization 

. This could potentially be the result of DREADD overexpression, which is in some cases even orders of

magnitude higher than endogenous GPCR expression. DREADD overexpression often occurs upon vector-mediated

transgene delivery and could instigate receptor reserve, thereby avoiding receptor desensitization . On the other hand,

DREADD overexpression is also linked with constitutive activity of the receptor . One study reported that DREADD

overexpression perturbed endogenous GPCR signaling and alterations in both ion channel activity and intracellular

signaling in the absence of the DREADD ligand . Various other studies examining this concept did not report

constitutive DREADD activity, yet when moving to clinical applications, researchers should invest in studying the

consequences of lifelong DREADD overexpression . In summary, the occurrence of receptor desensitization again

advocates for thought-out dosing and administration schemes of DREADD ligands in chronic paradigms, as well as more

fundamental research into the phenomenon of receptor desensitization and overexpression.

4.2. Neuroadaptive Changes

Plasticity is highly regulated in the adult mammalian central nervous system, for example by the excitatory–inhibitory

balance upon enduring network alterations . An interesting detail is that endogenous GPCRs are known to play a key

role in synaptic and structural plasticity, as well as in activity-related plastic phenomena such as long-term potentiation or

depression . As such, it is not surprising that continuous neuronal stimulation/inhibition via DREADDs could be

accompanied by plastic events and lead to compensatory responses, which could explain the paradoxical outcomes in
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acute versus chronic DREADD experiments . The involvement of plasticity in DREADD activation is supported by

studies that report long-lasting behavioral and physiological effects that persist over time (up to 1 month) after

discontinuation of chronic CNO treatment . For example, Pozhidayeva et al.  studied binge-like drinking

behavior in mice upon chronic administration of CNO in combination with both stimulatory or inhibitory DREADDs in the

nucleus accumbens. Chronic CNO application reduced alcohol consumption and this effect lasted up to 1 week after

discontinuation of chronic treatment. The researchers reported changes in neuronal morphology potentially induced by

plastic events, as well as changes in the expression profile of plasticity-related genes. Furthermore, Salesse et al. 

chronically inhibited dopaminergic circuits in postnatal mice using DREADDs and noted that the observed increase in

locomotor activity and stereotypic behavior was still present 1 month after cessation of CNO injections. Moreover, Xie et

al.  revealed that cardiovascular dysfunction was still present 2 to 3 days after the last CNO injection in a study in which

they chronically activated glial cells in the murine sympathetic ganglia via DREADDs. Interestingly, rebound effects after

cessation of chronic DREADD treatments are observed as well, again hinting towards network alterations or

compensations due to prolonged treatment. For example, Desloovere et al.  showed a suppression of epileptic

seizures in a mouse model for temporal lobe epilepsy upon chronic use of inhibitory DREADDs for 3 days. Yet, 1 day after

withdrawal of clozapine injections, the fraction of time spent in seizures was significantly higher and even exceeded

baseline levels. A last example of adaptive changes upon chronic chemogenetic modulation is the study of Binning et al.

. The researchers show that repetitive stimulation of microglia for 4 consecutive days instigated microglial memory

formation, thereby priming these cells for future neuroinflammatory events. Indeed, after chronic microglial activation, a

decreased inflammatory response was observed upon lipopolysaccharide-induced inflammation. Hence, a deeper

understanding of neuroadaptive changes in chronic DREADD applications is required.

References

1. Boyden, E.S.; Zhang, F.; Bamberg, E.; Nagel, G.; Deisseroth, K. Millisecond-timescale, genetically targeted optical
control of neural activity. Nat. Neurosci. 2005, 8, 1263–1268.

2. Armbruster, B.N.; Li, X.; Pausch, M.H.; Herlitze, S.; Roth, B.L. Evolving the lock to fit the key to create a family of G
protein-coupled receptors potently activated by an inert ligand. Proc. Natl. Acad. Sci. USA 2007, 104, 5163–5168.

3. Roth, B.L. DREADDs for Neuroscientists. Neuron 2016, 89, 683–694.

4. Jørgensen, S.H.; Fitzpatrick, C.M.; Gether, U.; Woldbye, D.P.D.; Sørensen, A.T. Chemogenetic Modulation of G
Protein-Coupled Receptor Signalling in Visual Attention Research. Basic Clin. Pharmacol. Toxicol. 2017, 121, 373–381.

5. Rogan, S.C.; Roth, B.L. Remote Control of Neuronal Signaling. Pharmacol. Rev. 2011, 63, 291–315.

6. Kolesov, D.V.; Sokolinskaya, E.L.; Lukyanov, K.A.; Bogdanov, A.M. Molecular Tools for Targeted Control of Nerve Cell
Electrical Activity. Part II. Acta Nat. 2021, 13, 17–32.

7. Atasoy, D.; Sternson, S.M. Chemogenetic tools for causal cellular and neuronal biology. Physiol. Rev. 2018, 98, 391–
418.

8. MacLaren, D.A.A.; Browne, R.W.; Shaw, J.K.; Krishnan Radhakrishnan, S.; Khare, P.; España, R.A.; Clark, S.D.
Clozapine N-Oxide Administration Produces Behavioral Effects in Long–Evans Rats: Implications for Designing
DREADD Experiments. eNeuro 2016, 3, ENEURO.0219-16.2016.

9. Gomez, J.L.; Bonaventura, J.; Lesniak, W.; Mathews, W.B.; Sysa-Shah, P.; Rodriguez, L.A.; Ellis, R.J.; Richie, C.T.;
Harvey, B.K.; Dannals, R.F.; et al. Chemogenetics revealed: DREADD occupancy and activation via converted
clozapine. Science 2017, 357, 503–507.

10. Manvich, D.F.; Webster, K.A.; Foster, S.L.; Farrell, M.S.; Ritchie, J.C.; Porter, J.H.; Weinshenker, D. The DREADD
agonist clozapine N-oxide (CNO) is reverse-metabolized to clozapine and produces clozapine-like interoceptive
stimulus effects in rats and mice. Sci. Rep. 2018, 8, 3840.

11. Mahler, S.V.; Aston-Jones, G. CNO Evil? Considerations for the Use of DREADDs in Behavioral Neuroscience.
Neuropsychopharmacology 2018, 43, 934–936.

12. Desloovere, J.; Boon, P.; Larsen, L.E.; Merckx, C.; Goossens, M.; van den Haute, C.; Baekelandt, V.; de Bundel, D.;
Carrette, E.; Delbeke, J.; et al. Long-term chemogenetic suppression of spontaneous seizures in a mouse model for
temporal lobe epilepsy. Epilepsia 2019, 60, 2314–2324.

13. Runegaard, A.H.; Sørensen, A.T.; Fitzpatrick, C.M.; Jørgensen, S.H.; Petersen, A.V.; Hansen, N.W.; Weikop, P.;
Andreasen, J.T.; Mikkelsen, J.D.; Perrier, J.-F.; et al. Locomotor- and Reward-Enhancing Effects of Cocaine Are
Differentially Regulated by Chemogenetic Stimulation of Gi-Signaling in Dopaminergic Neurons. eNeuro 2018, 5,
ENEURO.0345-17.2018.

[70]

[20][75][76] [20]

[75]

[76]

[12]

[49]



14. Grafe, L.A.; Eacret, D.; Dobkin, J.; Bhatnagar, S. Reduced Orexin System Function Contributes to Resilience to
Repeated Social Stress. eNeuro 2018, 5, ENEURO.0273-17.2018.

15. Campbell, E.J.; Marchant, N.J. The use of chemogenetics in behavioural neuroscience: Receptor variants, targeting
approaches and caveats. Br. J. Pharmacol. 2018, 175, 994–1003.

16. Tran, F.H.; Spears, S.L.; Ahn, K.J.; Eisch, A.J.; Yun, S. Does chronic systemic injection of the DREADD agonists
clozapine-N-oxide or Compound 21 change behavior relevant to locomotion, exploration, anxiety, and depression in
male non-DREADD-expressing mice? Neurosci. Lett. 2020, 739, 135432.

17. Nawreen, N.; Cotella, E.M.; Morano, R.; Mahbod, P.; Dalal, K.S.; Fitzgerald, M.; Martelle, S.; Packard, B.A.; Franco-
Villanueva, A.; Moloney, R.D.; et al. Chemogenetic Inhibition of Infralimbic Prefrontal Cortex GABAergic Parvalbumin
Interneurons Attenuates the Impact of Chronic Stress in Male Mice. eNeuro 2020, 7, ENEURO.0423-19.2020.

18. Cheng, J.; Umschweif, G.; Leung, J.; Sagi, Y.; Greengard, P. HCN2 Channels in Cholinergic Interneurons of Nucleus
Accumbens Shell Regulate Depressive Behaviors. Neuron 2019, 101, 662.e5–672.e5.

19. Jiang, J.; Morgan, D.A.; Cui, H.; Rahmouni, K. Activation of hypothalamic AgRP and POMC neurons evokes disparate
sympathetic and cardiovascular responses. Am. J. Physiol. Circ. Physiol. 2020, 319, H1069–H1077.

20. Pozhidayeva, D.Y.; Farris, S.P.; Goeke, C.M.; Firsick, E.J.; Townsley, K.G.; Guizzetti, M.; Ozburn, A.R. Chronic
Chemogenetic Stimulation of the Nucleus Accumbens Produces Lasting Reductions in Binge Drinking and Ameliorates
Alcohol-Related Morphological and Transcriptional Changes. Brain Sci. 2020, 10, 109.

21. Thompson, K.J.; Khajehali, E.; Bradley, S.J.; Navarrete, J.S.; Huang, X.P.; Slocum, S.; Jin, J.; Liu, J.; Xiong, Y.; Olsen,
R.H.J.; et al. DREADD Agonist 21 Is an Effective Agonist for Muscarinic-Based DREADDs in Vitro and in Vivo. ACS
Pharmacol. Transl. Sci. 2018, 1, 61–72.

22. Weston, M.; Kaserer, T.; Wu, A.; Mouravlev, A.; Carpenter, J.C.; Snowball, A.; Knauss, S.; von Schimmelmann, M.;
During, M.J.; Lignani, G.; et al. Olanzapine: A potent agonist at the hM4D(Gi) DREADD amenable to clinical translation
of chemogenetics. Sci. Adv. 2019, 5, eaaw1567.

23. Chen, X.; Choo, H.; Huang, X.-P.; Yang, X.; Stone, O.; Roth, B.L.; Jin, J. The First Structure–Activity Relationship
Studies for Designer Receptors Exclusively Activated by Designer Drugs. ACS Chem. Neurosci. 2015, 6, 476–484.

24. Nagai, Y.; Miyakawa, N.; Takuwa, H.; Hori, Y.; Oyama, K.; Ji, B.; Takahashi, M.; Huang, X.-P.; Slocum, S.T.; DiBerto,
J.F.; et al. Deschloroclozapine, a potent and selective chemogenetic actuator enables rapid neuronal and behavioral
modulations in mice and monkeys. Nat. Neurosci. 2020, 23, 1157–1167.

25. Bonaventura, J.; Eldridge, M.A.G.; Hu, F.; Gomez, J.L.; Sanchez-Soto, M.; Abramyan, A.M.; Lam, S.; Boehm, M.A.;
Ruiz, C.; Farrell, M.R.; et al. High-potency ligands for DREADD imaging and activation in rodents and monkeys. Nat.
Commun. 2019, 10, 4627.

26. Berglund, K.; Fernandez, A.M.; Gutekunst, C.N.; Hochgeschwender, U.; Gross, R.E. Step-function luminopsins for
bimodal prolonged neuromodulation. J. Neurosci. Res. 2020, 98, 422–436.

27. Lieb, A.; Weston, M.; Kullmann, D.M. Designer receptor technology for the treatment of epilepsy. eBioMedicine 2019,
43, 641–649.

28. Magnus, C.J.; Lee, P.H.; Atasoy, D.; Su, H.H.; Looger, L.L.; Sternson, S.M. Chemical and genetic engineering of
selective ion channel-ligand interactions. Science 2011, 333, 1292–1296.

29. Sternson, S.M.; Atasoy, D.; Betley, J.N.; Henry, F.E.; Xu, S. An emerging technology framework for the neurobiology of
appetite. Cell Metab. 2016, 23, 234–253.

30. Magnus, C.J.; Lee, P.H.; Bonaventura, J.; Zemla, R.; Gomez, J.L.; Ramirez, M.H.; Hu, X.; Galvan, A.; Basu, J.;
Michaelides, M.; et al. Ultrapotent chemogenetics for research and potential clinical applications. Science 2019, 364,
eaav5282.

31. Raper, J.; Eldridge, M.A.G.; Sternson, S.M.; Shim, J.Y.; Fomani, G.P.; Richmond, B.J.; Wichmann, T.; Galvan, A.
Characterization of ultrapotent chemogenetic ligands for research applications in non-human primates. bioRxiv 2022,
475241.

32. Poyraz, F.C.; Holzner, E.; Bailey, M.R.; Meszaros, J.; Kenney, L.; Kheirbek, M.A.; Balsam, P.D.; Kellendonk, C.
Decreasing Striatopallidal Pathway Function Enhances Motivation by Energizing the Initiation of Goal-Directed Action.
J. Neurosci. 2016, 36, 5988–6001.

33. Nation, H.L.; Nicoleau, M.; Kinsman, B.J.; Browning, K.N.; Stocker, S.D. DREADD-induced activation of subfornical
organ neurons stimulates thirst and salt appetite. J. Neurophysiol. 2016, 115, 3123–3129.

34. Urban, D.J.; Zhu, H.; Marcinkiewcz, C.A.; Michaelides, M.; Oshibuchi, H.; Rhea, D.; Aryal, D.K.; Farrell, M.S.; Lowery-
Gionta, E.; Olsen, R.H.J.; et al. Elucidation of The Behavioral Program and Neuronal Network Encoded by Dorsal



Raphe Serotonergic Neurons. Neuropsychopharmacology 2016, 41, 1404–1415.

35. Schalbetter, S.M.; Mueller, F.S.; Scarborough, J.; Richetto, J.; Weber-Stadlbauer, U.; Meyer, U.; Notter, T. Oral
application of clozapine-N-oxide using the micropipette-guided drug administration (MDA) method in mouse DREADD
systems. Lab. Anim. 2021, 50, 69–75.

36. Keenan, W.T.; Fernandez, D.C.; Shumway, L.J.; Zhao, H.; Hattar, S. Eye-Drops for Activation of DREADDs. Front.
Neural Circuits 2017, 11, 93.

37. Goossens, M.; Boon, P.; Wadman, W.; van den Haute, C.; Baekelandt, V.; Verstraete, A.G.; Vonck, K.; Larsen, L.E.;
Sprengers, M.; Carrette, E.; et al. Long-term chemogenetic suppression of seizures in a multifocal rat model of
temporal lobe epilepsy. Epilepsia 2021, 62, 659–670.

38. Fan, X.-C.; Fu, S.; Liu, F.-Y.; Cui, S.; Yi, M.; Wan, Y. Hypersensitivity of Prelimbic Cortex Neurons Contributes to
Aggravated Nociceptive Responses in Rats With Experience of Chronic Inflammatory Pain. Front. Mol. Neurosci. 2018,
11, 85.

39. Rao, S.; Chen, R.; LaRocca, A.A.; Christiansen, M.G.; Senko, A.W.; Shi, C.H.; Chiang, P.H.; Varnavides, G.; Xue, J.;
Zhou, Y.; et al. Remotely controlled chemomagnetic modulation of targeted neural circuits. Nat. Nanotechnol. 2019, 14,
967–973.

40. Cassataro, D.; Sjulson, L. The Use of DREADDs (Designer Receptors Exclusively Activated by Designer Receptors) in
Transgenic Mouse Behavioral Models. In Designer Receptors Exclusively Activated by Designer Drugs; Thiel, G., Ed.;
Humana Press: New York, NY, USA, 2015; Volume 108, pp. 95–108.

41. Alexander, G.M.; Rogan, S.C.; Abbas, A.I.; Armbruster, B.N.; Pei, Y.; Allen, J.A.; Nonneman, R.J.; Hartmann, J.; Moy,
S.S.; Nicolelis, M.A.; et al. Remote control of neuronal activity in transgenic mice expressing evolved G protein-coupled
receptors. Neuron 2009, 63, 27–39.

42. Ozawa, A.; Arakawa, H. Chemogenetics drives paradigm change in the investigation of behavioral circuits and neural
mechanisms underlying drug action. Behav. Brain Res. 2021, 406, 113234.

43. Sciolino, N.R.; Plummer, N.W.; Chen, Y.-W.; Alexander, G.M.; Robertson, S.D.; Dudek, S.M.; McElligott, Z.A.; Jensen,
P. Recombinase-Dependent Mouse Lines for Chemogenetic Activation of Genetically Defined Cell Types. Cell Rep.
2016, 15, 2563–2573.

44. Zhu, H.; Aryal, D.K.; Olsen, R.H.J.; Urban, D.J.; Swearingen, A.; Forbes, S.; Roth, B.L.; Hochgeschwender, U. Cre-
dependent DREADD (Designer Receptors Exclusively Activated by Designer Drugs) mice. Genesis 2016, 54, 439–446.

45. Botterill, J.J.; Khlaifia, A.; Walters, B.J.; Brimble, M.A.; Scharfman, H.E.; Arruda-Carvalho, M. Off-Target Expression of
Cre-Dependent Adeno-Associated Viruses in Wild-Type C57BL/6J Mice. eNeuro 2021, 8, ENEURO.0363-21.2021.

46. Page, C.E.; Shepard, R.; Heslin, K.; Coutellier, L. Prefrontal parvalbumin cells are sensitive to stress and mediate
anxiety-related behaviors in female mice. Sci. Rep. 2019, 9, 19772.

47. Torre-Muruzabal, T.; Devoght, J.; van den Haute, C.; Brône, B.; van der Perren, A.; Baekelandt, V. Chronic nigral
neuromodulation aggravates behavioral deficits and synaptic changes in an α-synuclein based rat model for
Parkinson’s disease. Acta Neuropathol. Commun. 2019, 7, 160.

48. Soumier, A.; Sibille, E. Opposing Effects of Acute versus Chronic Blockade of Frontal Cortex Somatostatin-Positive
Inhibitory Neurons on Behavioral Emotionality in Mice. Neuropsychopharmacology 2014, 39, 2252–2262.

49. Binning, W.; Hogan-Cann, A.E.; Yae Sakae, D.; Maksoud, M.; Ostapchenko, V.; Al-Onaizi, M.; Matovic, S.; Lu, W.-Y.;
Prado, M.A.M.; Inoue, W.; et al. Chronic hM3Dq signaling in microglia ameliorates neuroinflammation in male mice.
Brain. Behav. Immun. 2020, 88, 791–801.

50. Zhan, C.; Zhou, J.; Feng, Q.; Zhang, J.-E.; Lin, S.; Bao, J.; Wu, P.; Luo, M. Acute and Long-Term Suppression of
Feeding Behavior by POMC Neurons in the Brainstem and Hypothalamus, Respectively. J. Neurosci. 2013, 33, 3624–
3632.

51. Yun, S.; Reynolds, R.P.; Petrof, I.; White, A.; Rivera, P.D.; Segev, A.; Gibson, A.D.; Suarez, M.; DeSalle, M.J.; Ito, N.; et
al. Stimulation of entorhinal cortex–dentate gyrus circuitry is antidepressive. Nat. Med. 2018, 24, 658–666.

52. Jaiswal, P.; Mistretta, O.; Ward, P.; English, A. Chemogenetic Enhancement of Axon Regeneration Following Peripheral
Nerve Injury in the SLICK-A Mouse. Brain Sci. 2018, 8, 93.

53. Bączyk, M.; Alami, N.O.; Delestrée, N.; Martinot, C.; Tang, L.; Commisso, B.; Bayer, D.; Doisne, N.; Frankel, W.;
Manuel, M.; et al. Synaptic restoration by cAMP/PKA drives activity-dependent neuroprotection to motoneurons in ALS.
J. Exp. Med. 2020, 217, e20191734.

54. Bockaert, J.; Pin, J.P. Molecular tinkering of G protein-coupled receptors: An evolutionary success. EMBO J. 1999, 18,
1723–1729.



55. Seifert, R.; Wenzel-Seifert, K. Constitutive activity of G-protein-coupled receptors: Cause of disease and common
property of wild-type receptors. Naunyn-Schmiedeberg Arch. Pharmacol. 2002, 366, 381–416.

56. Rajagopal, S.; Shenoy, S.K. GPCR desensitization: Acute and prolonged phases. Cell. Signal. 2018, 41, 9–16.

57. Mangmool, S.; Kurose, H. Gi/o Protein-Dependent and -Independent Actions of Pertussis Toxin (PTX). Toxins 2011, 3,
884–899.

58. Bharati, K.; Ganguly, N.K. Cholera toxin: A paradigm of a multifunctional protein. Indian J. Med. Res. 2011, 133, 179–
187.

59. Urban, D.J.; Roth, B.L. DREADDs (Designer Receptors Exclusively Activated by Designer Drugs): Chemogenetic Tools
with Therapeutic Utility. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 399–417.

60. Gainetdinov, R.R.; Premont, R.T.; Bohn, L.M.; Lefkowitz, R.J.; Caron, M.G. Desensitization of G Protein–Coupled
Receptors and Neuronal Functions. Annu. Rev. Neurosci. 2004, 27, 107–144.

61. Black, J.B.; Premont, R.T.; Daaka, Y. Feedback regulation of G protein-coupled receptor signaling by GRKs and
arrestins. Semin. Cell Dev. Biol. 2016, 50, 95–104.

62. Schöneberg, T. Tolerance and Desensitization. In Encyclopedia of Molecular Pharmacology; Offermans, S., Rosenthal,
W., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 1203–1207.

63. Lee, G.H.; Kim, S.S. Therapeutic Strategies for Neuropathic Pain: Potential Application of Pharmacosynthetics and
Optogenetics. Mediators Inflamm. 2016, 2016, 5808215.

64. Farrell, M.S.; Roth, B.L. Pharmacosynthetics: Reimagining the pharmacogenetic approach. Brain Res. 2013, 1511, 6–
20.

65. Libbrecht, S.; van den Haute, C.; Welkenhuysen, M.; Braeken, D.; Haesler, S.; Baekelandt, V. Chronic chemogenetic
stimulation of the anterior olfactory nucleus reduces newborn neuron survival in the adult mouse olfactory bulb. J.
Neurochem. 2021, 158, 1186–1198.

66. Ewbank, S.N.; Campos, C.A.; Chen, J.Y.; Bowen, A.J.; Padilla, S.L.; Dempsey, J.L.; Cui, J.Y.; Palmiter, R.D. Chronic G
q signaling in AgRP neurons does not cause obesity. Proc. Natl. Acad. Sci. USA 2020, 117, 20874–20880.

67. Xu, J.; Gao, P.; Wu, Y.; Yin, S.-Q.; Zhu, L.; Xu, S.-H.; Tang, D.; Cheung, C.-W.; Jiao, Y.-F.; Yu, W.-F.; et al. G protein-
coupled estrogen receptor in the rostral ventromedial medulla contributes to the chronification of postoperative pain.
CNS Neurosci. Ther. 2021, 27, 1313–1326.

68. Saloman, J.L.; Scheff, N.N.; Snyder, L.M.; Ross, S.E.; Davis, B.M.; Gold, M.S. Gi-DREADD Expression in Peripheral
Nerves Produces Ligand-Dependent Analgesia, as well as Ligand-Independent Functional Changes in Sensory
Neurons. J. Neurosci. 2016, 36, 10769–10781.

69. Varin, C.; Bonnavion, P. Pharmacosynthetic Deconstruction of Sleep-Wake Circuits in the Brain. In Sleep-Wake
Neurobiology and Pharmacology; Landolt, H.P., Dijk, D.J., Eds.; Springer: Cham, Switzerland, 2018; pp. 153–206.

70. Rogers, S.; Rozman, P.A.; Valero, M.; Doyle, W.K.; Buzsáki, G. Mechanisms and plasticity of chemogenically induced
interneuronal suppression of principal cells. Proc. Natl. Acad. Sci. USA 2021, 118, e2014157118.

71. Jong, Y.-J.I.; Harmon, S.K.; O’Malley, K.L. Intracellular GPCRs Play Key Roles in Synaptic Plasticity. ACS Chem.
Neurosci. 2018, 9, 2162–2172.

72. Atwood, B.K.; Lovinger, D.M.; Mathur, B.N. Presynaptic long-term depression mediated by Gi/o-coupled receptors.
Trends Neurosci. 2014, 37, 663–673.

73. Leung, C.; Wong, Y. Role of G Protein-Coupled Receptors in the Regulation of Structural Plasticity and Cognitive
Function. Molecules 2017, 22, 1239.

74. MacDonald, J.F.; Jackson, M.F.; Beazely, M.A. G protein-coupled receptors control NMDARs and metaplasticity in the
hippocampus. Biochim. Biophys. Acta Biomembr. 2007, 1768, 941–951.

75. Salesse, C.; Charest, J.; Doucet-Beaupré, H.; Castonguay, A.-M.; Labrecque, S.; de Koninck, P.; Lévesque, M.
Opposite Control of Excitatory and Inhibitory Synapse Formation by Slitrk2 and Slitrk5 on Dopamine Neurons
Modulates Hyperactivity Behavior. Cell Rep. 2020, 30, 2374.e5–2386.e5.

76. Xie, A.X.; Lee, J.J.; McCarthy, K.D. Ganglionic GFAP+ glial Gq-GPCR signaling enhances heart functions in vivo. JCI
Insight 2017, 2, e90565.

Retrieved from https://encyclopedia.pub/entry/history/show/50996




