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Introduction 

Over the past decades major discoveries have been made in the field of neurobiology. Our 

understanding of the brain and the relationships between brain activity and behavior has increased 

drastically. These leaps in the understanding of the brain have been archived in several ways. Already in 

the 19th century the functions of several brain regions were investigated. For instance, Broca concluded 

that a certain brain region in the cerebral cortex on the left side of the brain is involved in speech, since 

he found it damaged by a stroke in a patient who had lost his ability to speak. Another example of early 

brain research is experimental ablation. Flourens, a French physiologist removed parts of the brain in 

animals and observed changes in behavior afterwards. A third example of 19th century brain research is 

electrical stimulation of the brain. Luigi, an Italian physiologist, discovered in the 17th century that 

electrical stimulation of nerves caused muscle contractions. Following this example, among others, 

electrical stimulation of the brain was investigated. The German physiologists Fritsch and Hitzig applied 

weak electrical current via a probe to the exposed cerebral cortex in unanaesthetized dogs and 

observed the responses of the animals. With this approach they discovered the primary motor cortex, in 

which stimulation of specific regions resulted in contractions of specific muscles (Carlson 2010). 

These principles, electrical stimulation and lesions of brain areas, were used for a long time to gain 

insight in the functioning of the brain, resulting in the discovery of multiple brain regions and nuclei in 

the brain .With the rise of modern-day pharmacological industry a third branch of brain research 

emerged: influencing (inhibiting or activating) the brain with drugs. With the rise of this industry the 

synthesis of more and more different molecules became possible; this has therefore been the most 

extensively used method in neuroscience. Some of the pharmacological compounds affecting the 

neuronal system were found by accident, for example the hallucinogen LSD (lysergic acid diethylamide), 

others were developed as an adaptation of an already known ligand (for example, to improve the 

pharmacokinetic properties of the compound. Pharmacological compounds can have their effect by 

several mechanisms. They can imitate endogenous neurotransmitters and have an alike effect on the 

receptor (agonist), they can block the effect of the agonist (so also of the naturally occurring ligand) or 



they can have the opposite effect of the agonist (inverse agonist) on the target receptor. Next to this 

pharmacological compounds can also influence the effect of neurotransmitters on a more indirect way, 

by affecting the synaptic transmission. For example, the occurrence of the neurotransmitter in the 

synaptic cleft can be influenced. Reuptake blockers like SSRI’s (selective serotonin reuptake blocker) can 

increase the concentration and time a neurotransmitter (serotonin in this example) will be in the 

synaptic cleft, thereby increasing the effect and/or effective time of this neurotransmitter. But also the 

production or transport of a neurotransmitter in the synapse, or the autoreceptors on a synapse, can be 

inhibited or stimulated by specific compounds. Concluding, with pharmacological compounds the 

transmission of a neurological signal over the synaptic cleft can be influenced by an array of different 

mechanisms. 

This is what neuroscientists have done in the past. A wide array of drugs have been administered to 

laboratory animals and the subsequent effects of these compounds on behavior were observed. 

However, there are major disadvantages for this approach. The observed effects of drug action, drug 

targets and the resulting observed behavior is indirect and equivocal (Rogan, Roth 2011). It is unclear if 

the drug has effects on (receptors in) one or multiple brain regions, thereby possibly blurring the 

observed effect. The receptor specificity of pharmacological compounds is also often not optimal. Some 

drugs do bind to more than one (sub) type of receptor; other drugs have a higher affinity for one 

subtype, but still some affinity for other subtypes. This could result in an unexpected interaction with 

other (sub) types of receptors. Also the precise pathway via which the drug works on cellular level is 

often unclear. Next, a distinction between direct and indirect pathways of a neurotransmitter through 

the brain cannot be made. For example, it is known that addictive drugs induce dopamine release in the 

striatum, but the specific cells and the pathway by which drug seeking behavior and reward is 

modulated are still unknown. Last, there is a certain level of variability, compensation and homeostasis 

observable in the neuronal networks of long-living animals (Marder, Goaillard 2006). Combined with the 

observation of receptor desensitization in response to exposure to elongated and/or high concentration 

levels of agonists it can be expected that the response to a certain concentration of pharmacological 

compound can largely vary between subjects. In conclusion, for all the above stated reasons the 

observed effects of drug action, drug targets and resulting behavior are indirect and often unclear. 

To further improve the search for molecular and cellular substrates of behavior new strategies have 

been developed in recent years. Genetic knock-out and knock-in animals (mostly mice) have been 

developed to gain more insight in the function of receptors and cellular pathways. Mice with specific 

phenotypes (for instance the lack of a specific (sub) receptor) have been used to explore the effects of 



for example a missing subtype of a 5-HT receptor on specific types of behavior. However, there are 

some major disadvantages of this method. Knock-out and knock-in animals don’t allow investigators to 

have control over time resolution; the activation or deactivation of a receptor cannot be induced at a 

specific desired time point (with the exception of inducible knock-out systems, which will be addressed 

later in this review). Another disadvantage of this method is irreversibility: it is not possible to reverse 

the functional attribute which the animal has gained or lost. To definitely determine the neuronal 

pathways and networks involved in all kind of behaviors a direct, causal, cause-effect relationship 

between neuronal activity and behavior would be useful. Further specified, one would like to control 

specific neuronal activity: nerve membrane depolarization or hyperpolarization, neurotransmitter 

release, action potential firing, but also activation of a specific receptor and the following second-

messenger cellular pathway. It is desired that this induced specific neuronal activity is reversible, bi-

directional (activating and deactivating) and generated in a short time range, offering a high temporal 

resolution. In the last years techniques aiming to archive the above mentioned goals have been 

developed. This review will describe these tools, their (possible) applications in behavioral research and 

their advantages and disadvantages.  

RASSLs and DREADDs  

G-coupled proteins receptors 

The first method that will be described in this review is named DREADDs, designer receptors exclusively 

activated by designer drugs. DREADDs are engineered G-protein-coupled receptors (GPCRs), adapted in 

such a way that they are exclusively interacting with compounds that have no affinity and interaction 

with endogenous receptors. GPCRs and their role in signal transduction were first revealed by Birnhauer 

et al. (Birnbaumer, Rodbell 1969). The superfamily of GPCRs can respond to a variety of stimuli, like 

neurotransmitters, hormones, proteins, other small molecules, but also to photons and odorants. GPCRs 

regulate a wide variety of intracellular signaling pathways. Involved molecules in these pathways are: 

cyclic adenosine monophosphate (cAMP), phosphatidylinositol-4,5-biphosphate (PIP2), but also 

arrestins, protein kinases, transcription factors, ion channels, Ca2+ and small G proteins (Gilman 

1987). 



Figure 1 Typical patterns of receptor/G protein coupling. Although there are many exceptions, three basic patterns 

of receptor-G protein coupling have been found which critically define the cellular response after ligand-

dependent receptor activation The three subtypes of G-protein coupled receptors are Gi/o ,
 
Gq and Gs . 

α2, α2-adrenergic receptor; D1–5, dopamine receptor subtypes 1 to 5; GIRK, G protein-regulated inward rectifier 

potassium channel; 5-HT1,2, serotonin receptor subtypes 1 and 2; M1–5, muscarinic acetylcholine receptor subtypes 

1 to 5; mGluR1–7, metabotropic glutamate receptor subtypes 1 to 7; PLC-β, phospholipase C-β; PI-3-K, 

phosphoinositide-3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; IP3, inositol 1,4,5-trisphosphate; DAG, 

diacylglycerol; PKC, protein kinase C; Rho-GEF, Rho-guanine nucleotide exchange factor; TP, thromboxane A2 

receptor; IP, prostacyclin receptor. Adapted from: (Wettschureck, Offermanns 2005)  

 

GPCRs are nowadays the target of approximately 40% of all modern medicinal drugs (Overington, Al-

Lazikani & Hopkins 2006). The huge diversity of GPCRs in exogenous and endogenous ligands, the variety 

in distribution in many different tissue and cell types (Regard, Sato & Coughlin 2008) and the array of 

different cellular functions of GPCRs makes it difficult to influence specific GPCR pathways in vivo. 

Additionally, due to similarities in the structure of G-protein-coupled receptors ligands can also have a 



high affinity to other (sub) types of GPCRs and have therefore an “off-target”, inducing unwanted effects 

on other targets than the expected target. Applicable methods in which a GPCR is exclusively linked to a 

ligand which has no interaction with other endogenous occurring targets and in which the GPCR can be 

distributed specifically in desired cell populations, have been developed.  

 

RASSLs 

The first established method is named RASSL (receptors activated solely by synthetic ligands), this 

method was further improved to the already mentioned DREADD (designer receptor exclusively 

activated by designer drugs) method. In an elaborate review by Pei et al.(Pei et al. 2008) the history of 

the development of these methods is described. This development will be shortly summarized in this 

review. The first attempt to modify a GPCR was done by Strader et al. (Strader et al. 1991) in 1991. They 

wanted to do it in such a way that the receptor lost its ability to react to endogenous ligands and that it 

gained the potential to be activated by a specific compound which does not have affinity for wild-type 

receptors. A β2-adrenergic receptor was genetically engineered by mutating an Asp113 residue (a 

critical residue for ligand binding to the β2-adrenergic receptor). Due to this mutation the receptor lost 

its ability to interact with endogenous ligands. The second goal was also achieved, the receptor could 

respond to a group of designed compounds which didn’t interact with the wildtype receptor. However, 

the potencies of these compounds where too low to be used effectively in further research, the dosage 

needed to induce an effect was too high.  

After the pioneer work of Strader, who made the first steps in the field of designer GPCRs, Coward et al. 

made the next advancement. They applied the method of Strader on the human κ opioid receptor 

(hKOR). For the hKOR native ligands (small peptides, like for example dynorphin A) bind to the 

extracellular loops of the receptor. This endogenous binding site is physically distinct from the binding 

site of small synthetic molecules. The idea was to mutate the endogenous binding site (located at the 

extracellular loops) away while maintaining the binding sites for small synthetic molecules, which 

consequently can still induce a response by hKOR. This approach was followed, the second extracellular 

loop of the hKOR was replaced by the second extracellular loop of the δ opioid receptor (hDOR). This 

resulted in a 200-fold reduction in binding affinity of the endogenous ligand dynorphin A, while the 

affinity for small synthetic ligands like bremazocine and spiradoline was maintained. Bremazocine is a 

non-selective opoid agonist; spiradoline is a highly selective κ agonist (Coward et al. 1998). The newly 

engineered receptor, baptized Ro1, was able to respond to these drugs by coupling to Gi and inhibiting 

adenyl cyclase. The engineered GPCRs were termed RASSLs by the authors, receptors activated solely by 



synthetic ligands.  

Following the development of the first RASSLs by Coward et al., in the following years more RASSLs were 

developed in a variety of receptor types. In 2000 the 5-HT2A receptor was altered by Kristiansen et al. 

(Kristiansen et al. 2000). In this receptor the conserved Asp155 residue is mutated to the glutamate 

amino acid. This mutation reduced potency and affinity of serotonin (5-HT) to the receptor, but 

increased the potency of the 5-HT analog gramine that is inactive to the native 5-HT2AR. Claeysen et al. 

(Claeysen et al. 2003) were able to introduce a D100A mutation in mouse 5-HT4 serotonin receptor. This 

accomplishment was later repeated for the human 5-HT4 receptor, where the receptor was named Rs1 

(Chang et al. 2007). Next to 5-HT insensitivity, artificial ligands  also showed partially and full agonistic 

activity on this receptor, combined with functional selectivity by some ligands for Gs and Gq. Adapting 

the Rs1 receptor with further mutations and adaptations, receptors responding in different specificity 

towards the three types of G proteins (Gi, Gs and Gq) were generated. So with one used mutation 

(D100A) a complete family of RASSLs was generated. Other engineered RASSLs are Rm1 and RM2, which 

are modified melanocortin-4 (MC4) receptors. This RASSL was the first to signal through Gs. (Srinivasan, 

Vaisse & Conklin 2003). Other RASSLs were made with the α2A adrenergic receptors (Pauwels, Colpaert 

2000) and with the histamine receptor (H1) (Bruysters et al. 2005) . In table 1 the first developed RASSLs 

are listed, sorted per G coupled protein receptor they act on. The only exception in these tables are the 

hM4, hm3 and rM3 receptors, listed at the bottom of each table. These are DREADDs, they will be 

addressed later on in this paper.  

 

Disadvantages of RASSLs 

Although the development of RASSLs has been a great breakthrough in the search of methods to 

manipulate specific neuronal networks and/or cell types, there are some major disadvantages 

concerning this technique (Rogan, Roth 2011, Pei et al. 2008). First, problems with synthetic ligand 

specificity have been found, for example while using Ro1 (engineered kHOR variant) and Rm1 and Rm2 

(engineered variants of MC4). The Ro1 receptor is specific for small synthetic ligand, it can solely be 

activated by spiralidone and bremacozine and is unresponsive to endogenous ligands like dynorphin A. 

However the synthetic ligand spiralidone only has a 200-fold higher potency for Ro1 than for kHOR (the 

endogenous ligand) (Coward et al. 1998). The same goes up for the ligand for Rm1 and Rm2, called 

THIQ. This ligand is more potent at the endogenous MC4R for the engineered receptors than at Rm1 and 

Rm2, so it also activates the native receptor (Srinivasan, Vaisse & Conklin 2003). So however the 

engineered GPCR is specific for the engineered ligand, the ligand is not specific for the RASSLs. It still can 



bind to the native receptor, thereby obscuring obtained results and nullify the reason RASSLs are 

developed. To circumnavigate this problem and to selectively only activate the RASSl and not the native 

receptor in vivo, one must either locally infuse the synthetic small molecule to the region it should have 

effect and where only the RASSL and not the wild-type receptor is expressed, or one should use knock-

out animals in which the wild-type receptor is no longer expressed. The first approach has the downside 

that the experimenter loses one of the advantages of this system, mobility of subjected animals and 

noninvasiveness (Rogan, Roth 2011). The second approach has a variety of disadvantages, including 

possible changes in physiology and/or behavior due to the absence of the wild-type receptor.  

The second problem with RASSLs is the fact that it is often unclear whether the synthetic ligands used 

have affinities for other protein targets, for example located in other brain areas, resulting in unwanted 

effects (Pei et al. 2008)]. The third problem with RASSLs concerns the baseline activity of affected 

receptors. Many RASSLs have in vivo a high baseline signaling activity that might obscure any ligand-

induced behavior/phenotypes (Pei et al. 2008). Rogan et al (Rogan, Roth 2011) describe this problem a 

little less positive, they state that in vivo use of RASSLs have resulted in pathological conditions in 

multiple tissues due to fatal baseline pathologic conditions in absence of an agonist.  (Sweger et al. 

2007) (Peng et al. 2008). If these pathologic conditions are a result from constitutive activity of RASSLs, 

or if the local concentration of endogenous ligand is sufficient to activate RASSLs, is unclear. However, it 

is certain that the baseline pathologic conditions are due to up-regulated signaling of GPCR pathways 

(Rogan, Roth 2011). To eliminate the problems with this method to manipulate specific GPCRs further 

improvements are required: the receptor should have no or a low baseline activity. Also a GPCR which is 

non-responsive to endogenous ligand should be designed; the GPCR should only respond to an inert 

ligand (a ligand which had no affinity to wild-type receptors). In other words, a receptor with two-way 

selectivity is desired. 

 

DREADDs 

The first attempt to engineer a two-way selective receptor and thus the first designer receptor 

exclusively activated by designer drugs (DREADD) was done by Small et al. (Small et al. 2001). They 

developed a therapeutic receptor-effector complex (TREC) by mutating the ligand binding pockets for 

the β2-adrenergic receptor and fusing the C terminus of the β2-adrenergic receptor to a modified Gs 

subunit. The TREC was developed to be utilized as a scaffold for gene therapy. The researchers wanted 

to investigate if they could induce overexpression of β2-AR (which had shown improved organ function 

in animal models for asthma and/or heart failure) via this method and if such a modified receptor could 



maintain its functional integrity.  Activation of this TREC is done by a nonbiogenic amine (1-(3,4-

dihydroxylphenyl)-3-methyl-1-butanone (L-158,870)) that was originally identified by (Strader et al. 

1991) as being inactive to the wild-type β2-AR. With the modified adrenergic receptor and the 

nonbiogenic amine they were the first to achieve the two-way selectivity necessary for a DREADD. In 

this case, however, the potency of the L-158,870 was still too low and the activity of this ligand against 

other endogenous targets was not tested. 

In the further development of DREADDs two strategies are discernible: the strategy of rational designed 

receptors and ligands (neoreceptors are modified adenosine receptors, neoligands are modified 

nucleotides) and a strategy named directed molecular evolution, where with random mutagenesis a 

mutant library of a GPCR in yeasts is created which is subsequently screened by drug-dependent yeast 

growth assays. The first strategy was employed by Jacobson et al. (Jacobson et al. 2001, Jacobson, Gao 

& Liang 2007, Jacobson et al. 2005). They tried to improve RASSLs by modifying the seventh 

transmembrane region of the A3 adenosine receptor (A3A), the modifications were based on 

predictions from molecular modeling. With complementary structural changes (for example based on 

new ionic of H-bonds) the selective enhancement of affinity of this neoreceptor is modified in such a 

way that it no longer bind to the native ligand, but has an increased affinity for the synthesized 

neoligand (an adenosine molecule which was also subjected to structural changes). This same approach 

was also followed for the A2A receptor (Jacobson et al. 2005). Still, this approach is not well suited for in 

vivo approach (Rogan, Roth 2011). 

The second strategy, directed molecular evolution, came from the lab of Roth. He is presumably the 

current scientific leader in DREADD development (and also co-author of the reviews by Pei and Rogan). 

In the next part of this paper the development of the first DREADD will be described. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Generic scheme for obtaining DREADDs through directed molecular evolution. After subcloning the 

template GPCR into the yeast expression plasmid and functionally expressing the GPCR in the engineered yeast 

strain, a yeast library expressing randomly mutated GPCRs can be generated through error-prone PCR and high-

efficiency yeast transformation. High-throughput screening of several generations of yeast libraries on selective 



medium containing an inert ligand directs yeast molecular evolution and selection of DREADD candidates, which 

are activated by that ligand. DREADD candidates with confirmed yeast phenotypes can be tested and utilized in a 

mammalian system. Adapted from: (Dong, Rogan & Roth 2010) 

 

To develop DREADDs at the start a prototype receptor was choosen used by Dong et al. (Dong, Rogan & 

Roth 2010), this receptor is a variant of the human muscarinic M3 (hM3) receptor that is no longer 

activated by its endogenous ligand, acetylcholine (ACh). Meanwhile this receptor has gained nanomolar 

potency (a very small concentration of ligand is required to activate the receptor)for the ligand 

clozapine-N-oxide (CNO) (Ferguson et al. 2011). This ligand is otherwise pharmacological inert at 

endogenous targets (Weiner et al. 2004) (Armbruster et al. 2007) , is able to cross the blood-brain 

barrier (BBB) in both mice and humans and has a high bioavailability (a high portion of the drugs reaches 

the systemic circulation unchanged) and is slowly degraded in vivo (Bender, Holschbach & Stocklin 1994, 

Chang et al. 1998). The parent molecule of CNO, clozapine, is a moderate-affinity antagonist of hM3 

(Davies et al. 2005), so it was predicated that only a few mutations to the muscarinic receptor family 

were required to generate receptors that are sensitive for CNO (Armbruster et al. 2007). With this hM3 

receptor, which is a Gq – coupled muscarinic receptor, a library of mutants receptors was generated. 

This was done with the use of error-prone polymerase chain reaction. With error-prone PCR operators 

are able to control the degree of mutagenesis by controlling the number of gene-doubling events that 

occur in the PCR reaction (McCullum et al. 2010).The resulting mutants were subsequently transferred 

into yeast. Strains of yeast Saccharomyces cerevisiae have been engineered in such a way that 

heterologously expressed GPCRs (the expressed GPCRs are derived from another organism and 

transferred into the yeast) activate the yeast pheromone signaling pathway. Activation of this signaling 

pathway drives transcription and expression of essential amino acids, required for growth of the yeast 

(Dong, Rogan & Roth 2010, Erlenbach et al. 2001a). The DREADDs generated were potently activated by 

CNO, insensitive to endogenous acetylcholine and showed little or no baseline activity (Armbruster et al. 

2007). The process of directed molecular evolution is summarized in figure 2. Such yeast strains 

nowadays exist for the three subtypes of GPCRs, Gi, Gq and Gs (Erlenbach et al. 2001b). 

 

Spatial expression of DREADD (and opsins) 

 

Spatial control enables scientists to modulate a specific cell type or a particular anatomical region. This 

spatial control is gained by either controlling the bioavailability of the cognate ligands (light/photons or 



small synthetic molecules) or by controlling where the receptors (opsins or DREADDs) express. To date, 

two techniques have been used by researchers to gain spatial expression of specific modified GPCRs or 

opsins (microbial light-gated receptors). Either transgenic animal (mouse) lines or locally-infused viruses 

with cell-type specific promotors have been used. For both techniques, spatial specificity is mostly 

delivered by tissue-specific promotors. Transgene expression can be driven directly, as in the case of 

traditional transgenic (knock-out or knock-in) mice, and indirectly. The indirect drive of expression has 

an advantage because they are inducible expression systems (Rogan, Roth 2011). One of the indirect 

systems, the tet-on/off system also has the advantage that it is reversible. The second system is the Cre-

lox system, which works in a similar way as the tet-on/off system. First the tet-on/off system and after 

that the Cre-lox system will be described. Last, viral delivery of specific receptors will be addressed. 

 

Tet-on/off 

In the tet-on/off system a tissue-specific promoter (arranging the spatial selectivity) drives the 

expression of a transcription factor, for this system either the tetracycline transactivator (tTA) or the 

reverse tetracycline transactivator (rtTA), see figure 3. In one mouse line, the transgene of interest (in 

this example Ro1) is carried downstream of a tetracycline-responsive promoter element (TRE, also 

named tetO, as in figure 3). This mouse line is crossed with a line expressing the transactivator tTA or 

rtTA (for tet-on or tet-off, respectively) under the control of a tissue-specific promotor (Ackland-

Berglund, Leib 1995). In the double transgenic offspring, the tissue-specific expressed tTA binds and 

activates TRE and start the transcription of it’s down-stream protein expression. Target gene activation 

depends on the kind of tet system that is used. In the tet-on system target gene expression is activated 

when doxycycline (DOX) is available. In the tet-off system it is the other way around, in this system the 

transgene will be expressed in absence of DOX or tetracycline. With this method gene expression can be 

regulated in a tissue-specific and timing-specific manner (Pei et al. 2008). For example, transgenic mice 

with Ro1 specifically targeted to the heart region were created by breeding the TetO-Ro1 mice with a 

myosin heavy chain (MHC)-tTA mouse strain containing the tTA driving from a heartspecific MHC 

promoter, and Ro1 gene expression was induced by the removal of doxycycline from the mice’s diet 

(figure 3). 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Illustration of the Cre-lox, Tet-on/off and viral delivery systems 

Above: In the Cre-flox system, a tissue-specific promoter controls expression of Cre recombinase in a driver line. In 

the responsive line, loxP recognition sequences flank a stop sequence 5’ of the exogenous transgene of interest. 

Cre recombinase excises the stop site to allow the ubiquitous Rosa26 promoter to drive transgene expression. 

Middle: For virally mediated recombination, virus is infused into the Cre driver line. The virus carries a plasmid with 

a doubly floxed, inverted open reading frame. Cre mediates recombination at one of the two sets of recognition 



sites to cause inversion of the open reading frame and to allow the synapsin-1 promoter to drive transgene 

expression in neurons. The remaining lox sites are incompatible, thereby preventing re-inversion. 

Below: Inducible Ro1 expression in the heart with a tetracycline-regulated (Tet-Off) system 

MHC-tTA/tetO-Ro1 mice were obtained by crossing a transgenic mouse line that expresses Ro1 receptor under the 

control of a tetO gene and another mouse line expressing tTA gene under the regulation of a heart-specific MHC 

promoter. In the absence of DOX (-DOX), tTA binds the TRE promoter to drive transcription of RO1 in the heart. 

When DOX is present (+DOX), it binds to tTA and induces a conformational change that prevents the binding of tTA 

to tetO and represses the transcription of RO1. Adapted from: (Rogan, Roth 2011, Pei et al. 2008) 

 

Cre-lox  

The Cre-lox system works in a similar manner as the tet-on/off system. It also requires two transgenes. 

Cre recombinase, an enzyme derived from bacteriophages that recombines DNA at a specific place, 

named loxP, which is a specific recognition sequence for the Cre recombinase, is controlled by a tissue-

specific promotor. Cre recombinase excises DNA that is “floxed”, e.g. flanked by two loxP sequences. 

The Rosa26 promotor drives transgenic expression when Cre is present and the stop signal is excised. 

Cell-type specificity is reached because Cre only mediates recombination in cells in which a cell-type 

specific promotor is present and Cre is expressed. A disadvantage of the Cre-lox system compared to the 

tet-on/off system is that Cre-lox is irreversible, once recombination has occurred. After recombination 

the Rosa26 promotor will continue to drive expression of the transgene of interest and the researcher 

no longer has control over the timing of transgene expression. The Cre-lox system is illustrated in figure 

3. 

 

Viral delivery 

The third method to deliver transgenes (in this paper specific manipulated receptors) into animals is 

viral delivery. Viruses can be used in two ways: they can deliver a component of the Cre-lox system (see 

above) or they can directly encode the transgene of interest (modified receptor) downstream of a 

tissue/cell-type specific promotor. Widely used viral constructs have been constructed, called either flip 

excision (Schnutgen et al. 2003, Atasoy et al. 2008) or doubly floxed, inverted open reading frame 

constructs (Cardin et al. 2010, Cardin et al. 2009). A doubly floxed transgene (not flaked by the loxP site 

but by related variants, which instead of inducing DNA removal by Cre bring the Cre enzyme to invert 

the transgene nonreversibly) is encoded in the viruses. The transgene in encoded into the viral construct 

in a reverse 3’-to-5’ orientation (relative to the promotor) (figure 3). Cre recombines the DNA in such a 

way that the transgene is reversed into the 5’-to-3’ orientation and transcription and translation of the 



transgene can initiate. The viral construct is infused locally in certain brain regions of a Cre mouse driver 

line which results in tissue-specific expression. The viral delivery method has several advantages. One 

does not need to make and maintain specific transgenic mouse lines. Viral delivery can also more easily 

be used in other types of laboratory animals, like rats or even primates. In these species the use of 

transgenic animals is not feasible. Last, this method provides the investigators temporal control, the 

timing of transgene expression can be regulated by administering or not administering the viral 

construct to the specific brain regions.  

 

In vivo use of DREADDs 

The first proof-of-concept study of Gq was done by Alexander e al. (Alexander et al. 2009). The CAMKIIα 

tet transactivator/promoter was used to drive expression of hemagglutinin-tagged hM3Dq in the 

forebrain of transgenic mice. The pyramidal cells in hippocampal slices of these transgenic mice showed 

robust phospholipase C-dependent depolarization, combined with increased firing rates minutes after 

CNO application (the authors suggest that this is due to closure of KCNQ channels). The transgenic 

hM3Dq-expressing mice showed no behavioral alterations in the absence of CNO, except a reduction in 

movement. The first appliance of a Gi coupled GPCR was done in AGRP neurons in mice (Krashes et al. 

2011). CNO administration resulted in hyperpolarization and reduced firing (presumably via GIRK 

channels). Also the behavior of the animals changed, within two hours after administration food intake 

was reduced. In summary, these two receptors provided a genetic means for in vivo cell type-selective 

activation (Gq-coupled hM3Dq) or inhibition (Gi-coupled hM4Di) of neuronal activity, respectively 

(Wulff, Arenkiel 2012) (figure 4). 



 

Figure 4 Second messenger cascades associated with Gq, and Gi signaling. Left, Gq signaling activates Phospholipase 

C beta (PLC-β), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol triphosphate (IP3) and 

diacylglycerol (DAG). This leads to increased levels of free Ca
2+

 or protein kinase C (PKC) activation. Reductions in 

PIP2 levels may also lead to closure of KCNQ channels causing depolarization and increased neuronal firing. Right, 

Gi signaling activates inward rectifying potassium channels (GIRKs), resulting in hyperpolarization and inhibition. 

Independently, activated Gi also inhibits adenylyl cyclase (AC), which promotes cAMP formation and protein kinase 

A (PKA) activation. Adapted from: (Wulff, Arenkiel 2012) 

None of the native muscarinic receptors couple to Gs. Therefore Guettier et al (Guettier et al. 2009) 

made their own Gs coupled GPCR with the ability to be used in vivo. They generated this GPCR by 

generating a chimera of the rat M3 receptor, in which two mutations have been introduced and in which 

the second and third extracellular loops have been replaced by the second and third extracellulair loop 

of the turkey Gs coupling β1-AR. The name of this GPCR is rM3/β1Ds, receptor coupling with clozapine-

n-oxide stimulates adenyl cyclase/promotes cAMP production.  Up to now, no in vivo study has been 

published in which researchers have used rM3/β1Ds as a Gs coupling GPCR. 



Up to now only a few publications concerning in vivo application of DREADDs have emerged, most of 

these publications are proof-of-concept studies. Five of these early emerging publications, regarding 

different brain regions, neurons and/or neurotransmitters, will be summarized in this review. A very 

interesting publication is about the role of agouti-related protein (AgRP) in the regulation of energy 

homeostasis. Along with two other neuronal populations, neuropeptide Y (NPY) and γ-aminobutyric acid 

(GABA), AgRP neurons are located in the arcuate nucleus (ARC). These three neuronal groups are linked 

to feeding behavior and energy balance, but the exact contribution of these neurons remains unclear, 

despite a wide array of different experiments (neuronal overexpression in transgenic mice, central 

administration, gene deletion, ablatation of neurons and more) which have already been performed. In 

AgRP-Ires-cre mice the depolarizing GPCR hM3Dq was injected into the ARC with an adeno-associated 

virus (AAV)-hM3Dq-mCherry (mCherry is used to detect where the transgene is expressed) vector 

(Krashes et al. 2011). Stimulation of AgRP resulted in a rapid and dramatic increase in feeding, a 

reduction in energy expenditure and an increase in fat storage. After DREADD activation by CNO was 

ended, the effects disappeared and returned to baseline activity. In a second batch of animals the same 

neurons where selectively inhibited with the use of the same viral method, only now expressing hM4Di, 

the inhibitory Gi/o coupled GPCR. Activation of the hyperpolarizing hM4Di DREADDs resulted in 

reduction in food intake of mice, who were hungry at that time. Last, ad lib fed mice were tested for 

their motivation to work for food reinforcements (with the nose poke beam-break set up) in a 

progressive ratio operant conditioning paradigm. In AgRP activated mice the motivation to work for 

word was much higher. Also food-seeking behavior increases in AgRP activated mice, compared to 

control animals. Krashes et al. concluded that AgRP seems to be involved in multiple levels of feeding 

behavior. 

Another “DREADD publication” investigates the role of two pathways in the dorsal striatum regulating 

(drug) addiction, the direct (striatonigral) and indirect (striatopallidal) pathway. It has been hypothesized 

that the pathways oppose one another functionally and mechanistically. However, there is very little 

empirical evidence supporting this hypothesis, since both neuron populations are located closely 

together and are not discernible morphologically. To overcome this problem viral vectors with pathway 

specific promoters (enkephalin (ENK) for striatopallidal medium spiny projection neurons (MSNs), 

dynorphin (DYN) for striatonigral MSNs) to promote target gene expression at the specific desired 

locations and hemagglutinin-tagged hM4D, a Gi/o coupled GPCR, were injected into the dorsal striatum of 

rats (Ferguson et al. 2011). Activation of indirect pathway coupled inhibiting DREADD by CNO did not 

change acute locomotor responses to amphetamine. However, disruption of neuronal activity in the 



striatopallidal (indirect) pathway MSN facilitated the development of a more robust sensitization, 

compared to controls. This effect was maintained after a week. Inhibition of the striatonigral (direct) 

pathway also did not alter the acute locomotor response to amphetamine. Sensitization development 

was not reduced by activation of DYN-coupled hM4D during amphetamine treatment. However, long 

term sensitization was reduced compared to control animals. Ferguson et al. stated that this data 

provides the first evidence that both dorsal striatum pathways indeed have opposite effects in the 

regulation of addiction, at least on long-term effects.  

A third example of DREADD application in neurobiology is the paper by Sasaki et al. (Sasaki et al. 2011). 

They studied the role of the neuropeptide orexin, produced in the lateral hypothalamus (LHA), on the 

control of sleep and wakefulness. It has been hypothesized that orexin neurons function and as 

integrators, receiving information from other brain regions and accordingly regulate vigilance states. The 

direct consequences of orexin neuron activity modulation is however unknown in living animals. To 

investigate this orexin-cre transgenic mice were injected with an AAV2 virus, a cre-specific promoter and 

either the excitatory hM3Dq or inhibitory hM4D1 DREADD. Excitation of hM3Dq and the following 

activation of orexin resulted in increased awake time in mice and a decrease in REM and NREM sleep 

times. Conversely, inhibition of orexin resulted in decreased wakefulness time and increased NREM 

sleep time.  

Ray et al. (Ray et al. 2011) showed that DREADDs can also be used to investigate the role of serotonergic 

neurons on the homeostasis of vital body parameters, such as temperature homeostasis and the 

respiratory chemoreflex, which controls the body ventilation in response to deviations of partial 

pressure of CO2 in the brainstem and artery. In the lower brainstem serotonergic neurons have been 

proposed to be a critical constituent. With a special mouse line the authors were able to express the 

inhibitory hM4D Gi/o coupled protein in all serotonergic neurons in the brain stem and a few thalamic 

neurons. In response to serotonergic neuron inhibition in mice the chemoreflex was attenuated, also 

body temperature regulation was disrupted. Both findings were reversible over time, showing that 

DREADDs can be used to investigate serotonergic brain stem function. 

The last described paper is a proof-of-concept study from 2009, it is one of the first in vivo studies in 

mice. Mice expressing the Gq coupled receptor hM3Dq in forebrain principal neurons, particularly in the 

hippocampus and cortex, were produced in which expression was driven with the CAMKIIα 

transactivator.  To prove that these engineered receptors are able to induce effects on specific neurons, 

local field potentials and single-unit activity within the hippocampus were recorded. And indeed, a 



correlation between induced neuronal changes (by peripherally injected CNO, activating the neurons) 

and behavioral changes (increased locomotion, stereotypy, and limbic seizures) was found.  

 

 

 

 



 

 

Table 1  Engineered GPCRs that activate Gi , Gq or Gs signaling pathways.  Adapted from: (Pei et al. 2008) 

 

 



Optogenetics 

 

The second method to manipulate individual components of the brain that will be described in this 

review is optogenetics. The combination of optics, genetics and bioengineering to manipulate (either 

stimulate or inhibit) cellular activity via light-sensitive microbial membrane proteins (opsins) gave birth 

to a new research discipline named “optogenetics” (Nagel et al. 2005, Boyden et al. 2005, Deisseroth et 

al. 2006). Although developed (slightly) later in time then RASSLs and DREADDs, one could have 

witnessed a boom in optogenetics-related publications in the last years. At this point optogenetics is 

applied at a much larger scale than RASSLs and DREADDs. Optogenetics concerns the field of specific 

genetic targeting of neurons of interest, combined with optical technology, in such a way that specific 

target neurons can be manipulated with a very high grade of temporal control (millisecond timescale).  

Although some attempts were already made (Zemelman et al. 2003), the breakthrough came when 

Nagel et al. (Nagel et al. 2003) were able to clone the channelrhodopsin-2 (ChR2) channel. This is a 

cation channel expressed in the green algae Chlamydomonas reinhardtii. ChR2 is structurally similar to 

vertebrate rhodopsin which in response to blue light opens to allow Na+ influx. Through functional 

expression in oocytes of the African clawed frog Xenopus laevis and in mammalian cells Nagel et al. 

showed that this rhodopsin is a cation selective ion channel which is directly light-gated and opens 

rapidly after light exposure. 

The application of ChR2 in neuroscience was quickly appreciated by researchers. The channel responds 

quickly after activation of ChR2, the neuronal response is reliable and reproducible and the necessary 

cofactor, all-trans retinal (ATR), is already expressed in vertebrates. This cofactor will enable the 

application of this neurobiological tool in various in vivo models (Li et al. 2005, Herlitze, Landmesser 

2007). Next to the ChR2 receptor investigators also quickly began to look for other “opsins”, ion pumps 

or channels that depolarize or hyperpolarize neurons in response to specific wavelengths of light. Soon 

other channelrhodopsin2-like proteins which also respond the specific wavelengths were found. In the 

next part of this review several classes of opsins will be described. First the depolarizing opsin families 

will be described; this will be followed by a description of the hyperpolarizing opsins. Last, G-protein 

coupled opsins, in which opsins are used to activate GPCR pathways, will be depicted.  

 

Depolarizing opsins 

The first study concerning opsins used to alter neuronal firing was published by Boyden et al. (Boyden et 

al. 2005). They have used the ChR2 receptor, with a lentivirus they inserted this receptor in an in vitro 



model of rat hippocampal neurons. Illumination of the culture dishes with blue light (450 – 490 nm) 

induced large and rapid depolarization currents. Illumination with longer wavelengths, green colored 

(490 – 510 nm), induced smaller currents. Exposure of the rat hippocampal neurons to light pulses 

evoked reliable spike trains, but constant exposure to light induced one rapid and predictable spike, 

thereafter no spiking activity was discernible. After exposure of the neurons to the lentivirus, ChR2 

receptors transported to the cell membrane. ChR2 receptor expression was stable for several weeks, 

and the expression of the receptor did not alter baseline neuronal activity. ChR2 is the first depolarizing 

opsin which had its concept proven in vitro (Boyden et al. 2005) and in vivo (ChR2 expression in muscles 

of C. elegans raised on an ATR containing diet resulted in light-inducible contractions of the muscles 

(Nagel et al. 2005)).  

Two other developed depolarizing opsins are Volvox carteri Channelrhodopsin-1 (VChR1) and 

Channelrhodopsin-2 E123T Accelerated (ChETA). V. carteri expresses a cation-conducting 

channelrhodopsin that responds optimally at light with the wavelength of 589 nm (Zhang et al. 2008). 

Most properties of VChR1 are the same as those of ChR2, one difference is that the deactivation of 

VChR1 is much slower than the response of ChR2 (decay constant of 133 ms and 12 ms, respectively). 

Channelrhodopsin-2 E123T Accelerated is a mutated, improved version of ChR2. ChR2 showed several 

problems during experimental use: high levels of ChR2 can result in strange spiking in response to a 

single pulse of light, high spike rates provoke plateau potentials and ChR2 cannot drive firing rates into 

the γ-range, the required high frequency rate cannot be obtained. To resolve these problems Gunaydin 

et al. (Gunaydin et al. 2010) tried to identify point mutations in ChR2 using structural data of 

bacteriarhododopsin which would improve the kinetics of the ChR2 channel, especially the off-kinetics, 

which might result in a decrease in deactivation time. The ChR2123T mutant demonstrated improved 

features and was functional in in vitro cultured hippocampal neurons and in prepared mouse brain 

slides.  

 

Hyperpolarizing opsins 

While the depolarizing opsins give researchers a tool to activate specific neurons on a millisecond 

timescale, the necessity of developing opsins which are able to hyperpolarize (and thus deactivate) 

neurons in a similar manner and on an alike timescale was obvious. The first hyperpolarizing opsin 

described in a publication is halorhodopsin (NpHR, Natronomonas pharaonis halorhodopsin). 

Halorhodopsin is a light-activated chloride channel coming from Natronomonas pharaonis. It was 

discovered long before it was conversed into a research tool (Matsuno-Yagi, Mukohata 1977). It 



responds to light with a wavelength of 580 nm (yellow light) and it silences neuronal firing by pumping 

chloride ions into the cell (Han, Boyden 2007, Zhang et al. 2007). NpHR has the same kinetic properties 

as ChR2, it responds really fast to light of a specific wavelength, also the neuronal activity is silenced 

after elongated constant exposure to light. (Han, Boyden 2007) demonstrated that in in vitro neurons 

expressing both ChR2 and NpHR, alternation in pulses of different wavelength (yellow and blue) resulted 

in alternating hyperpolarization and depolarization. Thus, bidirectional modulation is granted when both 

receptors are expressed on one neuron. (Zhang et al. 2007) demonstrated the same principle in vivo. In 

the cholinergic motor neurons of C. elegans muscle cells, they showed that NpHR activation could block 

muscle contraction generated by ChR2 induced depolarization. One problem with ectopic NpHr 

expression is that high levels of receptor expression on the cell surface are required to optimally silence 

neuronal firing. To optimize opsin expression in mammalian cells a codon-optimized variant of NpHR 

was made (Boyden et al. 2005, Zhang et al. 2007). However, expression of NpHR under a strong 

ubiquitous promoter in in vivo mammalian cells leads to receptor retention in the ER resulting in toxic 

intracellular accumulation (Zhang et al. 2007, Zhao et al. 2008). Aiming to resolve this problem 

Gradinaru et al. (Gradinaru, Thompson & Deisseroth 2008) added a vertebrate export motif in the c-

terminal of the receptor. The new receptor, dubbed eNpHR 2.0, showed less intracellular accumulation 

and an improved rate of membrane trafficking. With the addition of another c-terminal modification 

eNpHR 3.0 was made. Next to further improved transportation and membrane targeting of this 

receptor; a well-tolerated high level of expression in vivo, also higher photocurrents can be measured 

compared to non-tuned NpHR, as well as increased sensitivity for 630 – 680 nm light (Gradinaru et al. 

2010).  

A second group op hyperpolarizing opsins is Archaerhodopsin-3 (Arch). Just as NpHR both Arch and 

ArchT (an Arch homologue, coming from archaea of the Halorubrum genus, which can mediate similar 

photocurrents as Arch, but has a 3-fold higher light sensitivity, compared to Arch (Han et al. 2011)) 

hyperpolarize neurons. However, the mechanism which with they do it differs. NpHR pumps chloride 

into cells, Arch and ArchT pump H+ out of the cell. Light-activated chloride pumps are inactive for longer 

periods (tens of minutes), while light-activated outward pumps recover much faster, they spontaneously 

reactivate within seconds. In a mining study along all kinds of opsins (bacterial, archaebacterial, plant 

and fungal) Chow et al. (Chow et al. 2010) identified Archaerhodopsin-3, coming from Halorubrum 

sodomense. The peak of photo activation of Arch lays around 550 nm (yellow light). Arch pumps protons 

out of the cell without an effect on intracellular pH and very quickly, within 10 ms after 

photostimulation. Continuous light causes the current to decay, the pump becomes inactive within 20 



ms after light exclusion; the pump recuperates within seconds. There are some other features more 

preferable of the Arch pump, compared to NpHR. Arch-induced silencing was of greater magnitude and 

Arch-induced current didn’t saturate on higher light intensities. Also in vivo the authors found Arch 

could mediate reliable, near-digital silencing of neurons in the awake mammalian brain (in this case 

mouse cortex neurons). 

 

GPC-opsins 

The last group of opsins that will be described are the G-protein coupled opsins. These opsins are 

coupled to GPCRs in such a way that light emission on the opsin drives an intracellular response via a 

GPCR pathway. The first G-protein coupled opsin was the first inhibitory opsin, it was discovered before 

NpHR and Arch were found to be useful in the field of optogenetics. Li et al. (Li et al. 2005) used the 

GPCR rat rhodopsin 4 (RO4), a member of the vertebrate rhodopsin family (Huber, Sander & Paulsen 

1996). They wanted to use RO4 to produce hyperpolarization of the somato-dendritic membrane or 

inhibition of synaptic transmitter release via the Gi (inhibitory) pathway. RO4 was expressed in cultural 

hippocampal neurons and in the spinal cord neurons of chick embryos (an in vivo model). RO4 works 

both pre- and postsynaptically. Pre-synapse inhibition occurred through inhibition of voltage-gated 

calcium channels and modulation of paired-pulse facilitation and neurotransmitter release).  Post-

synaptic adjustments occurred through GIRK modulation. Although RO4 is an inhibitory opsin, it only 

induces a partial reduction in neuronal activity. Complete (or almost complete) and fast silencing is 

achieved by using the earlier described Cl- ion pumps (NpHR). An advantage of NpHR compared to RO4 

is that neuronal silencing occurs via chloride ions, which are not involved in intracellular signaling such 

as calcium is, thereby reducing the change of interference by side effects. 



  

Figure 5 The optogenetic principle: changing the membrane voltage potential of excitable cells. a Activating 

tools—channelrhodopsins: channelrhodopsin- 2 from Chlamydomoas reinhardtii (ChR2) and channelrhodopsin- 1 

Volvox carteri (VChR1) from nonselective cation channels leading to depolarization of target cells.  

Silencing tools—ion pumps: archaerhodopsin-3 (Arch) from Halorubrum sodomense works as a proton pump and 

leads to hyperpolarization of the target cell such as the chloride pump NpHR (NpHR) from Natronomonas 

pharaonis. b Spectral working properties of lightsensitive membrane proteins. Adapted from: (Rein, Deussing 

2012) 

 

The second group of G-protein coupled opsins was made with the idea to create GPCRs which can 

modulate their specific intracellular biochemical pathways in the time resolution of optical techniques 

(Airan et al. 2009), instead of the slow fashion in which intracellular biochemical pathways are 



modulated by RASSLs and DREADDs. Airan et al. created a group of opsin-receptor chimeras. They made 

opsin-GPCR fusion proteins that are coupled to G-proteins and activated by light. This was done by 

replacing the intracellular portion of Rhodopsin, which couples to Gt, with the Gq coupling part of α1- or 

the Gs coupling part of β2-adrenergic receptor. Selectivity of the opsin-receptor chimeras towards the 

appropriate G-coupled pathway was hereafter confirmed. Although offering a new and exciting way to 

modulate GPCRs in a very short time resolution, thereby eliminating one of the problems of the DREADD 

method, the opsin-receptor chimeras have a downside. Ligand-activated GPCRs can adopt a variety of 

active ligand-binding conformation changes (Urban et al. 2007), thereby leading to ligand functional 

selectivity. However, ligand-receptor chimeras adopt one unique conformational appearance in 

response to light (Airan et al. 2009). Consequently ligand-receptor chimeras provide less functional 

versatility. However, another method that allows direct optical control over second messenger systems 

and consecutive changes in behavior was found and might be a solution for this problem. Expression of 

the direct photoactivated adenyl cyclase bPAC (derived from the bacteria Beggiatoa sp.) mediates light-

dependent cAMP increase and behavioral changes in freely moving Drosophila melanogaster (Stierl et 

al. 2011). The authors propose that bPAC is an usable optogenetic tool for light modulation of cAMP in 

neuronal cells and tissues.  

The different wavelengths towards each of the different receptors respond is depicted in figure 5, a 

summary of all the developed optogenetic  tools up to now, published in the excellent review paper of 

Rein et al. is shown in table 2. 



 

 

 

Table 2 Summary of optogenetic tools. Adapted from: (Rein, Deussing 2012) 

 



In vivo applications of optogenetics 

In a few years’ time the field of optogenetics has exploded, it is nowadays a widely used tool and it will 

soon become the de rigueur tool for circuitry-based dissection of neuronal function (Rogan, Roth 2011). 

The current appliance of optogenetics has grown so big and is so widespread over a still expanding 

amount of scientific fields that only a specific part will be addressed in this paper. The focus will be put 

on the current applications of optogenetics in the field of behavioral research. When the current 

applications of optogenetics are addressed this review will conclude with a future perspective on the 

applications of DREADDs and optogenetics, combined with the advantages and disadvantages of both 

methods.  A wide array of different brain regions have been investigated in vivo using optogenetics. A 

small selection of applications of behavioral related optogenetics in mice or rats will now be given.  

In mice, Lin et al. (Lin et al. 2011) investigated the precise location of hypothalamic neurons involved in 

aggression and their relationship to neurons involved in male mating. Already a hypothalamic attack 

area (HAA) was determined in rats. However, this area consists of several overlapping anatomic nuclei. 

Mating behavior neurons are contrastingly located in specific and complimentary neurons. After some 

localization studies (using c-fos as a surrogate marker for neuronal activity) and chronic activity 

recording in the ventrolateral subdivision of the ventromedial hypothalamus (VMHvl) (to gain further 

insight in the relationship in neurons involved in mating and fighting) optogenetics were used to induce 

functional manipulations of the VMHhl. Channelrhodopsin-2 (ChR2)was expressed unilaterally in VMHvl 

neurons. This was done using stereotactic co-injection of adeno-associated viral vectors (AAV2) 

expressing Cre recombinase and a Cre-dependent form of ChR2 fused with enhanced yellow fluorescent 

protein (ChR2–EYFP). Optogenetic stimulation of ventromedial hypothalamus, ventrolateral subdivision 

(VMHvl) causes males to not only attack males, but to also attack females and inanimate objects. VMHvl 

stimulation in absence of an intruder did not obviously alter behavior. In a second experiment 

pharmacogenetic silencing (by administering viral vectors which co-expressed a mutated glutamate 

insensitive channel) of VMHvl reversibly inhibits inter-male aggression. Other VMHvl analysis during 

social interactions revealed overlapping but distinct neuronal subpopulations involved in fighting and 

mating. As a conclusion, Lin et al. stated that neurons activated during attack are inhibited during 

mating, suggesting a potential neural substrate for competition between these opponent social 

behaviors. 

Another brain area investigated using optogenetics is the amygdala, more specifically the lateral 

amygdala, involved in behavioral fear responses. Johansen et al. (Johansen et al. 2010) showed in rats 

that optogenetic stimulation of the pyramidal neurons in the lateral amygdala (LA), combined with an 



auditory cue caused the rats to learn and to show behavioral fear responses in response to the solely 

auditory cue. ChR2 was targeted to the pyramidal cells using viral-mediated gene transfer. In mice the 

microcircuits in the central amygdala (CEA) were further investigated (Ciocchi et al. 2010). With several 

techniques, including optogenetics, they showed that conditioned fear responses are driven by output 

neurons in the medial subdivion of the central amygdala (CEm). However, fear acquisition requires 

neuronal activity in the lateral subdivision of the CEA. Optogenetics were applied for CEm neuron 

activation; it was achieved by targeted injection of a ChR2 expressing virus in the CEm.  Bilateral 

activation of CEm induced strong and reversible freezing responses in free moving mice. 

 

Another brain structure investigated with the use of optogenetics is the ventral tegmental area (VTA), 

Tsai et al. (Tsai et al. 2009) where the first to do this. They targeted DA neurons in the VTA of rats with a 

Cre-inducible adeno-associated virus (AAV) carrying a ChR2 gene and a yellow fluorescent protein. In a 

conditioned place preference test the authors were able, by selectively modulating DA neuron activity 

with defined stimulation patterns, to establish place preference in absence of other reward with phasic 

firing. More work on the VTA, but with a different approach, has been done by Witten et al. (Witten et 

al. 2011). They have created the first recombinase-driver line in rats, which differs from the viral 

strategy. The authors state that driver lines have several advantages over viral delivery: viral delivery is 

low throughput and not suitable to keep up with the rapidly expanding optogenetic toolbox (requiring 

specific design, line generation, multigenerational breeding and testing of each rat if it expresses the 

opsin gene). Second, viral delivery is less cell or tissue specific. Opsins traffic efficiently down axons 

(Gradinaru et al. 2010), also incoming afferent photo-sensitive neurons will confound results by 

exhibiting light sensitivity alongside local cell populations. To prove the concept Witten et al. wanted to 

clarify the relationship between dopamine neuron activation and positive reinforcement (in the form of 

intracranial self-stimulation (ICSS)). They found that brief phasic stimulation of DA VTA neurons was 

sufficient to drive ICSS. With this publication the authors showed that also rats could become a feasible 

animal model for optogenetics without the use of viral administration. 

Dopamine is not only involved in reward and addiction related pathways, mostly concerning the VTA. 

Next to the VTA, there is also release of DA in the dorsal striatum, to which the substantia nigra (SA) 

projects via the nigrostriatal pathway (involved in the production of movement). Bass et al. (Bass et al. 

2010) used this pathway to do the first in depth analysis of in vivo optically induced DA release in real 

time using a method called fast-scan cyclic voltammetry (FSCV). Combining this technique with 



optogenetics the authors were able to precisely pair DA release with light application and to measure 

small physiological relevant DA concentrations with a precise spatial resolution. This allows mirroring 

natural patterns of DA release in the striatum without the generation of chemical artifacts (which do 

occur with electrical stimulation methods). Bass et al. concluded that optogenetics can be easily 

incorporated into existing rodent models.  

The role of dopamine in movement initiation and maintenance also comes in play in several diseases. 

One of them is Parkinson ’s disease (PD). PD is a neurodegenerative disorder in which the dopaminergic 

neurons in the substantia nigra pars compacta (SNc) die. This leads to abnormal activity in the basal 

ganglia (BG). The DA depletion in the BG leads subsequently to altered activity in the subthalamic 

nucleus (STN) and globus palladus pars interna (GPi). The alterations in these brain areas are linked to 

the clinical deficits in movement initiation and execution. Deep brain stimulation (DBS) has emerged as a 

highly effective treatment for medically refractory PD. To study the precise methods with which DBS 

does this Gradinura et al. (Gradinaru, Thompson & Deisseroth 2008) developed an optogenetic model in 

rats. The authors wanted to address if reversible inhibition of local-circuit excitatory STN neurons would 

be therapeutic in PD.  To do this, first a widely used model for PD was established. Animals were 

injected with 6-hydroxydopamine (6-OHDA) to make them hemoparkinsonian. After 6-OHDA injection 

animals showed a deficit in left limb use, also they displayed rightward rotations ipsilateral towards the 

lesion. This behavior gravitated after amphetamine injection and is mitigated after administration of 

dopamine agonists. To specifically excite or inhibit the subthalamic nucleus enhanced NpHR (eNpHR) 

expressed under the CaMKIIa promotor (a selective promoter for excitatory glutamatergic neurons) was 

delivered to the right STN in hemiparkinsonian rats by lentiviruses. The transgenes CaMKIIa:eNpHR were 

labeled with enhanced yellow fluorescent protein (EYPF) to control the expression location. It was 

concluded that direct frequency-dependent effects (selective stimulation) on afferents to the STN can 

be accounted as a major direct target of deep brain stimulation in DP. More work on PD using 

optogenetics has been done in mice by Kravitz et al. (Kravitz et al. 2010). They investigated two different 

pathways in the basal ganglia, which are involved in motor planning and action selection. According to 

an older hypothesis, there is a direct pathway, facilitating movement, and an indirect pathway, which 

inhibits movement. This hypothetical model has never been empirically tested. Striatal medium spiny 

projection neurons (MSNs) from indirect or direct pathways were targeted by injecting a double-floxed 

ChR2-YFP transgene in the dorsomedial striatum via an adeno-associated virus (AAV). This injection was 

done in bacterial artificial chromosome (BAC) transgenic mice who expressed Cre-recombinase under 

control of regulatory elements for either the D1 or D2 receptor. D1 is associated with direct-pathway 



MSNs, D2 with indirect pathway MSNs. Kravitz et al. found that bilateral excitation of the indirect-

pathway MSNs resulted in Parkinson-like behavior, including increased freezing, bradykinesia 

(movement slowness) and a decrease in locomotor initiations. Direct-pathway MSN excitation resulted 

in opposite results. Above this all Kravitz et al. used the same hemiparkinsonian model as Gradinura et 

al., only now in mice. Also in this model activation of direct-pathway MSNs resulted in a complete 

rescue of the animals, relieving the animals from freezing, bradykinesia and locomotor inhibition. 

Optogenetic control has also been achieved in other brain regions and for other neurotransmitters. As a 

last example the work of Oh et al. (Oh et al. 2010) will be addressed. In the understanding of normal in 

vivo functioning of the serotonergic signaling the authors tagged vertebrate rhodopsin with the C-

terminal domain of 5-HT1A. With this approach they were the first to use this new receptor, dubbed Rh-

CT5-HT1A as an optogenetic tool to directly modulate 5-HT1A in intact, behaving animals in a non-invasive 

way. This work demonstrates that the optogenetic approach can also be used for other (sub)types of 

receptors, allowing researchers a whole new level of specific receptor control. 

Discussion and conclusion 

 

Advantages and disadvantages of designer GPCRs and optogenetics 

Designer GPCRs and optical mechanic and genetic (optogenetic) approaches are the new big thing in the 

neuroscience field. Optogenetics techniques have already proven to be usable in a multiple fields and 

DREADD appliance start to break through as a widely used tool in neuroscience. In above sections in vivo 

applications of both techniques have been reviewed. It was tried to not give a complete summary of all 

published work where one of both techniques have been used, but to give an indication of the extensity 

of areas both optogenetics and engineered GPCRs already have been applied.   Although both methods 

have proven to be applicable in all sorts of brain regions, receptor types and neuronal populations, there 

are up- and downsides towards both techniques. In the last section of this review this advantages and 

disadvantages will be addressed. 

 

Advantages of DREADDs  

The exciting development of designer receptors exclusively activated by designer drugs has already 

showed several major advantages, compared to both optogenetic approaches and other neuro-

techniques (drug administration, electrical stimulation, etc.). Activation or inhibition of neurons can 

occur in completely free living animals, which is optimal for behavioral research. At least in mice, only a 



systemic injection of the ligand CNO is required to modulate neurons. Bioavailability in other animal 

models will be addressed later, but in mice CNO is perfectly able to cross the blood-brain barrier and 

carry out its effect in a ten minutes to an hour time frame.  Alike to optogenetic approaches, which will 

be addressed a little later in this review, DREADD technology allows control and the ability to modulate 

specific neurons. With this investigators are for the first time able to directly manipulate GPCRs and to 

research resulting effects on animal behavior. However, it is important to control for the specificity of 

promoters driving designer GPCR expression and to check that these receptors are only expressed in 

desired neurons and are also not transported down axons to unwanted locations.  

 

Disadvantages of DREADDs 

The major disadvantage DREADD application faces nowadays concerns the ligand this method requires: 

CNO. Since there is only one ligand available in this technique (in contrast to optogenetics, where light 

of different wavelengths can act as different ligands) it is not possible to modulate the same pathway in 

both directions (activation and inhibition) in the same cells. To investigate both directional effects two 

groups of animals are required (as was done in the AgRP investigation of Krashes et al.), in which in one 

group the depolarizing GPCR and in the other group the hyperpolarizing GPCR is induced. Better results 

will be obtained if this can be done in the same animals, also the opposing effects of inhibition or 

activation can be more clearly investigated. A second problem of CNO as a ligand is that, although in 

mice it is an optimal ligand and in rats it has also been used (Ferguson et al. 2011), application of this 

ligand in human subjects is not possible. This is due to back-metabolism of this ligand into clozapine, 

which has a large number of neuronal targets (Rogan, Roth 2011). Also is CNO less able to cross the 

blood-brain barrier in human subjects. Therefore either a DREADD responding to another ligand, which 

is applicable and has good pharmacokinetic properties in humans, or the development of a CNO analog 

with improved pharmacokinetic features is required before this technique can be applied in human (or 

primate) research.  

Another disadvantage of DREADD application compared to optogenetic techniques is the time 

resolution in which ligand administration has it effect on the target cells. Where the time resolution in 

optogenetics lies in the millisecond timeframe, DREADD ligand administration takes much longer to 

have its effect. Designer GPCRs have their effect over the course of tens of minutes. This activation time 

can be reduced by either injecting the ligand directly in the brain close to its target or to develop a 

photo-activatable CNO derivative. However, this will remove the advantage of DREADD technology that 

it can occur in free living animals. Also, even with these modifications, the time resolution of 



optogenetics will never be achieved. Last, the target of DREADDs, GPCRs themselves also transduces 

their signal slower, compared to synaptic signaling. So how much of a downside the longer timeframe of 

GPCR activation is remains to be seen. 

DREADDs can directly activate multiple G protein signaling pathways. The effects range from modulating 

membrane excitability (by Gq-mediated closing of PIP2-gated channels or by Gβ γ mediated opening of 

GIRK) to induce gene expression (increased c-fos expression mediated by Gq). But also G-protein 

independent signaling through β-arrestin can occur (Rogan, Roth 2011). Due to activation of different 

intracellular pathways at the same time confounding effects can occur. 

The last downside of DREADD usage in behavioral research will literally disappear in time, but up to now 

not much publications concerning behavioral research with DREADDs have appeared. Most of the 

studies yet published are proof-of-concept studies. However, these studies already have showed that 

DREADDs can be applied in several neurotransmitter systems (AgRP, dopamine, orexin and serotonine, 

see “in vivo use of DREADDs”), this gives the impression that DREADD application will be possible in an 

even wider range of different brain areas.  

 

Advantages of Optogenetics 

Where designer GPCRs allow direct manipulation of GPCRs, direct relationship between synaptic activity 

and behavior can be investigated with the use of optogenetic approaches. For the first time scientists 

are able to directly investigate behavioral alterations induced by the depolarization or hyperpolarization 

of specific neuronal populations. The largest advantage of optogenetics compared to DREADD 

application is the temporal control on millisecond timescale optogenetics allow. With this timescale one 

has the ability to simulate firing patterns in neurons. Thereby this is the only technique able to replicate 

the kind of endogenous oscillatory neuronal activity occurring in normal behavior. With the continuous 

improvements made in and discovery of new optogenetic receptors (for example the discovery and 

engineering on Arch receptors (Chow et al. 2010) and ArchT (Han et al. 2011)) the frequency of firing 

pattern manipulation can increase even further. Another advantage of optogenetics compared to 

DREADDs is that this technique act via a rather simple mechanism, opposite to G-protein coupled 

receptor activation and its several intracellular pathways. Activation of light-activated receptors simply 

induces the opening of a neuronal channel or pump, allowing ion flow. This influences the pre-synaptic 

membrane potential and induces either depolarization or hyperpolarization of the neuron. 

Next to this this is a very specific technique. The ligand for optical approaches (light) has very little to no 

influence on other brain regions (only the retina contains light-sensitive endogenous receptors). This 



ensures investigators that no unwanted manipulation of other brain regions or neurons will occur. Also 

one will have no pharmacokinetic concerns with light as a ligand, this is opposite to CNO as DREADD 

ligand. 

Last, optogenetic approaches are usable for a wide array of receptors. The first applications in 

behavioral research have been made, as described in the “in vivo application of optogenetics” chapter. 

 

Disadvantages of optogenetics 

However, optogenetic approaches also have several downsides. For this method direct access of 

photons to the desired brain areas is required. Therefore brain surgery is necessary to apply optic fiber 

wire (and electrodes, if wanted) into the brain to administrate the ligand (laser light of a specific 

wavelength). However, this is difficult to maintain on longer timescale. One can imagine that it is very 

hard to hold a brain-inserted cannula in relatively freely moving animals for a longer time without 

infections or mechanical problems. Also, light administration on more dispersed neuronal populations is 

very hard (or impossible). As already mentioned, subjected animals are not completely free-living, they 

are attached to a cannula. Although this is not a major problem (in other behavioral tests animals are 

also cannulated, for example to perform microdialysis) it is a restriction for the animals and their 

behavior.  

Light that is too strong or applied for a too long time can induce tissue damage, excitotoxicity and 

abnormal neuronal activity (Cardin et al. 2010). One could reduce these effects by reducing light 

intensity or by using shorter light pulses instead of constant illumination. However, in some cases the 

targeted brain structure can be located so deep in the brain that stronger light intensity is required. 

Next, electrical artifacts occur commonly when metal recording electrodes are used. This can be 

countered by specific measures, such as the use of glass electrodes, minimization of exposed metal area 

and using thin wiring stereotrodes (Cardin et al. 2010).  

Last, transgenic mouse lines are most easy to use for optogenetics, also the development of transgenic 

lines is mostly done in mice and not in rats. However, recently, driver lines in rats have been developed 

(Witten et al. 2011). This approach has several advantages over viral vector administration, the mostly 

used strategy in receptor delivery in rats. 

 

 

 

 



Conclusion 

In conclusion, both optogenetic approaches and usage of DREADDs appear to be very useful in 

behavioral animal research. Both methods have certain downsides, for which modifications might be 

required. However optogenetics already has proven itself to be a widely used technique which allows 

researchers to investigate direct relationships between neuron activation or inhibition and behavior. 

The application of DREADD has not yet been so widespread as optogenetics, however, the first proof-of-

principle studies have been performed both in mice and rats, indicating that also this technique can 

become a standard in neurological (behavioral) science.  
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