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Designer receptors exclusively activated by designer drugs (DREADDs) have proven to be highly effective neuromodulatory tools for the
investigation of neural circuits underlying behavioral outputs. They exhibit a number of advantages: they rely on cell-specific manipu-
lations through canonical intracellular signaling pathways, they are easy and cost-effective to implement in a laboratory setting, and they
are easily scalable for single-region or full-brain manipulations. On the other hand, DREADDs rely on ligand–G-protein-coupled receptor
interactions, leading to coarse temporal dynamics. In this review we will provide a brief overview of DREADDs, their implementation, and
the advantages and disadvantages of their use in animal systems. We also will provide numerous examples of their use across a broad
variety of biomedical research fields.
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Introduction
For centuries, scientists dreamed of the age they could selectively
control defined cell populations to further understand the mach-
inations of the brain and nervous system. Over time, researchers
discovered neuronal contacts across the brain could be parsed
based on the unique gene expression profiles of each cell type in a
given brain region; this made genetic-targeting strategies a per-
fect entry point for investigating neural circuit function. Yet tools
capable of inferring spatiotemporal modulation of explicit pop-
ulations of neurons and the elaborate networks they comprise
were still lacking. Over the past decades a number of approaches
have been developed, optimized, and used to either drive the
activity of neurons, and thus assess functional sufficiency, or to
silence neurons, and thus assess their necessity. These interven-
tional methods rely on different wavelengths of light, radio
waves, and magnetic fields, as well as both endogenous and ex-
ogenous chemical actuators (Arenkiel et al., 2008; Magnus et al.,
2011; Güler et al., 2012; Sternson and Roth, 2014; Deisseroth,
2015; Stanley et al., 2016; Wheeler et al., 2016). Although each
technique possesses many advantages and limitations, this Tech-
Sight will focus on the most widely used class of chemogenetic
tool, designer receptors exclusively activated by designer drugs
(DREADDs) and their successful use in the molecular and ana-
tomical dissection of neural circuit regulating behavior; we also

address their use in concert with other neuronal manipulation or
monitoring techniques.

The quintessential platform for manipulating neural activity
would require limited to no specialized equipment and provide
noninvasive, multiplexed spatiotemporal control of molecularly
circumscribed cell types ranging from single synapses to entire
ensembles of neurons; chemogenetic tools meet many of these
criteria. Simply stated, the chemogenetic platform requires two
key components: an engineered protein designed to interact with
a small-molecule chemical actuator with heightened specificity
and potency. Researchers designed the first chemogenetic tools
�20 years ago and continue to make improvements on previous
generations. As templates, scientists have used a wide array of
protein classes, including kinases (Bishop et al., 1998; 2000; Chen
et al., 2005; Cohen et al., 2005; Dar et al., 2012; Liu et al., 1998),
nonkinase enzymes (Collot et al., 2003; Häring and Distefano,
2001; Klein et al., 2005; Strobel, 1998), G-protein-coupled recep-
tors (GPCRs; Alexander et al., 2009; Armbruster and Roth, 2005;
Armbruster et al., 2007; Redfern et al., 1999; 2000; Vardy et al.,
2015), and ligand-gated ion channels (Arenkiel et al., 2008; Le-
rchner et al., 2007; Magnus et al., 2011; Zemelman et al., 2003).
While many of these receptors effectively replicated the abilities
of endogenous receptors ex vivo, some demonstrated affinity to
native ligands, which could have deleterious effects on physiology
via ectopic signaling. Conversely, synthetic ligands often showed
higher-than-desirable affinity for native receptors, leading to a
collection of off-target effects. Furthermore, a number of the
chemical actuators failed to cross the blood– brain barrier, elim-
inating peripheral administration capabilities. Thus, researchers
sought a new generation of chemogenetics designed to reduce
nonspecific binding of both ligands and receptors for native fac-
tors with the added capacity to pass freely into the brain from the
periphery.
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The most successful—and now most extensively used— of
these advances were the human muscarinic (hM) receptor-based
DREADDs. These hM variants have been fashioned to signal
through one of four canonical GPCR cascades: (1) Gq-mediated
pathways that increase excitability and enhance neural firing
(Alexander et al., 2009), (2) Gi/o-mediated pathways that result in
presynaptic inhibition and silencing of neural activity (Arm-
bruster et al., 2007; Stachniak et al., 2014), (3) Gs-mediated path-
ways that have been demonstrated to increase cAMP levels and
modulate plasticity (Farrell et al., 2013), and (4) �-arrestin-
mediated pathways that could be used to assess specific behaviors
downstream of �-arrestin signaling cascades (Nakajima and
Wess, 2012). Each type of hM DREADD is activated by the arti-
ficial, otherwise pharmacologically and behaviorally inert, ligand
clozapine-N-oxide (CNO). Ideal chemical actuators should have
excellent drug-like properties with rapid CNS penetration and
distribution, all of which are attractive properties shared by CNO
(Bender et al., 1994). Although incidences of CNO being metab-
olized via back-transformation to clozapine have been reported
in humans and guinea pigs (Jann et al., 1994), this has not been an
issue in mice or rat studies at the low concentrations needed to
activate the receptors. Nonetheless, work continues on develop-
ing new non-CNO chemical actuators, such as compound 21,
eliminating this possibility entirely (Chen et al., 2015).

Current DREADD technology provides researchers with
many powerful advantages. Delivery of the chemical actuator
responsible for activating DREADDs can be minimally invasive:
CNO is water-soluble and can be administered via drinking wa-
ter, injected intraperitoneally, or even directly infused intracra-
nially. CNO itself is widely commercially available and relatively
inexpensive compared with specialized equipment for delivering
distinct wavelengths of light, radio frequencies, or magnetic
fields. Due to the simple nature of DREADDs, introduction into
animal systems (see below, Implementation), routine laboratory
equipment is often sufficient for applying chemogenetic tech-
niques into any laboratory setting. As this technology relies on
GPCRs, the subdomains can be modified to change their point of
action, for example by targeting DREADDs specifically to axons;
the chemical actuator can then be specifically infused directly to
axon terminals of interest (Stachniak et al., 2014). Unlike other
manipulation techniques, such as optogenetics, chemogenetics
permits highly flexible scalability, allowing for manipulation of
cells ranging from a small population in a discrete region to cell
types distributed across the entire nervous system. DREADDs
also use canonical GPCR signaling pathways, meaning almost all
cell types contain the endogenous molecular machinery for these
types of manipulations. Notably, most if not all DREADDs are
fused or tagged to a fluorophore facilitating their anatomical de-
tection ex vivo. Together, these advantages make DREADDs
highly attractive research tools for precise investigation of neural
circuits.

One unique advantage of chemogenetics is its ability to be
multiplexed with many other manipulation or monitoring tech-
niques, such as optogenetics or calcium imaging, respectively
(further discussed below). Despite the creation of hM DREADDs
producing opposing effects on neural activity, the ability to mul-
tiplex, that is to manipulate �2 separate populations of neurons
independently solely using DREADDs, was lacking given the
common chemical actuator CNO. To address this issue, a novel
DREADD based on the �-opioid receptor as a template (KORD)
was developed to respond to the inert ligand salvinorin B (SalB)
with extremely high specificity and potency (Vardy et al., 2015).
Like endogenous �-opioid receptors, KORD signals through Gi-

mediated pathways, and accordingly this tool has been demon-
strated to acutely inhibit neural activity with shorter kinetics than
the hM4Di DREADD, eliciting behavioral effects within minutes
that wash out after �1 h. Most importantly, these two variants of
DREADDs are activated by discrete small-molecule actuators,
permitting multiplexing capacity. These tools have been imple-
mented in numerous ways to investigate a constellation of
behaviors.

Current incarnations suffer, however, from inherent limita-
tions. As this technique relies on a chemical actuator, systemic
administration will affect all DREADD-expressing regions of the
nervous system. While chemical actuators can be intracranially
infused for localized action on targets of interest, diffusion of
centrally targeted actuators can be challenging to tightly control,
compared with, for example, focused light used for optogenetics.
Thus, when using intracranial infusions of CNO/SalB, this must
be taken into consideration. Beyond spatial control drawbacks,
temporal kinetics of actuator activity on targets cannot be pre-
cisely controlled. This activity depends on the DREADD system
used (elaboration provided below), but both the speed of the
ligand in locating the target receptor and the intrinsic properties
of GPCR signaling limit temporal dynamics of this system, com-
pared with optogenetics, which delivers light directly to the cell
and immediately fires an action potential through the opening of
ion channels. Furthermore, while repeated infusion or chronic
exposure in drinking water (Carvalho Poyraz et al., 2016) has
been used, continuous exposure to ligand may desensitize these
GPCRs and mitigate the effects of continuous DREADD activa-
tion. While this may be a concern, viral and transgenic expression
methods express DREADDs at high levels, likely circumventing
the problem of desensitization after repeated activation (for re-
view, see Roth, 2016). Also, studies using prolonged CNO deliv-
ery have not reported difficulty with repeated activation of
DREADDs (Krashes et al., 2011; Zhan et al., 2013). Finally, al-
though DREADDs often fuse or are tagged with fluorophore tags
(such as mCherry, GFP, and mCitrine), several laboratories have
reported that detection of these fluorophores in their native state
can prove difficult with DREADDs. Therefore, immunohisto-
chemistry is often used to amplify signals, making it easier to
visualize DREADD expression for cell counting and colocaliza-
tion analyses. Furthermore, several DREADD variants also
contain a human influenza hemagglutinin (HA) tag to enable
detection through antibody staining. Efforts are currently under-
way to combat these potential pitfalls and help DREADDs
achieve their ideal potential.

DREADD delivery: expressing DREADDs in vivo
Innovations in anatomical and genetic specificity afford re-
searchers a great amount of control over the manipulation of
neuronal circuits using DREADD technology. Two primary
strategies have been applied to achieve explicit cell-type expres-
sion of DREADDs: transgenic mouse lines and focally targeted
viral infusions; both have been used in multiple ways with tre-
mendous success. These approaches generally rely on either cell-
type-specific promoters or Cre/Lox recombination technology to
attain faithful expression of exogenous DREADDs. Several trans-
genic mouse lines have been engineered to encode DREADDs
either in distinct populations using defined promoters, as in
D2-dopamine (DA) receptor-expressing striatopallidal medium
spiny neurons (Farrell et al., 2013) or pancreatic � cells (Guettier
et al., 2009), indirectly under the inducible and reversible control
of the transcriptional tet-on/off system (Alexander et al., 2009),
or in a CAG promoter-driven/Cre recombinase-inducible man-

Burnett and Krashes • Resolving Behavioral Output via Chemogenetic DREADDs J. Neurosci., September 7, 2016 • 36(36):9268 –9282 • 9269



ner through a knock-in scheme directed to the Gt(ROSA)26Sor
locus (Steculorum et al., 2016; Roth, 2016; Zhu et al., 2016).
Additional DREADD transgenic mouse lines have been devel-
oped offering intersectional genetic faculty adding such ele-
ments as a Flpe-recombination requirement in addition to
Cre-dependent recombination (Ray et al., 2011). Thus, while
both Cre and Flp could be expressed based on two different
markers with broad expression across the brain, DREADDs
would only be expressed in the cells expressing both markers,
making investigation of more specific subpopulations of neurons
of interest possible. Some groups have even used a Fos-based
transgenic approach to introduce DREADDs into neurons natu-
rally activated by sensory experience (Garner et al., 2012).

Transgenic lines offer identical expression levels of DREADDs
in cell types of interest across all animals, providing strong con-
trol for between-mouse variability. Furthermore, unlike viral
strategies in which replication is continuous, stable expression of
DREADDs through transgenic approaches should result in a
fixed receptor number. On the other hand, transgenic lines re-
quire breeding and maintenance of an expanded mouse colony,
which can be expensive, making low-yield experiments dispro-
portionately costly. Furthermore, each promoter-driven line can
only express DREADDs in one cell type based on the promoter

placed before the DREADD sequence. Lines carrying Cre-
dependent reporter alleles, such as the ROSA conditional allele,
will also express DREADD in all cells marked by Cre. This ap-
proach sacrifices region-specific DREADD manipulation but can
certainly prove helpful for manipulating neurons of a certain cell
type across the brain (Teissier et al., 2015).

On the other hand, researchers may use viral vectors to ex-
press DREADDs in brain regions of interest. These viruses are
often directed to a targeted region using premapped stereotactic
coordinates determined from an atlas or database. The diffusion
of the virus is dependent on several criteria, including the origin,
polarity, serotype, and tropism for target cell types, as well as the
titer, volume, and even method of virus delivery. While a number
of variants have been broadly applied throughout the scientific
community, the most commonly used version is the nontoxic
adeno-associated virus (AAV) that contains two independent sets
of loxP sites for Cre-dependent recombination of the vector, al-
lowing for expression of the DREADD only in Cre-positive neu-
rons (Atasoy et al., 2008). AAV-DREADD viral vectors are always
targeted to the soma of cell types of interest where the machinery
necessary for their replication and subsequent expression is lo-
calized (Fig. 1A,B). The retrogradely trafficking modified herpes
simplex virus (HSV) has also proven effective at transducing

Figure 1. DREADD/ligand delivery methods in vivo. A, Systemic ligand administration. DREADDs are expressed Cre-dependently via virus (as shown) or via transgenic methods. Intraperitoneal
injection of CNO will manipulate activity of only cells expressing the DREADD. B, Localized ligand administration. Alternatively, once DREADDs are expressed, an infusion cannula can be implanted
over a downstream region of choice; CNO can be infused at this point to affect only downstream targets of a selected projection. C, Using retrogradely transporting viruses to express Cre, subsequent
Cre-dependent AAV-DREADD injection at cell bodies will only affect cells projecting to the Cre virus injection site. Subsequent intraperitoneal CNO injection will only affect this projection.
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neuron populations of interest and achieving Cre-dependent
DREADD expression (Ferguson et al., 2011). Selective expression
can be achieved using Cre-driven transgenic or knock-in animal
lines, or through the administration of a second virus-driving
expression of Cre-recombinase. This Cre-recombination virus is
often another AAV, which is also injected at the soma level.
Sometimes, however, projection-specific manipulations have
been achieved by injection of HSV or canine adeno virus (CAV2),
both of which travel in retrograde after transduction, at terminal
regions of interest. Cre-dependent DREADD can then be injected
at the soma as usual, but will express in projection-selective cell
populations (Carter et al., 2013; Fig. 1C). Thus, these viral ap-
proaches offer several options for selectively marking subpopu-
lations of cells with DREADDs.

Virally mediated DREADD delivery methods afford a number
of advantages compared with transgenic mouse lines. First and
foremost, this approach does not necessitate the often-laborious
effort of generating a novel mouse line. Second, viral methods
work well in nongenetically tractable organisms, such as rats and
nonhuman primates, in addition to mice and flies. Just like trans-
genic approaches, viruses can drive expression of DREADDs
from a tissue-specific promoter, such as CAMKII or GFAP, or use
site-specific recombinase technologies, like Cre/Lox or Flpe/FRT.
Virally mediated transduction of DREADDs allows for temporal
control over the recombination process, ensuring that receptors
do not interfere with any crucial developmental processes. Most
critically, viral delivery methods provide tremendous spatial res-
olution as the experimenter has complete control over the ana-
tomical location of DREADD expression.

Beyond these advantages, however, certain caveats need to be
taken into account. Primarily, viruses do not allow for absolute con-
trol of copy number or transduction rate, as each batch of virus has a
different titer and diffusion rate, as well as potential tropism limita-
tions in the particular cell type of interest. More specifically, while
viruses diffuse from the site of injection, density of virus particles will
be highest at the injection site, possibly providing an unequal distri-
bution and subsequent transduction of cells surrounding the injec-
tion site. Furthermore, the relative amount of viral particles in each
individual neuron will continue to increase over time given the rep-
lication efficiency of viruses. Importantly, the actual number of neu-
rons (even with Cre-dependent control) will vary, often drastically,
between animals treated in an identical manner (same genotype,
stereotactic coordinates, virus, volume, delivery methods, etc.), thus
complicating the task of making precise post hoc histological analy-
ses vital in determining the exact location of DREADD expression
and the relative number of cells transduced (Atasoy et al., 2012).
However, in transgenic animals, genetic-mediated expression of
DREADDs should be indistinguishable between animals, thus elim-
inating these between-subject issues.

Once DREADDs are successfully expressed in a cell popula-
tion of choice, verification of CNO-mediated DREADD activa-
tion or inhibition beyond an observed behavioral readout is of
great importance in ascertaining the ability of these tools to in-
fluence the electrical activity of neurons. Validation of DREADD
function has been determined using four distinct methods, with
the first two being the most frequently used approaches: (1) ex
vivo acute brain slice electrophysiology (Alexander et al., 2009;
Krashes et al., 2011), (2) immunohistochemistry for the early
immediate gene fos, a molecular correlate of neural activity
(Krashes et al., 2011), (3) in vivo multielectrode arrays to monitor
both local field potentials and spike activity of multiple indi-
vidual neurons (Alexander et al., 2009), and (4) fiber photometry
to record bulk fluorescent changes based on genetically encoded

calcium indicators (Steculorum et al., 2016). According to all
relevant reports we have seen, CNO applications have consis-
tently depolarized or hyperpolarized hM3Dq-expressing or
hM4Di-expressing cells in slices or have significantly altered
levels of Fos protein.

Once expression and function are verified in cell types of
choice, infusion of CNO can occur at several different locations.
The drug can be delivered intraperitoneally due to its high blood–
brain barrier permeability (Fig. 1A). Intracranial infusion can
also be directed at any site of interest in the brain through a
cannula. For example, if DREADD is expressed broadly across
the brain, CNO can be guided to a specific region of interest
(Fig. 1B). Using this technique, researchers have demonstrated
that CNO can act specifically at terminals to enable or silence
neurotransmission to one particular projection field (Mahler et
al., 2014; Stachniak et al., 2014; Wang et al., 2015). For prolonged,
persistent DREADD-mediated manipulations, CNO can be de-
livered directly in an animal’s drinking water. This approach has
the added benefit of nominal intrusiveness as experimental han-
dling is eliminated from the administration method; the exact
volume, concentration, and timing of CNO delivery, however,
are less precise.

Regardless of expression method or ligand delivery system,
perhaps the greatest boon to the application of chemogenetic
techniques is their ability to be adapted to multiple experimental
designs. The development of the KORD can be multiplexed with
excitatory hM3Dq to allow for excitatory or inhibitory control of
the same cell population (Vardy et al., 2015; Fig. 2A,B). Further-
more, these tools can be used in tandem to cells upstream or
downstream from one another to assess circuit dynamics in a
population of interest (Fig. 2C,D). Similarly, chemogenetic
methods can be combined with optogenetic methods to alter-
nately excite or inhibit moleculary-defined cell types (Fig. 2E,F).
Finally, recent advances in real-time monitoring of neural activ-
ity using electrodes or imaging methodologies can be multi-
plexed with DREADD technology to determine the in vivo effects
of CNO-mediated activation or silencing of activity (Steculorum
et al., 2016) or alternatively can be used to assess the effects this
manipulation may have on potential downstream regions.

DREADDs in action
Given the exceptional flexibility of these tools to discriminately
label limitless cell types and acutely, remotely, and reversibly
modulate their activity, thousands of publications have taken
advantage of their efficiency and reliability to assign relative be-
havioral and phenotypical roles of anatomically and/or molecu-
larly explicit populations of cells. These roles range from those
having to do with energy homeostasis, depression, anxiety, and
social behavior to those related to reward and memory. Below we
have highlighted specific examples of general methods of isolat-
ing certain cell populations for subsequent manipulations. Given
both the multitude of studies and persistent properties of
DREADDs to influence behaviors over time, we end this section
with an overview of homeostatic energy balance as a case study of
the myriad uses for DREADDs and their combination with other
methods to advance a specific field of neuroscience.

Region-specific manipulations
Individual brain regions
Using the viral delivery methods reviewed above, DREADDs can
be delivered to discrete brain regions for highly specific, revers-
ible anatomical control over neural activity in these sites (Fig.
3A). Inhibitory DREADDs have proven particularly indispen-
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sible in determining the necessity of certain anatomical nodes in
certain neuronal functions, serving as a mutable proxy for classi-
cal brain-lesion techniques. DREADDs were used to demonstrate
that serotonin (5-HT)-deficient mouse models were especially
sensitive to social-defeat stress, but that explicit inhibition of
the lateral habenula (LHb), a region implicated in treatment-
resistant depression, blocked the development of social-defeat
stress (Sachs et al., 2015). Broad chemogenetic inhibition of the
LHb also reduced expression of depression-related behaviors in
rats (Nair et al., 2013). Using rodent models of binge drinking,
pan-neuronal suppression of the nucleus accumbens (NAc), part
of the very large striatum region, robustly suppressed alcohol
consumption while leaving consumption of other substances, in-
cluding sucrose or water, as well as locomotor activity, unaffected
(Cassataro et al., 2014). A downstream region of the striatum, the

ventral pallidum (VP), seems particularly important for the phe-
nomenon of sign tracking, in which a reward-associated cue takes
on the rewarding properties of its matched stimulus. DREADD-
mediated inhibition of this structure specifically decreased
motivated behavior to pursue a cue previously associated with
a reward (Chang et al., 2015). The VP has also been associated
with addiction-related learning changes. Using DREADDs to
acutely inhibit the VP, a cue-induced reinstatement of cocaine
seeking via a circuit emanating from the rostal VP was identi-
fied that affected dopaminergic signaling from the ventral teg-
mental area (VTA) while a separate pathway from caudal VP
neurons influenced cocaine-primed drug seeking (Mahler et
al., 2014). Inhibition of the bed nucleus of the stria terminalis
(BNST) blocked cue-driven alcohol seeking as probed in a
conditioned place-preference assay when DREADDs were

Figure 2. DREADD multiplexing opportunities. A, Excitatory hM DREADDs can be expressed with inhibitory KOR DREADDs in the same cell type (Ai). Administering CNO will increase activity in
these cells (Aii) while SalB administration will decrease activity (Aiii). Coadministration will produce an occlusion of excitation and inhibition, producing blunted change in neural activity (Aiv).
B, Alternatively, excitatory hM DREADD can be expressed upstream of a presumptively connected circuit while KOR DREADDs are expressed postsynaptically. In this example, the presynaptic neurons
are excitatory (Bi). Administration of CNO will increase activity both in the hM-expressing population and the presumptive downstream population (Bii), while coadministration of both ligands will
occlude the presynaptic excitatory drive from the CNO-expressing population (Biii). C, D, Likewise, opsins and DREADDs can also be expressed in the same cell population. For example, inhibitory
DREADD and channelrhodopsin-2 can be expressed in one population, and an optic fiber can be positioned over a specific terminal field (Ci) or over the cell body with an infusion cannula at a specific
terminal field (Di). Systemic CNO administration will decrease cell firing rate (Cii), but optogenetic terminal stimulation can elicit synaptic release despite broader hyperpolarization of the cell
(Ciii). On the other hand, optogenetic soma stimulation will increase cell activity (Dii), but this can be occluded using cannulated infusion of CNO at terminal fields (Diii). E, F, To monitor cell activity
changes in real time, DREADDs can also be multiplexed with fluorophores such as GCaMP. These can be expressed in the same cell (Ei) or expressed in series (Fi). Systemic administration of CNO can
activate DREADDs, producing a change in intracellular calcium, thus altering GCaMP signals; for example, excitatory DREADD activation produces large increases in calcium activity (Eii). Moreover,
when excitatory DREADD is expressed in presynaptic populations and GCaMP is expressed in a postsynaptic population, systemic CNO administration would produce increases in calcium activity in
the postsynaptic cell, leading to an increased GCaMP signal (Fii).
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used to suppress this structure’s activity during a preference
test (Pina et al., 2015).

Using excitatory DREADDs, researchers have demonstrated
the sufficiency of specific brain regions to influence various brain
processes. In this way DREADDs serve as a flexible proxy for
classical electrical stimulation techniques. One group took ad-
vantage of excitatory DREADDs’ different G-protein-mediated
signaling pathways to investigate the primary hub of internal
clock maintenance, the suprachiasmatic nucleus (SCN), which
features rhythmic expression of genes and cycling levels of cellu-
lar signals (Mohawk and Takahashi, 2011). DREADD-mediated
activation of neuron populations in the SCN uncovered specific
G-protein-mediated signaling pathways underlying some of
these rhythmic patterns (Brancaccio et al., 2013). This was also
demonstrated in the basolateral amygdala (BLA), where G�s-
coupled DREADDs were used to demonstrate that G�s protein-
mediated signaling could produce acute anxiety-like behavior
and induce social anxiety-like behavior (Siuda et al., 2016).

DREADD expression can also be constricted to individual
anatomical connections from one brain area to another. Selective
inhibition of the orbitofrontal cortex (OFC) to such targets as the
BLA (in rodents; Zimmermann et al., 2015) or the rhinal cortex
(in nonhuman primates; Eldridge et al., 2016) reduced perfor-
mance in reward-oriented decision-making tasks, rendering pre-
vious learning ineffective. This technique has also proven fruitful
for explaining psychiatric treatment with glutamatergic NMDA
receptor antagonists, such as ketamine, which produce antide-
pressant effects through an as-yet-to-be-determined mechanism
(Berman et al., 2000; Autry et al., 2011). Chemogenetic activation
of a ventral hippocampus to medial prefrontal cortex projection
produced antidepressant effects to the same extent as ketamine,
suggesting subanesthetic doses of this drug may affect this path-
way, among others (Carreno et al., 2015). Long-term potentia-
tion, a marker of strengthened synaptic engagement within a
circuit, can also be manipulated by increasing or decreasing neu-
ronal excitability in a presynaptic population. This has been dem-
onstrated using DREADDs in the ventral hippocampus (Zhu et
al., 2014) and the BLA (Li and Rainnie, 2014; Fig. 1C).

Subregions of brain areas
DREADDs have also been used to effectively probe the functions
of specific nodes of brain structures with many subregions or
subnuclei (Fig. 3B). The various regions of the cerebral cortex
have been surveyed for specific involvement in a variety of
functions. A recent study suggests the medial prefrontal cortex
may regulate motivated responding for reward without altering
reward value. DREADD-mediated activation of this region’s py-
ramidal neurons produced an increase in operant responding for
reward without affecting unconditioned food intake, social
interaction, or other motivated behaviors (Warthen et al., 2016).
In a recent study in mouse models of alcoholism, DREADD-
mediated inactivation of the lateral OFC increased ethanol drink-
ing in alcohol-dependent mice, while nondependent mice were
unaffected by this inactivation (den Hartog et al., 2016). Selective
inhibition of another cortical region, the insular cortex, in
methamphetamine-addicted rats reversed risk-taking behavior
from greater high-risk/high-reward decision making to naive-rat
levels of risk/reward decision making (Mizoguchi et al., 2015).
DREADDs have also been used to causally implicate the dor-
somedial prefrontal cortex in prediction error during fear
learning: when this region was chemogentically activated,
learning about a shock-predicting cue was not blunted by pre-
vious exposure to another predictive cue presented concur-
rently with the new cue (Yau and McNally, 2015). Research
using DREADDs has also critically demonstrated the impor-
tance of the retrosplenial cortex in binding of sensory infor-
mation to episodic memories: if this region was silenced
acutely during preconditioning trials, generalization across
learned sensory cues no longer occurred (Robinson et al.,
2014). This has even clarified the role of the cortex in human
brain conditions, such as in a mouse model for Alzheimer’s
disease, where intermittent inhibition of DREADD-exp-
ressing cortical neurons slowed deposits of A� proteins while
excitation of neurons in the same region increased the rate of
deposition (Yuan and Grutzendler, 2016).

Several other subcortical regions also prove suitable substrates
for DREADD-mediated investigation. One region to particularly

Figure 3. Common DREADD targeting strategies. A, Promoter-driven DREADD can be directed to a region of interest and expressed with anatomical precision. Subsequent CNO administration will
cause changes in neural activity across the whole structure. B, This can be further titrated by limiting the volume of a viral injection and directing it to a specific subregion of an area of interest. CNO
administration will then affect this smaller, better defined area. C, By using a Cre driver line, viruses can be injected into regions of interest and only affect specific cellular subtypes of interest. D, This
can also be accomplished using conditional transgenic mouse lines, but these lines will affect all Cre-expressing cells lacking spatial dynamics. E, DREADD expression resulting from increased
endogenous neural activity to a particular stimulus using a fos-based transgenic approach.
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benefit from this anatomical parsing is the amygdala, which is
made up of over a dozen distinct nuclei. When fear-related mem-
ories are formed, baseline neuronal excitability seems to bias
amygdala neurons toward recruitment to forming fear-related
memories. To test this, one group used chemogenetic activation
of lateral amygdala neurons during fear conditioning in a certain
context; this facilitated expression of fear-related behavior in a
subsequent exposure to the same context without chemogenetic
stimulation (Yiu et al., 2014). Meanwhile, another group found
that specific excitation of the BLA blocked rats’ ability to suppress
learning about stimuli carrying no predictive valence about
fearful stimuli, suggesting that some neuropsychiatric disorder
symptoms may relate to an overactive amygdala (Sengupta
et al., 2016). Another brain site to benefit from this fine-grained
analysis is the hippocampus. One group demonstrated that
DREADD-mediated deactivation of the ventral hippocampus af-
ter fear conditioning blocked expression of fear-related behavior
in the conditioned context, suggesting that the long-term mem-
ory had not been formed (Zhu et al., 2014). DREADDs were used
to bidirectionally control dorsal cornu ammonis-1 (CA1) activity
during the formation of object-oriented memories, which are
hippocampal-dependent. Upon testing, mice with enhanced or
inhibited CA1 activity during learning demonstrated facilitated
or inhibited, respectively, long-term memory formation for ob-
ject locations (López et al., 2016). Meanwhile, object-recognition
memory formation was unaffected by manipulating this region.

Even within certain regions of the brain, function can be hetero-
geneous across an entire structure; localized DREADD delivery can
help to dissect the specific workings of these different subregions. For
example the ventromedial hypothalamus (VMH) has been impli-
cated in a complex variety of social-interaction behaviors, putatively
regulating both aggressive and mating behaviors. Interestingly, spe-
cific silencing of ventrolateral or dorsomedial compartments of this
nucleus seems to independently regulate defensive behaviors in re-
sponse to a predator or aggressive conspecific, respectively (Silva et
al., 2013). Another region with functional heterogeneity, the stria-
tum, also seems to contain anatomically distinct regions that regu-
late different aspects of behavior. DREADD-mediated alteration
specifically of dorsomedial striatal direct-pathway neuron activity
does not affect performance on a reward-based task, but does influ-
ence animals’ ability to retain information about this task upon fol-
low-up testing, suggesting this population is not vital for short-term
task learning but rather for longer-term consolidation of reward-
related learning (Ferguson et al., 2013). A primary cortical locus of
attention regulation is the anterior cingulate cortex (ACC). Chemo-
genetic inhibition of the dorsal ACC escalated the omission of cor-
rect choices as well as response time to attention tasks without
affecting other types of behavior or neural processing (Koike et al.,
2016). By targeting DREADD expression to very specific portions of
individual brain areas, highly specific function parsing is made
possible.

Cell-specific manipulations
Neuronal subtypes
By far the most common use of DREADD technology has been
the use of cell-specific manipulation of neural activity. Several
genetic markers have been used to conduct DREADD-mediated
activation or inhibition experiments in specific neuron popula-
tions (Fig. 3C,D). Many of these manipulations are targeted to
neurons releasing a certain type of signaling molecule. DA signal-
ing, for example, is integral to reward learning and reinforce-
ment, and dysregulation of its function can lead to anhedonia and
depression-like behaviors and cognitions. In one model of this

phenomenon, DREADD-mediated rescue of reduced DA release
reversed depression-like behaviors (Zhong et al., 2014) by target-
ing cells expressing the DA transporter, DAT. Likewise, DA pro-
duction was rescued in the VTA in a model deficient in DA
synthesis by substituting intracellular signaling mechanisms via
hM3Ds-mediated machinery (Zhong et al., 2014). The wide-
projecting norepinephrine system has also benefitted from
specific DREADD targeting and manipulations. For example,
altered norepinephrine signaling seems to be a hallmark of
Alzheimer’s disease and its comorbidity with Down syndrome.
Researchers targeted DREADD using a cis-regulatory element of
norepinephrine as a promoter (Hwang et al., 2001) to drive nor-
epinephrine neuron activity in the locus ceruleus (LC). Acute
activation of these neurons rescued a rodent model of Down
syndrome from hyperactivity and memory-loss phenotypes
(Fortress et al., 2015). Norepinephrine release from the LC is also
thought to promote alert wakefulness (Aston-Jones et al., 1999).
Specific DREADD-mediated activation of this LC population de-
creased � power, a brainwave pattern associated with deep sleep
or loss of consciousness, while elevating � power, associated
with attentive wakefulness, while rodents were under isoflurane
anesthesia; this activation also promoted accelerated return
to consciousness after removal of the anesthesia (Vazey and
Aston-Jones, 2014).

One frequent target population is the 5-HT signaling system
originating in the raphe nuclei; this population is of particular
interest in the study of affective behaviors. Acute DREADD-
mediated activation of 5-HT neurons of the dorsal raphe nucleus
(DR) facilitated expression of anxiety-like behaviors but sup-
pressed depression-like behavior; meanwhile, chronic CNO ad-
ministration did not affect anxiety-like behavior but continued to
alleviate depression-like behaviors, implying a temporal resolu-
tion to serotonergic impact on affective state (Urban et al., 2016).
Further parsing out the anatomy of serotonergic neural function
using a combination of Cre-driver and Flpe-driver lines, it was
reported that DR 5-HT exerted stronger developmental effects on
anxiety-related behavior, while 5-HT neurons of the medial ra-
phe more potently affected depression-like behaviors (Teissier et
al., 2015; Fig. 3D). 5-HT has also specifically been implicated in
the development of social-defeat stress. Interestingly, altered
5-HT signaling in cocaine-addiction states also related to comor-
bid depression. Specific activation of a DR 5-HT projection to the
NAc simultaneously blocked cocaine-seeking behavior and the
expression of depression-related behaviors (You et al., 2016).
5-HT’s role in other crucial functions has also been investigated
using DREADDs. As a demonstrative example, inhibitory DRE-
ADDs were used to demonstrate the necessity of 5-HT neurotrans-
mission for homeostatic regulation of breathing responses to
increased CO2 (Ray et al., 2011). Modification of this system allowed
for intersectional Cre-mediated and Flp-mediated recombination of
DREADDs to investigate specific subtypes of serotonergic neurons
regulating CO2-mediated acidosis (Brust et al., 2014).

Signaling molecule targets may also be neuropeptides, which in
and of themselves provide a genetic target for directed DREADD
expression. One of these neuropeptides, oxytocin (Oxt), is down-
regulated in certain rodent models of autism spectrum disorders.
DREADD-driven excitation of Oxt-expressing neurons in the para-
ventricular hypothalamus (PVH), however, rescued social behav-
ioral deficits of this model (Peñagarikano et al., 2015). Further
investigation into this circuit using DREADDs to stimulate activity
in PVHOxt neurons suggests this population conveys information
about the rewarding properties of social interaction through a
cannabinoid-mediated signaling mechanism in the NAc (Wei et al.,
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2015). Expression of prodynorphin (Pdyn), an endogenous opioid
signaling molecule, was shown to decrease in negative affective
states, particularly in the periamygdaloid cortex (Anderson et al.,
2013). Acute chemogenetic inhibition of periamygdaloid
corticalPdyn neurons produced biomarkers and behaviors resem-
bling negative affective states, corroborating previous findings about
this system’s role in depression-like states (Anderson et al., 2013).

Neurotransmitter and neuropeptide receptors also provide rea-
sonable targets of interest, particularly if the researcher wishes to
manipulate circuit nodes downstream from a signaling molecule
source. For example, the striatum is a large, highly complicated re-
gion within the basal ganglia subject to dense modulation by DA; this
region is thought to govern decision-making neural computations
(MacPherson et al., 2014). Decisions to mate, for example, seem to
be influenced by specific initiation of G-protein-mediated signaling
pathways that oppositely regulate the two primary output neuron
populations of this region, each expressing a different DA receptor:
the D1-expressing direct-pathway neurons and D2-expressing
indirect-pathway neurons (Goto et al., 2015). One group has
also used DREADDs in these two populations to inhibit innate
activity in direct-pathway and indirect-pathway neurons in the
striatum. Silencing these two neuron populations restricted or pro-
moted, respectively, excitatory synapses onto the basal ganglia dur-
ing development (Kozorovitskiy et al., 2012). Furthermore,
chemogenetic inhibition of indirect-pathway neurons of the NAc
increased cocaine self-administration in rodent models (Bock et al.,
2013). As neuropeptide-Y (NPY) signaling in the BNST may influ-
ence addiction states, researchers targeted DREADD expression to
NPY-receptor-expressing cells in the BNST; manipulation of these
cells’ activity levels replicated acute activation studies suppressing
binge-drinking episodes in a rodent model for binge-drinking be-
havior patterns (Pleil et al., 2015).

A broad array of studies have investigated interneuron popu-
lations expressing unique genetic markers; two of the most pop-
ular, parvalbumin (PV) and somatostatin (SST), have been used
to study interneuron populations across a broad variety of brain
areas. One recent study implicated dentate gyrus PV-expressing
interneurons in the control of various behaviors: acute activation
of these neurons facilitated extinction of conditioned fear-related
behaviors as well as diminished anxiety-related behaviors and
novel social-interaction behaviors (Zou et al., 2016). DREADD-
mediated suppression of PV interneurons in the prefrontal
cortex facilitated expression of learned helplessness behavior
in a fear-conditioning paradigm, particularly implicating this
neuron population in buffering responses to fearful stimuli
(Perova et al., 2015). On the other hand, acute chemogenetic
silencing of SST-expressing interneurons in the frontal cortex
enhanced anxiety-related behavior expression; interestingly,
chronic DREADD-mediated inhibition or complete ablation of
these neurons attenuated anxiety-related behavior expression,
suggesting this population exerts temporally sensitive effects on
affective behavior (Soumier and Sibille, 2014). In the amygdala,
synapses strengthen connections onto SST-expressing neurons in
the lateral portion of the central amygdala (CeA) during normal
development of conditioned fear. Chemogenetic inhibition of
CeA SST cells during conditioning, however, prevented the devel-
opment of fear-conditioned responses, implicating their neces-
sity for fear learning (H. Li et al., 2013).

Researchers have even used conditional gene-expression pat-
terns to spatially or temporally control the onset of DREADD
expression in highly specific cell types based on activity patterns
or unique physiology (Fig. 3E). One study expressed stimulatory
DREADDs in a time-controlled manner using a transgenic

c-Fos promoter-driven DREADD under control of the tet-
transactivator system. This system was used to monitor cell ac-
tivity across the brain during exposure to a nonfear-conditioned
context. Freezing behavior, which is associated with fear learning,
greatly decreased upon selective activation of these cells in a fear-
conditioned context, suggesting activation of the ensemble of
neurons forming the nonfear-conditioned memory (Garner et
al., 2012). In one intriguing example of developmentally induced
molecular-pathway changes, heterotopias, disorders of neuronal
migration during embryonic development, were ectopically in-
duced in regions of mouse somatosensory and prefrontal cortices
(Ishii et al., 2015). These ectopic heterotopias in these regions
produced principal neurons that were less responsive and im-
properly located. Heterotopias of this sort typically increase
seizure incidence and alter social behavior and memory-task per-
formance. Behavioral abnormalities in these heterotopia models,
however, were rescued by DREADD-mediated activation of the
ectopically migrated neurons (Ishii et al., 2015).

Non-neuronal use of DREADDs
Due to their ability to prompt G-protein-coupled intracellular
signaling, DREADDs also serve as useful tools for investigating
the function of non-neuronal cell types that support the nervous
system. Astrocytes, glial cells thought to play mainly a support
role for neurons of the CNS, may play more complicated roles
in a number of brain functions than previously appreciated.
DREADDs have been used to replicate G�s-mediated signaling in
astrocytes and were found to impact long-term memory (Orr et
al., 2015). Increased DREADD-mediated activation of astrocytes
in the NAc core decreased self-administration of alcohol (Bull et
al., 2014) and cocaine (Scofield et al., 2015) in rodents, implicat-
ing altered glial function in addiction states. DREADDs expressed
in glial cells may even influence other organ systems. For in-
stance, activating hM3Dq receptors in intestinal glial cells
produced Ca 2�-dependent colonic migrating motor complex re-
sponses, highlighting that neuroglial interactions with organs
outside the nervous system exhibit similar complexity to intra-
nervous system neuroglial interactions (McClain et al., 2015).

DREADDs have even been used to manipulate cell signaling in
tissue entirely outside the nervous system. Researchers recently
investigated the role of G�q signaling in liver hepatocytes, an area
less well described than G�s-mediated signaling in these cells
through GPCRs, such as glucagon receptors (J.H. Li et al., 2013).
Details of G�q and G�s signaling in pancreatic � cells also proved
difficult to resolve until the selective expression of DREADDs in
these cells to manipulate their intracellular signaling dynamics;
further providing evidence of these cells’ ability to influence
obese or diabetic states (Guettier et al., 2009; Jain et al., 2013).
Researchers also recently targeted expression of hM3Dq to car-
diac cells; subsequent activation of these receptors induced mas-
sive arrhythmias, suggesting Gq signaling in the heart may exert
control of cardiac rhythms where previously this role could not
be demonstrated (Kaiser et al., 2015). The role of Gi signaling in
breast cancer metastasis was also probed using inhibitory
DREADDs (Yagi et al., 2011). Thus, while DREADDs serve pre-
dominantly as a nervous system-oriented tool, the utility of
DREADDs certainly transcends the nervous system.

Energy balance and DREADDs
The field of energy balance stands apart as highly unique and
integral to the development and use of DREADD technology.
Homeostatic energy balance entails a complicated interplay of
mechanisms promoting energy consumption, via feeding and
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energy expenditure, through regulatory mechanisms of meta-
bolic rate, including oxygen consumption, thermogenesis,
and physical activity. A wealth of literature has been devoted
to the parsing and manipulation of anatomical areas, cell
types, and circuits underlying feeding behaviors, including an
animal’s sensitivity to satiety states, its drive to forage and seek
out food, and its instinct to ingest food of caloric or hedonic
value while avoiding the consumption of contaminated or
non-nutritional food. Much of this literature has focused on
the hypothalamus, a highly complicated region of the mam-
malian brain with hundreds of distinct nuclei and remarkable
heterogeneity. Classical lesion and electrical stimulation stud-
ies have identified regions of the hypothalamus that are both
required and sufficient for distinct arms of energy homeostasis
(Gold et al., 1977). However, such manipulations fail to con-
trol for fibers of passage and often affect areas outside the
intended area of study. Furthermore, these methodologies are
often obscured by the different functions of countless molec-
ularly defined populations of cells in each of these hypotha-
lamic nuclei.

The advent of remote, reversible tools like DREADDs
has greatly facilitated the functional dissection of neural sub-
populations and circuits underlying energy balance, revealing
discrete, defined as well as parallel, redundant pathways reg-
ulating these critical responses. The first of these studies ex-
amined the role of agouti-related peptide (AgRP)-expressing
neurons of the arcuate nucleus (ARC) at the base of the hypo-
thalamus. Previous evidence, deduced via brain-slice electro-
physiology, demonstrated state-dependent neural activity of
this population, whereby ARC AgRP cells were relatively quies-
cent if the animals were killed in the sated condition, but
displayed a fourfold increase in basal action potential fre-
quency when killed in the fasted condition (Takahashi and
Cone, 2005). Indeed upregulation of Agrp transcripts ex-
pressed in these neurons also is contingent on the appetite-
state of the animal (Korner et al., 2000). Therefore, one would
predict that acute manipulation of these cells would bidirec-
tionally control feeding behavior. Indeed, chemogenetic acti-
vation of ARC AgRP neurons rapidly promoted voracious food
intake, even in calorically replete mice during periods of the
day when rodents are relatively inactive (Krashes et al., 2011;
Steculorum et al., 2016).

Using combinatorial knock-out mouse lines, the early feeding
phase following DREADD-mediated ARCAgRP activation was at-
tributed to the role of the fast-acting neurotransmitter GABA and/or
NPY, while AgRP was capable of promoting food intake over an
extended period of time (Krashes et al., 2013), supporting previous
pharmacology studies (Clark et al., 1984; Rossi et al., 1998; Sem-
jonous et al., 2009). However, it should be noted that these experi-
ments were performed in genetic knock-out models that cannot
account for compensatory mechanisms that likely play a role in
shaping homeostatic feeding circuits (Luquet et al., 2005). Notably,
Gs-coupled DREADD-mediated ARCAgRP neuron activation or-
chestrated sustained elevated food consumption from hours to days
analogous to that seen following pharmacological injection of AgRP
(Nakajima et al., 2016). Recently, the vital role of GABA in dictating
feeding behavior was demonstrated exercising a novel knockout
strategy whereby the genes encoding glutamic acid decarboxylase
(GAD), the enzymes responsible for the synthesis of GABA, were
selectively deleted in ARCAgRP neurons leading to lethal body weight
loss (Meng et al., 2016).

Notably, in the absence of food, CNO-mediated activation
of ARC AgRP neurons led to a potent increase in home-cage

locomotor activity, a proxy of foraging behavior. Remarkably,
this hyperactivity was completely abrogated when food was
accessible, suggesting for the first time that ARC AgRP neurons
may encode the appetitive or food-seeking phase of energy
intake (Krashes et al., 2011). Strengthening this hypothesis,
CNO-mediated ARC AgRP activation, similar to physiological
hunger, drastically augmented an animal’s willingness to work
for food in an instrumental nose-poke task, often used as a
measure or motivational drive (Krashes et al., 2011). Finally,
remote ARC AgRP stimulation following CNO administrations
drastically attenuated oxygen consumption and shifted respi-
ratory exchange ratio up, which is indicative of carbohydrates
being the predominant fuel source, likely through inhibition
of brown adipose tissue (BAT)-mediated thermogenesis
(Krashes et al., 2011).

To identify the major source of excitatory input to ARCAgRP

neurons, which is decisive in preserving optimal body weight (Liu et
al., 2012), a dual approach using rabies retrograde tracing and chan-
nelrhodopsin2-assisted circuit mapping identified a subpopulation
of glutamatergic neurons in the PVH marked by the expression of
thyrotropin-releasing hormone (TRH; Krashes et al., 2014). After
establishing functional connectivity between PVHTRH¡ARCAgRP

neurons, the relative contribution of PVHTRH neurons on feeding
behavior was directly assessed. Chemogenetic stimulation of
PVH TRH cells enhanced food consumption in sated animals
through an ARCAgRP-mediated mechanism, as simultaneous silenc-
ing of ARCAgRP neurons abrogated this response (Krashes et al.,
2014). Concordantly, PVHTRH activation resulted in a significant
induction of Fos activity in ARCAgRP neurons. Supporting the no-
tion that endogenous activity of the PVHTRH¡ARCAgRP pathway is
physiologically relevant for feeding, chemogenetic silencing of
PVHTRH neurons drastically reduced food intake in hungry animals
(Krashes et al., 2014).

Interestingly, ablation of ARC AgRP neurons in adulthood re-
sults in cessation of feeding behavior and ultimately starvation,
demonstrating not only their importance but also actual require-
ment for survival (Gropp et al., 2005; Luquet et al., 2005). Rein-
forcing the necessity of these neurons in regulating feeding and
maintaining homeostatic balance, acute silencing of this cell type
significantly reduced food consumption in calorically depleted,
hungry mice (Krashes et al., 2011). As proof of principle, CNO
application to brain slices expressing either stimulatory or inhib-
itory DREADDs in ARC AgRP neurons transiently depolarized and
induced burst firing or hyperpolarized and suppressed activity,
respectively, demonstrating the efficacy of these tools. Moreover,
Fos analyses validated biased CNO-mediated activation of neu-
ral activity in the ventral-medial portion of the ARC, where
ARC AgRP neurons are located (Krashes et al., 2011).

Intermingled with anabolic ARC AgRP neurons are catabolic
cells expressing pro-opiomelanocortin (POMC). This subpopu-
lation is critical for sustaining apposite levels of energy balance as
shown via genetic knock-out, ablation, and pharmacology ap-
proaches (Fan et al., 1997; Hahn et al., 1998; Yaswen et al., 1999;
Gropp et al., 2005; Xu et al., 2005; Greenman et al., 2013; Zhan et
al., 2013). To explore the acute role of ARC POMC neurons in vivo,
excitatory and inhibitory DREADDs were used to alter activity in
an acute fashion and body weight and food intake were moni-
tored over hours to days. Importantly, ex vivo electrophysiology
established CNO-mediated changes in ARC POMC activity in a
bidirectional manner, depending on the type of DREADD used
(Atasoy et al., 2012; Zhan et al., 2013). Supporting the notion that
the prolonged kinetics of a-melanocyte-stimulating hormone
(aMSH), a major peptide cleaved from the pomc gene, affects
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energy balance, CNO-mediated activation of ARCPOMC neu-
rons significantly lowered food intake over several hours (Stecu-
lorum et al., 2016) and externding this treatment lowered food
intake and body weight over several days (Zhan et al., 2013),
while chronic silencing this population markedly escalated food
consumption over 24 hours (Atasoy et al., 2012). Interestingly
and somewhat paradoxically, DREADD-mediated activation or
inhibition of ARC POMC neurons promotes or diminishes
endocannabinoid-induced feeding through cannabinoid recep-
tors (CB1Rs; Koch et al., 2015).

A major downstream target of both ARC AgRP and ARC POMC

neurons is the PVH (Broberger et al., 1998), an essential energy
balance nucleus of the brain. Lesions of this site produce massive
obesity affecting both arms of energy homeostasis (Gold et al.,
1977). To investigate the acute role of this nucleus, a transcrip-
tion factor required for the normal development of the PVH,
single-minded homolog 1 (Sim1), was used to target and bidirec-
tionally manipulate activity of this anatomical locus. Chemoge-
netic activation of PVH SIM1 neurons, which marks the majority
of this nucleus, or a subpopulation of PVH SIM1 cells labeled by
nitric oxide synthase-1 (PVH Nos1), dramatically reduced food
intake in hungry mice and increased energy expenditure and sub-
cutaneous intrascapular temperature (Sutton et al., 2014). Silenc-
ing PVH SIM1 neurons evoked avid food consumption in replete
mice with both ad libitum access to food as well as during an
instrumental lever press assay where animals were trained to
work for food reward (Atasoy et al., 2012). To parse out the
downstream circuitry underlying this feeding phenotype, an
axon-specific DREADD variant was engineered using neurexin
to direct expression to terminals (Stachniak et al., 2014). After
demonstrating the ability of this tool to reduce synaptic release
probability and synaptic current amplitude, locally infused CNO
was targeted at distinct downstream projection areas of PVH SIM1

neurons, of which the ventral lateral periaqueductal gray/DR (vl-
PAG/DR) field was identified as sufficient to evoke feeding com-
parable to soma activation (Stachniak et al., 2014).

To dissect which particular cell types in the PVH were medi-
ating these acute effects on food intake, a number of mouse lines
were generated granting access to acute chemogenetic manipula-
tions. Melanocortin-4 receptors (Mc4Rs) are a major target of
the agonist �-MSH and antagonist/inverse agonist AgRP pep-
tides released by ARC POMC and ARC AgRP neurons, respectively
(Ollmann et al., 1997; Hagan et al., 2000; Nijenhuis et al., 2001;
Liu et al., 2012), making PVH Mc4R a logical downstream sub-
strate of these ARC-emanating populations. Indeed, ARC AgRP

neurons were found to be functionally connected to PVH Mc4R

neurons through inhibitory mechanisms, anatomically placing
them in an ideal position to integrate appetite status and signal
satiety (Garfield et al., 2015). Accordingly, chemogenetic activa-
tion of PVH Mc4R neurons, but not those expressing oxytocin
(PVH Oxt), reduced food intake in physiologically hungry mice,
even following an overnight fast (Sutton et al., 2014; Garfield et
al., 2015). DREADD-mediated silencing of PVH Mc4R neurons,
but not discrete subsets labeled by corticotropin-releasing hor-
mone (PVH CRH) or PVH Oxt, enhanced food consumption in
replete animals (Garfield et al., 2015). Moreover, in an instru-
mental nose-poke task, chemogenetic inhibition of PVH MC4R

neurons in sated mice significantly increased the motivation to
attain a food reward, as measured by the highest number of con-
secutive nose pokes an animal performed to procure a single
food pellet (Garfield et al., 2015). Of note, chemogenetic
activation of PVH cells denoted by arginine vasopressin
(PVH AVP) acutely constrained food intake during physiolog-

ical hunger while chemogenetic inhibition partially reversed
the anorexia-induced effects of the melanocortin agonist
melanotan-II (Pei et al., 2014).

Chemogenetic tools have been applied to a number of other
hypothalamic subsets of neurons regulating distinct phases of
physiology. For example, cells located in the dorsomedial hypo-
thalamus/dorsal hypothalamic area expressing leptin receptors
(DMH/DHA LepR) have been convincingly shown to promote
BAT thermogenesis and locomotor activity that robustly induced
changes in energy expenditure ultimately decreasing body weight
(Rezai-Zadeh et al., 2014). Interestingly, chemogenetic inhibi-
tion of DMH LepR activity caused a rapid reduction of blood pres-
sure in a diet-induced obesity mouse model, independent of
changes in weight, similar to that observed by blocking leptin
action with a specific antibody or antagonist (Magnus et al., 2011;
Simonds et al., 2014). Selective chemogenetic stimulation of ARC
neurons marked by the expression of the rat insulin promoter
(ARC RIP) rapidly increased oxygen consumption and interscap-
ular BAT temperature, effects absent when GABA release was
perturbed (Kong et al., 2012). DREADD-mediated activation of
lateral hypothalamic (LH) cells marked by vesicular GABA trans-
porter (vGAT) potently drove consummatory behavior toward a
palatable caloric liquid reward, chow, water, sucrose, saccharin,
and even stimuli lacking biological relevance, such as a wooden
block or the receptacles used to deliver reward (Jennings et al.,
2015; Navarro et al., 2016), while acute silencing of LH vGAT neu-
rons blunted these consummatory behaviors (Navarro et al.,
2016). Furthermore, chemogenetic inactivation of steroidogenic
factor 1 (SF1)-expressing neurons of the VMH both normalized
glycemic control in mice with selective VMH SF1 deletion of un-
coupling protein 2 (Toda et al., 2016) and diminished the
counterregulatory response that promotes endogenous glucose
production within the context of 2-deoxyglucose-glucoprivation
induction (Garfield et al., 2014). Acute stimulation of upstream
neurons labeled by the expression of cholecystokinin (CCK)
or LepR located in the lateral parabrachial nucleus (LPBN)
prompted increased glucose concentration as well as elevated
serum levels of the counterregulatory-response hormones glu-
cagon and corticosterone (Flak et al., 2014; Garfield et al.,
2014). Conversely, while silencing of LPBN CCK or LPBN LepR

neurons had no effect on blood glucose concentration in nor-
moglycemic (ad libitum fed) mice, this same manipulation
before the induction of acute glucoprivation severely reduced
the counterregulatory response (Flak et al., 2014; Garfield et
al., 2014).

A number of brain regions and molecularly defined cell types
in other extrahypothalamic nuclei involved in energy balance
have been assessed using chemogenetic tactics. For instance, a
subpopulation of GABAergic neurons marked by protein kinase
C-� (PKC-�) in the lateral subdivision of the amygdala central
nucleus (CEI PKC-�) respond to anorexigenic agents that strongly
inhibit feeding in food-deprived mice, such as CCK, lithium
chloride (LiCl), and lipopolysaccharide (LPS). CNO-mediated
acute silencing of CEI PKC-� neurons substantially reduced the
hypophagic effect of some of these anorectic vehicles, overcame
the suppression of feeding by the bitter tastant quinine, and sta-
tistically augmented food consumption in sated mice (Cai et al.,
2014).

Another population of appetite-suppressing neurons whose
activity is triggered by anorectic hormones, such as amylin and
CCK, in addition to LiCl and LPS, compounds that mimic the
effects of toxicity and sickness, respectively, were identified in
the LPBN via the expression of calcitonin gene-related peptide
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(CGRP). Acute activation of this subpopulation curtailed food
intake both during baseline conditions and following a 24 h fast,
while chronic stimulation caused a prominent diminution in
body weight due to hypophagia (Carter et al., 2013). Chemoge-
netic inhibition of LPBN CGRP neurons blunted the suppression
of appetite observed after injection of the above anorexigenic
agents. This acute silencing approach also attenuated LiCl-
mediated conditioned place aversion (Carter et al., 2015). To
assess the relevant circuitry mediating these effects, the authors
used a two-virus system taking advantage of the exclusive retro-
grade capability of CAV2 (Soudais et al., 2001). After determin-
ing that a major target of LPBN CGRP neurons was the CEI, mice
were coinjected with a CAV2-Cre virus in this downstream CEI
site, which traveled in the retrograde direction back to the LPBN
where a Cre-dependent virus expressing inhibitory DREADDs
was targeted, selectively marking LPBN neurons that project to
the CEI. CNO-mediated silencing of this pathway partially re-
versed the loss of appetite due to LiCl or LPS injection (Carter et
al., 2013).

The nucleus of the solitary tract (NTS) is considered the pri-
mary node in which meal-related and metabolic signals from the
periphery are integrated with neural networks of the brain (Grill
and Hayes, 2012). Supporting this notion, chemogenetic activa-
tion of NTS neurons expressing CCK (NTS CCK) selectively per-
turbed both 24 h ad libitum food intake and postfast refeeding,
while failing to influence glucose homeostasis, an effect that was
dependent on functional CCK-A receptors (D’Agostino et al.,
2016). Chronic NTS CCK neural activation achieved through re-
peated dosing of CNO resulted in a pronounced reduction in
body weight because of hypophagia (D’Agostino et al., 2016).
Chemogenetic activation of another subgroup of NTS neurons,
highlighted by the expression of the appetite suppressant
glucagon-like peptide (GLP-1), was shown to curb high-fat food
intake, and this effect could be recapitulated by selectively stim-
ulating NTS GLP-1 activity at terminals in the VTA following focal
infusion of CNO to this brain site (Wang et al., 2015). Given the
incredible complexity of neural circuitry in hypothalamic and extra-
hypothalamic nuclei regulating feeding behavior, DREADDs have
massively advanced our understanding of the neural underpinnings
of various components of energy balance.

Conclusion
DREADDs continue to improve upon previous iterations
through modifications to both the lock (receptor) and key
(chemical actuator) components. As a direct result of this
persistent development, use of these tools will continue to rise.
Importantly, other methods of neural manipulation, such as
optogenetics (Deisseroth, 2015) or techniques requiring the
use of radio waves or magnetic fields (Stanley et al., 2016;
Wheeler et al., 2016), have been similarly used to demonstrate
sufficiency and necessity of neural subpopulations and cir-
cuits underlying a myriad of behaviors. Use of multiplexing
these discrete methodologies will only expand the possibilities
in dissecting key physiological systems regulating behavi-
oral output across species, an overarching goal of modern
neuroscience.
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Peñagarikano O, Lázaro MT, Lu XH, Gordon A, Dong H, Lam HA, Peles E,
Maidment NT, Murphy NP, Yang XW, Golshani P, Geschwind DH
(2015) Exogenous and evoked oxytocin restores social behavior in the
Cntnap2 mouse model of autism. Sci Transl Med 7:271ra8. CrossRef
Medline

Perova Z, Delevich K, Li B (2015) Depression of excitatory synapses onto
parvalbumin interneurons in the medial prefrontal cortex in susceptibil-
ity to stress. J Neurosci 35:3201–3206. CrossRef Medline

Pina MM, Young EA, Ryabinin AE, Cunningham CL (2015) The bed nu-
cleus of the stria terminalis regulates ethanol-seeking behavior in mice.
Neuropharmacology 99:627– 638. CrossRef Medline

Pleil KE, Rinker JA, Lowery-Gionta EG, Mazzone CM, McCall NM, Kendra
AM, Olson DP, Lowell BB, Grant KA, Thiele TE, Kash TL (2015) NPY
signaling inhibits extended amygdala CRF neurons to suppress binge al-
cohol drinking. Nat Neurosci 18:545–552. CrossRef Medline

Ray RS, Corcoran AE, Brust RD, Kim JC, Richerson GB, Nattie E, Dymecki
SM (2011) Impaired respiratory and body temperature control upon
acute serotonergic neuron inhibition. Science 333:637– 642. CrossRef
Medline

Redfern CH, Coward P, Degtyarev MY, Lee EK, Kwa AT, Hennighausen L,
Bujard H, Fishman GI, Conklin BR (1999) Conditional expression and
signaling of a specifically designed Gi-coupled receptor in transgenic
mice. Nat Biotechnol 17:165–169. CrossRef Medline

Redfern CH, Degtyarev MY, Kwa AT, Salomonis N, Cotte N, Nanevicz T,
Fidelman N, Desai K, Vranizan K, Lee EK, Coward P, Shah N, Warrington
JA, Fishman GI, Bernstein D, Baker AJ, Conklin BR (2000) Conditional
expression of a Gi-coupled receptor causes ventricular conduction delay
and a lethal cardiomyopathy. Proc Natl Acad Sci U S A 97:4826 – 4831.
CrossRef Medline

Rezai-Zadeh K, Yu S, Jiang Y, Laque A, Schwartzenburg C, Morrison CD,
Derbenev AV, Zsombok A, Münzberg H (2014) Leptin receptor neu-

9280 • J. Neurosci., September 7, 2016 • 36(36):9268 –9282 Burnett and Krashes • Resolving Behavioral Output via Chemogenetic DREADDs

http://dx.doi.org/10.1038/nature14260
http://www.ncbi.nlm.nih.gov/pubmed/25707796
http://dx.doi.org/10.1038/npp.2015.229
http://www.ncbi.nlm.nih.gov/pubmed/26224620
http://dx.doi.org/10.1016/j.cell.2012.09.020
http://www.ncbi.nlm.nih.gov/pubmed/23101631
http://dx.doi.org/10.1210/endo.141.7.7580
http://www.ncbi.nlm.nih.gov/pubmed/10875247
http://dx.doi.org/10.1038/nature11052
http://www.ncbi.nlm.nih.gov/pubmed/22660328
http://dx.doi.org/10.1172/JCI46229
http://www.ncbi.nlm.nih.gov/pubmed/21364278
http://dx.doi.org/10.1016/j.cmet.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24093681
http://dx.doi.org/10.1038/nature12956
http://www.ncbi.nlm.nih.gov/pubmed/24487620
http://dx.doi.org/10.1016/j.neuron.2007.02.030
http://www.ncbi.nlm.nih.gov/pubmed/17408576
http://dx.doi.org/10.1113/jphysiol.2014.277715
http://www.ncbi.nlm.nih.gov/pubmed/25107924
http://dx.doi.org/10.1038/nn.3322
http://www.ncbi.nlm.nih.gov/pubmed/23354330
http://dx.doi.org/10.1210/en.2012-2127
http://www.ncbi.nlm.nih.gov/pubmed/23861369
http://dx.doi.org/10.1016/j.neuron.2011.11.027
http://www.ncbi.nlm.nih.gov/pubmed/22325203
http://dx.doi.org/10.1016/S0968-0896(98)00099-6
http://www.ncbi.nlm.nih.gov/pubmed/9784863
http://dx.doi.org/10.1523/JNEUROSCI.3682-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27013687
http://dx.doi.org/10.1126/science.1115524
http://www.ncbi.nlm.nih.gov/pubmed/16254186
http://dx.doi.org/10.3389/fpsyg.2014.01301
http://www.ncbi.nlm.nih.gov/pubmed/25429278
http://dx.doi.org/10.1126/science.1206606
http://www.ncbi.nlm.nih.gov/pubmed/21885782
http://dx.doi.org/10.1038/nn.3664
http://www.ncbi.nlm.nih.gov/pubmed/24584054
http://dx.doi.org/10.1016/j.jcmgh.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26693173
http://dx.doi.org/10.1073/pnas.1602049113
http://www.ncbi.nlm.nih.gov/pubmed/26976589
http://dx.doi.org/10.1073/pnas.1418014112
http://www.ncbi.nlm.nih.gov/pubmed/26150496
http://dx.doi.org/10.1016/j.tins.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21665298
http://dx.doi.org/10.1016/j.brainres.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23085473
http://dx.doi.org/10.1124/mol.112.080358
http://www.ncbi.nlm.nih.gov/pubmed/22821234
http://dx.doi.org/10.1038/ncomms10268
http://www.ncbi.nlm.nih.gov/pubmed/26743492
http://dx.doi.org/10.1038/npp.2015.304
http://www.ncbi.nlm.nih.gov/pubmed/26442599
http://dx.doi.org/10.1210/mend.15.1.0578
http://www.ncbi.nlm.nih.gov/pubmed/11145747
http://dx.doi.org/10.1126/science.278.5335.135
http://www.ncbi.nlm.nih.gov/pubmed/9311920
http://dx.doi.org/10.1038/nn.3930
http://www.ncbi.nlm.nih.gov/pubmed/25622143
http://dx.doi.org/10.1016/j.molmet.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24634830
http://dx.doi.org/10.1126/scitranslmed.3010257
http://www.ncbi.nlm.nih.gov/pubmed/25609168
http://dx.doi.org/10.1523/JNEUROSCI.2670-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25698754
http://dx.doi.org/10.1016/j.neuropharm.2015.08.033
http://www.ncbi.nlm.nih.gov/pubmed/26302652
http://dx.doi.org/10.1038/nn.3972
http://www.ncbi.nlm.nih.gov/pubmed/25751534
http://dx.doi.org/10.1126/science.1205295
http://www.ncbi.nlm.nih.gov/pubmed/21798952
http://dx.doi.org/10.1038/6165
http://www.ncbi.nlm.nih.gov/pubmed/10052353
http://dx.doi.org/10.1073/pnas.97.9.4826
http://www.ncbi.nlm.nih.gov/pubmed/10781088


rons in the dorsomedial hypothalamus are key regulators of energy ex-
penditure and body weight, but not food intake. Mol Metab 3:681– 693.
CrossRef Medline

Robinson S, Todd TP, Pasternak AR, Luikart BW, Skelton PD, Urban DJ,
Bucci DJ (2014) Chemogenetic silencing of neurons in retrosplenial
cortex disrupts sensory preconditioning. J Neurosci 34:10982–10988.
CrossRef Medline

Rossi M, Kim MS, Morgan DG, Small CJ, Edwards CM, Sunter D, Abusnana S,
GoldstoneAP,RussellSH,StanleySA,SmithDM,YagaloffK,GhateiMA,Bloom
SR (1998) A C-terminal fragment of Agouti-related protein increases feeding
and antagonizes the effect of alpha-melanocyte stimulating hormone in vivo.
Endocrinology 139:4428–4431. CrossRef Medline

Roth BL (2016) DREADDs for neuroscientists. Neuron 89:683–694. CrossRef
Medline

Sachs BD, Ni JR, Caron MG (2015) Brain 5-HT deficiency increases stress
vulnerability and impairs antidepressant responses following psychoso-
cial stress. Proc Natl Acad Sci U S A 112:2557–2562. CrossRef Medline

Scofield MD, Boger HA, Smith RJ, Li H, Haydon PG, Kalivas PW (2015)
Gq-DREADD selectively initiates glial glutamate release and inhibits cue-
induced cocaine seeking. Biol Psychiatry 78:441– 451. CrossRef Medline

Semjonous NM, Smith KL, Parkinson JR, Gunner DJ, Liu YL, Murphy KG,
Ghatei MA, Bloom SR, Small CJ (2009) Coordinated changes in energy
intake and expenditure following hypothalamic administration of
neuropeptides involved in energy balance. Int J Obes (Lond) 33:775–785.
CrossRef Medline

Sengupta A, Winters B, Bagley EE, McNally GP (2016) Disrupted prediction
error links excessive amygdala activation to excessive fear. J Neurosci
36:385–395. CrossRef Medline

Silva BA, Mattucci C, Krzywkowski P, Murana E, Illarionova A, Grinevich V,
Canteras NS, Ragozzino D, Gross CT (2013) Independent hypotha-
lamic circuits for social and predator fear. Nat Neurosci 16:1731–1733.
CrossRef Medline

Simonds SE, Pryor JT, Ravussin E, Greenway FL, Dileone R, Allen AM, Bassi
J, Elmquist JK, Keogh JM, Henning E, Myers MG Jr, Licinio J, Brown RD,
Enriori PJ, O’Rahilly S, Sternson SM, Grove KL, Spanswick DC, Farooqi
IS, Cowley MA (2014) Leptin mediates the increase in blood pressure
associated with obesity. Cell 159:1404 –1416. CrossRef Medline

Siuda ER, Al-Hasani R, McCall JG, Bhatti DL, Bruchas MR (2016) Chemo-
genetic and optogenetic activation of Galphas signaling in the basolateral
amygdala induces acute and social anxiety-like states. Neuropsychophar-
macology 41:2011–2023. CrossRef Medline

Soudais C, Laplace-Builhe C, Kissa K, Kremer EJ (2001) Preferential trans-
duction of neurons by canine adenovirus vectors and their efficient ret-
rograde transport in vivo. FASEB J 15:2283–2285. Medline

Soumier A, Sibille E (2014) Opposing effects of acute versus chronic block-
ade of frontal cortex somatostatin-positive inhibitory neurons on behav-
ioral emotionality in mice. Neuropsychopharmacology 39:2252–2262.
CrossRef Medline

Stachniak TJ, Ghosh A, Sternson SM (2014) Chemogenetic synaptic silenc-
ing of neural circuits localizes a hypothalamus–�midbrain pathway for
feeding behavior. Neuron 82:797– 808. CrossRef Medline

Stanley SA, Kelly L, Latcha KN, Schmidt SF, Yu X, Nectow AR, Sauer J, Dyke
JP, Dordick JS, Friedman JM (2016) Bidirectional electromagnetic con-
trol of the hypothalamus regulates feeding and metabolism. Nature 531:
647– 650. CrossRef Medline

Steculorum SM, Ruud J, Karakasilioti I, Backes H, Engström Ruud L, Timper
K, Hess ME, Tsaousidou E, Mauer J, Vogt MC, Paeger L, Bremser S, Klein
AC, Morgan DA, Frommolt P, Brinkkötter PT, Hammerschmidt P, Ben-
zing T, Rahmouni K, Wunderlich FT et al. (2016) AgRP neurons control
systemic insulin sensitivity via myostatin expression in brown adipose
tissue. Cell 165:125–138. CrossRef Medline

Sternson SM, Roth BL (2014) Chemogenetic tools to interrogate brain
functions. Annu Rev Neurosci 37:387– 407. CrossRef Medline

Strobel SA (1998) Ribozyme chemogenetics. Biopolymers 48:65– 81.
CrossRef Medline

Sutton AK, Pei H, Burnett KH, Myers MG Jr, Rhodes CJ, Olson DP (2014)
Control of food intake and energy expenditure by Nos1 neurons of the
paraventricular hypothalamus. J Neurosci 34:15306 –15318. CrossRef
Medline

Takahashi KA, Cone RD (2005) Fasting induces a large, leptin-dependent
increase in the intrinsic action potential frequency of orexigenic arcuate

nucleus neuropeptide Y/Agouti-related protein neurons. Endocrinology
146:1043–1047. CrossRef Medline

Teissier A, Chemiakine A, Inbar B, Bagchi S, Ray RS, Palmiter RD, Dymecki
SM, Moore H, Ansorge MS (2015) Activity of raphe serotonergic neu-
rons controls emotional behaviors. Cell Rep 13:1965–1976. CrossRef
Medline

Toda C, Kim JD, Impellizzeri D, Cuzzocrea S, Liu ZW, Diano S (2016)
UCP2 regulates mitochondrial fission and ventromedial nucleus control
of glucose responsiveness. Cell 164:872– 883. CrossRef Medline

Urban DJ, Zhu H, Marcinkiewcz CA, Michaelides M, Oshibuchi H, Rhea D,
Aryal DK, Farrell MS, Lowery-Gionta E, Olsen RH, Wetsel WC, Kash TL,
Hurd YL, Tecott LH, Roth BL (2016) Elucidation of the behavioral pro-
gram and neuronal network encoded by dorsal raphe serotonergic neu-
rons. Neuropsychopharmacology 41:1404 –1415. CrossRef Medline

Vardy E, Robinson JE, Li C, Olsen RH, DiBerto JF, Giguere PM, Sassano FM,
Huang XP, Zhu H, Urban DJ, White KL, Rittiner JE, Crowley NA, Pleil
KE, Mazzone CM, Mosier PD, Song J, Kash TL, Malanga CJ, Krashes MJ
et al. (2015) A new DREADD facilitates the multiplexed chemogenetic
interrogation of behavior. Neuron 86:936 –946. CrossRef Medline

Vazey EM, Aston-Jones G (2014) Designer receptor manipulations reveal a
role of the locus coeruleus noradrenergic system in isoflurane general
anesthesia. Proc Natl Acad Sci U S A 111:3859 –3864. CrossRef Medline

Wang XF, Liu JJ, Xia J, Liu J, Mirabella V, Pang ZP (2015) Endogenous
glucagon-like peptide-1 suppresses high-fat food intake by reducing syn-
aptic drive onto mesolimbic dopamine neurons. Cell Rep 12:726 –733.
CrossRef Medline

Warthen DM, Lambeth PS, Ottolini M, Shi Y, Barker BS, Gaykema RP, New-
myer BA, Joy-Gaba J, Ohmura Y, Perez-Reyes E, Güler AD, Patel MK,
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