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The Use of DREADDs (Designer Receptors
Exclusively Activated by Designer Receptors)
in Transgenic Mouse Behavioral Models

Daniela Cassataro and Lucas Sjulson

Abstract

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) are increasingly used to
manipulate activity in specific neuronal populations in the brains of awake, behaving mice. Here we review
the pros and cons of DREADD:s relative to other genetically encoded neuromodulation technologies and
describe in detail methods for using DREADDs with transgenic mouse behavioral models. This approach
can not only provide insight into the role of specific neural circuits in behavior but also identify potential
neuromodulation targets for the treatment of neuropsychiatric disorders.
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1 Background and Introduction

Since the development of the Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs) [ 1] and their first use in
awake behaving mice [2], there have been an increasing number of
studies using this technology to examine the behavioral relevance
of specific neural circuits in mice. A number of these studies have
focused on the circuitry of the striatum, examining the differential
roles of the direct and indirect pathways in amphetamine sensitiza-
tion [3, 4] or the effect of modulating ventral striatum in a pre-
clinical model of alcohol abuse [5]. Others have taken advantage of
the cell-type specificity of DREADDs to determine the differential
roles of AgRP-expressing [6] and POMC-expressing [7] neurons
of'the hypothalamus in feeding behavior as well as orexin-expressing
hypothalamic cells in sleep-related behavior [8].

Given the increasing availability of Cre recombinase mouse
driver lines selective for different neuronal populations [9] and the
growing relevance of mouse behavior in neuroscience in general,
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this trend will only continue. While DREADDs are a robust tech-
nology, there are nevertheless a number of potential pitfalls to be
avoided when using them in mouse behavioral assays. In this chap-
ter, we describe several of these pitfalls as well as the framework
and protocols that we have found to be effective in avoiding them.
We hope that this will facilitate the successful application of this
technology to dissecting the functional roles of specific neural cir-
cuits as well as to identitying novel targets and strategies for the
treatment of neuropsychiatric disorders.

2 Experiment Planning

2.1 DREADDs Versus
the Alternatives

The first issue to address in the planning stage is to determine
whether or not DREADDs are the optimal tool for the particular
experimental question at hand. The primary features of DREADDs
are that they enable (1) genetic targeting of specific neuronal sub-
types, (2) reversibility on a timescale of hours, (3) focal neuro-
modulation without chronically implanted hardware, and (4)
modulation of large brain structures that are difficult to illuminate.
If any of these are not required for the experiment at hand, other
techniques should also be considered. For example, if genetic
encodability is not required, techniques such as lesioning, electrical
stimulation, or focal drug infusion strategies may be preferable
(Table 1). Similarly, if genetic targeting is required but reversibility
is unnecessary or even undesirable, alternatives include genetically
encoded tetanus toxin [10] or ion channels such as NaChBac [11]
or Kir2.1 [12, 13], which depolarize or hyperpolarize the mem-
brane, respectively.

If both genetic targeting and reversibility are required, then
alternative genetically encoded neuromodulation technologies
should still be considered. Two of the most widely used options
include optogenetics [ 14, 15] and the PSAM /PSEM system [16].
The primary advantage of optogenetics is its fast reversibility, which
can be advantageous in certain behavioral paradigms in which
modulation and control trials can be interleaved on timescales of
seconds. However, optogenetics requires indwelling optical fibers
and lasers for illumination, severely restricting the throughput of
behavioral assays. In contrast, DREADDs enable a large number of
animals to be tested in parallel without the need for extensive
equipment. Additionally, DREADDs can target multiple sites
simultaneously, which is often necessary for large brain structures
and can be difficult using optogenetics because it requires complex
implantations of multiple optical fibers.

The PSAM/PSEM system is another reverse pharmacogenetic
system in which engineered receptors are expressed ectopically in
the neurons of interest and activated by administration of an
otherwise-inert ligand. A key difference between PSAMs and
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Comparison of several common methods for modulating neural activity in behaving mice

Effect on
Cell-type membrane Duration
Method Reversible? specificity potential Onset of effect  of effect
DREADDs Yes Yes Depolarize or ~ ~30 min 2-3 h with IP
hyperpolarize ~ with IP administration
administration
Microbial opsins (e.g., Yes Yes Depolarize or ~ Milliseconds Milliseconds to
channelrhodopsin-2) hyperpolarize hours
PSAM /PSEMs Yes Yes Depolarize or ~ Minutes ~10 min with IP
hyperpolarize injection
Kir2.1 No Yes Hyperpolarize  Days Permanent
NaChBac No Yes Depolarize Days Permanent
AAV-Tetanus toxin No Yes Blocks synaptic  Days Permanent
vesicle release
Lesioning No Variable  Cell death Days Permanent
Electrical stimulation  Yes No Depolarize Milliseconds Milliseconds to
hours
Local drug infusion Yes No Depolarize or ~ Seconds Minutes to
hyperpolarize hours

2.2 Targeting

the Cells of Interest

DREADDs is that PSAM ligands (PSEMs) have significantly
shorter half-lives than the DREADD ligand CNO and are also
not available commercially. Another important difference is that
PSAMs are ion channels that alter membrane potential directly, but
DREADDs are G protein-coupled receptors that influence mem-
brane potential indirectly by modulating endogenous ion chan-
nels. This means that the efficacy of DREADDs will differ between
different cell types and developmental time points. For example,
one important limitation of DREADD-hM4Di is that it is unlikely
to be effective at early postnatal time points (e.g., before P10)
because of insufficient expression of endogenous GIRK channels
[17, 18]. Even in adult mice, DREADD-hM4Di may only be suf-
ficient to partially silence some cell types. Additionally, DREADDs
alter G-protein dependent cellular processes beyond membrane
potential, which may complicate interpretation of results in some
experiments. Nevertheless, DREADDs have proven to be a robust
technology that works in a variety of cell types and brain regions.

Having decided on the DREADD /CNO system, the next step is to
determine how to express the chosen DREADD in the cells of interest.
The two main methods are transgenic DREADD-expressing mouse
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lines and viral vector approaches. Several DREADD mouse lines
developed by the Dymecki and Roth laboratories are now available
from the Jackson Laboratory [4, 19, 20]. The primary advantage
of transgenic mouse lines over viral vectors is that with viral vectors
only a subset of the cells are infected, while with transgenic animals
virtually 100 % of the cells of interest will express the DREADD
given an efficient driver line. This also leads to greater uniformity
of expression levels across the cell population. However, this
approach is frequently problematic if DREADDs are expressed in
undesired brain regions or outside the brain, leading to nonspecific
effects if CNO is administered systemically.

For this reason, we generally use adeno-associated viral (AAV)
vectors to express DREADDs in the brain, which enables us to
restrict expression to specific anatomical regions. In addition, AAV
provides high transduction efficiencies (up to 80 %) and expression
levels with low toxicity, and it is commercially available at relatively
low cost. There are several possible methods for targeting AAV
expression to particular cells of interest, but we will focus on three:
using cell-type specific promoters, using Cre-dependent AAV to
target specific anatomical projections, and using Cre-dependent
AAV in Cre-expressing transgenic mice.

Cell type-specific promoters are of limited utility in AAV for
several reasons. Most promoters are too large for the ~5 kb packag-
ing limit, drive transgene expression too weakly, and/or exhibit
leaky expression in undesired cell types, possibly due to the high
number of viral genomes introduced to each cell. To date, the only
well-validated cell-type specific promoter for use in AAV is a mini-
mal CaMKIlIa promoter that in cortex and hippocampus drives
expression selectively in excitatory pyramidal cells. This promoter
was first validated in lentiviral vectors and then in AAV [21, 22].
Other viral vectors with larger capacity can carry longer promoter
sequences that in theory could provide higher specificity than AAV;
nevertheless, this approach frequently leads to leaky nonspecific
expression.

As a result, the more common approach is to use AAV contain-
ing Cre-dependent “FLEX” [23] or “DIO” [24] cassettes, in
which the transgene of interest (e.g.,a DREADD) is initially in the
reverse orientation and hence inactive. The presence of Cre recom-
binase irreversibly inverts the orientation of the transgene, activat-
ing transcription (Fig. 1). Using this approach, it is possible to
target cells based on projection pattern by injecting Cre-dependent
AAV near the somata of the cells of interest and a retrograde Cre
vector near the axon terminals [25-28]. However, a more common
method is to use transgenic/knock-in mouse lines that express Cre
in a subset of cells based on the expression profile of a given gene.
A growing number of Cre driver lines are commercially available
from vendors such as Jackson Laboratories, as well as from publicly
funded projects such as the GENSAT project [9].
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Fig. 1 The flip-excision (“FLEX”)/double-inverted open reading frame (“DI0”) method restricts expression of
DREADDs to Cre-positive cells

2.3 Mouse Breeding

2.4 Incorporating
DREADD:s into

the Behavioral
Paradigm of Interest

Another important consideration that should be planned as far in
advance as possible is the breeding scheme for the experiments.
Power calculations should be performed to estimate the number of
animals needed, and the breeding scheme should be based on this
estimate. Relevant considerations also include whether males,
females, or both will be used; the proportion of mice expected to
carry the required allele /alleles; and the number of mice required
for control groups including Cre-negative littermates and Cre-
positive littermates injected with a control AAV not encoding a
DREADD. The background strain of the mice is also important,
and transgenic mouse lines should generally be backcrossed onto an
inbred background such as C57BL/6 in order to minimize vari-
ability in anatomical targeting and behavioral performance. While
C57BL/6 is the most common inbred strain used for behavior
assays, we generally prefer to use C57BL/6 xFVB/NJ F1 hybrids
because FVB females generate larger litter sizes, and hybrid mice are
larger, healthier, and, at least in our hands, more reliable overall.

One of the key features of DREADDs is that the modulatory effect
is reversible, which enables partial within-subjects experimental
designs in which the behavioral effects of DREADDs are ascer-
tained by comparing the difference between the CNO and CNO-
negative control condition within a single animal. Although this
may slightly complicate analysis, we strive to use within-subjects
designs whenever possible because using each animal as its own
control helps to minimize variability and reduce the number of
animals required. Nevertheless, a number of control conditions are
usually necessary. Because a number of Cre lines exhibit abnormal
behavior, it is important to perform control experiments in which
Cre-positive animals are injected with an AAV that does not encode
a DREADD. An equally important but lesser-recognized control
involves injecting Cre-dependent AAV into Cre-negative litter-
mates, which we have found for some AAVs can have a surprisingly
large effect on behavior. Depending on the behavior being tested,
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it is frequently necessary to perform experiments controlling for
nonspecific effects such as impaired locomotion or motor coordi-
nation. Although the need for this type of control experiment
applies to any intervention, DREADDs offer the advantage of a
within-subjects design for these experiments as well (e.g., compar-
ing open field locomotion in saline vs. CNO conditions).

Finally, the CNO delivery method, delivery time, and dose
must also be determined. The most common delivery methods are
oral administration and IP injection, though focal infusions directly
into the brain are also effective [29]. For long-term administration
(e.g., overnight), we generally use CNO in drinking water at
0.1 mg/mL. Since a 30 g mouse generally drinks about 3 mL /day,
this amounts to an approximate dose of 10 mg/mL of CNO daily.
For shorter-term administration, we dissolve CNO in sterile PBS
and inject intraperitoneally at a dose of 1-5 mg/kg. Under these
conditions, DREADD activation generally takes ~30 min and lasts
about 2—4 h. However, Alexander et al. [2] have reported a longer
duration of effects.

3 Preexperiment Optimization

3.1 Optimizing
Anatomical Targeting

The single most important factor in the success of behavioral
experiments using DREADDs is obtaining high levels of DREADD
expression selectively in the cells and target region of interest.
Caretul preexperiment optimization is crucial.

Before starting experiments, it is important to test viral injection
conditions and optimize targeting of the brain structure of inter-
est. Stereotactic coordinates from atlases are a good starting point,
but in our experience these coordinates typically require refine-
ment. When targeting a new brain structure, especially structures
that are small and /or ventral, we first start by injecting small vol-
umes (e.g., 50 nL) of Evans Blue followed immediately by section-
ing the brain to verify targeting accuracy. Alternatively, one can
also place a small electrolytic lesion (100 pA cathodal current for
two seconds from a 50 pm tungsten electrode) and section the
brain 24—48 h later. The use of dye or lesions rather than AAV-EGFP
in pilot injections provides rapid feedback and a more precise esti-
mate of the true location than EGFP expression, which fills the
processes of the cells and thus extends to a larger spatial area. It is
important to use mice of the same background strain, age, and sex
that will be used for the experiments. If possible, we use inbred
mice or F1 hybrids so that all mice are genetically identical, mini-
mizing anatomical variability. After refining and validating coordi-
nates, we inject commercially available AAV-EGFP to verify the
amount of spread and optimal volume of virus to inject. The degree
of spread is dependent on serotypes and titer, so it is best to use the
same serotype that will be used for experiments.
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To target a molecularly defined cell population with Cre driver
lines and Cre-dependent AAV, both the mouse line and the viral
vector must be validated and optimized if this has not been done
in the past. An underappreciated aspect of using AAV is that even
among serotypes with known tropism for neurons, different sero-
types infect various neuronal subtypes with different degrees of
efficiency. When targeting a novel cell type, we first test a panel of
several AAV serotypes (e.g., AAV1, AAV5, and AAV9) to see which
is the most efficient for the cell type of interest. For our studies in
striatum, we generally use AAV5, which infects most striatal neu-
rons efficiently with relatively low levels of retrograde infection.
AAV-DREADDs are now commercially available in AAV2, 5, and
8 from the University of North Carolina Vector Core, providing
several options.

When using an untested Cre driver line, it is important to ver-
ify that expression is actually restricted to the cells of interest. This
is particularly true for transgenic Cre lines, in which the expression
pattern is less likely to mimic the endogenous expression pattern
than with knock-in lines. The simplest technique is to inject a Cre-
dependent AAV encoding a fluorescent protein such as GFP, then
use immunohistochemistry to verify that all of the green cells also
express the marker gene of interest (Fig. 2). For marker genes
where no suitable antibody is available, a logical approach would
be to cross the Cre driver with a Cre-dependent fluorescent pro-
tein reporter line, then inject the Cre-dependent AAV and quantify
colocalization of the two fluorescent proteins. However, we and
others [30] have found that this approach is not reliable because
most Cre-dependent AAVs will suppress expression of Cre-
dependent genomic reporters. Additionally, expression patterns in
reporter lines may be broader than with Cre-dependent AAV due
to recombination at early developmental time points. As a result,
the best approach in this case is to find alternative markers for
immunohistochemistry or to perform in situ hybridizations.

4 Performing the Experiment

4.1 Stereotactic
Injection Protocol

A protocol for stereotactic injections will vary depending on the
specific hardware and has been covered in detail elsewhere [31].
Nevertheless, given the importance of proper injection technique,
we will review the factors that we consider to be critical.

e Fill the injector pipet/syringe with AAV before anesthetizing
the first animal. We typically fill the pipet with enough AAV to
inject several animals in a row. Upon receiving a new AAV
stock, we make 8 pL aliquots in PCR tubes and store at —-80 °C.
Only thaw each aliquot once—after thawing, an aliquot is stable
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Fig. 2 Validation of cre driver line by immunohistochemical colocalization of a cel-
lular marker (green) and DREADD-mCherry (red ). Since the AAV does not infect all
neurons, some green neurons do not express mCherry, but all mCherry-expressing
neurons are positive for the immunohistochemical marker, consistent with the cre
driver line restricting DREADD-mCherry expression to the cells of interest

at 4 °C for up to a month. Prepare all other instruments and
supplies prior to starting anesthesia to minimize the duration
of anesthesia.

* Anesthetize the animal. We prefer the use of isoflurane to
injectable anesthetics such as ketamine/xylazine because the
animals recover much more rapidly after surgery. When using
isoflurane, be sure to use a heating pad and monitor the ani-
mal’s body temperature and respiratory rate every 15 min. If
the rate drops below 20 respirations in 15 s, lower the isoflu-
rane concentration. For complex surgeries requiring more than
three hours of anesthesia, we administer atropine 1 mg/kg
intraperitoneally at the start of the procedure to reduce secre-
tions that can lead to respiratory compromise.

¢ Fix the animal’s head in the stereotactic frame securely. This
may sound trivial, but doing this properly is the most techni-
cally difficult aspect of the procedure and is a key step in achiev-
ing accurate, reproducible results. First, coat the tips of the ear
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bars with topical lidocaine cream, which decreases anesthesia
requirements. When using isoflurane anesthesia, place the
animal in the nosepiece first and stabilize the level of anesthesia
at a higher isoflurane concentration than used for maintenance
anesthesia (e.g., 2 %). Next, loosen the nosepiece so the skull
can tilt up and down freely, and lift the animal by the tail until
the skull is level before securing the ear bars. Note that ear bars
should not be placed in the ear canals but on the skull anterior
to the ear opening, which provides greater stability. After tight-
ening the ear bars and nosepiece, push on the head to verify
that the skull does not move. Next, cover the eyes with eye
ointment or a mix of petroleum jelly and mineral oil, and
reduce the isoflurane concentration to a maintenance level
(e.g., 0.8-1 %).

After removing the hair and prepping the skin with betadine,
inject bupivacaine subcutaneously, and open the scalp with
sharp scissors cutting from posterior to anterior along the mid-
line. Bupivacaine decreases anesthesia requirements, but it may
still be necessary to increase the isoflurane concentration for
this step. Clear away the connective tissue covering the skull,
and hold the incision open with small retractors or hooks fash-
ioned from bent needles. Push the skull with blunt forceps to
verify that the head is fixed securely, and if necessary, reposition
or tighten.

Under maximum magnification, mark the calibration points
bregma and lambda on the skull with a scalpel or sterile razor
blade. Mark these locations with an “X” by interpolating along
the skull sutures—do not use the actual intersections of the
skull sutures, which vary considerably from animal to animal.
Touch the corners of the “X” with a new fine-tip permanent
marker—the ink will flow into the “X,” marking it for easy
visualization.

Ensure that the skull is level, first by visual inspection and next
by measuring the Z-axis (vertical) position of points 2.5 mm to
the left and right of bregma. For small and/or ventral targets,
our rule is that the difference in Z-axis measurements must be
80 pm or less. Next, ensure that the difference in Z-axis posi-
tions of lambda and bregma is also 80 pm or less. For this step,
it is highly advantageous to have a stereotactic frame that
allows adjustment of head angle without loosening the ear
bars, such as the Kopf Instruments 1900.

Mark the desired injection sites and drill craniotomies. Stop
drilling before puncturing the dura and clear skull fragments
from the craniotomy using a small (~28-30 gauge) needle with
the tip bent away from the opening to form a hook. The dura
is difficult to visualize in mice, so the best way to determine
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4.2 Post-surgery
Recovery

4.3 Preexperiment
Conditioning

and Behavioral Data
Collection

if it is intact is to poke the brain surface lightly with a sharp
needle. If the dura is intact, the brain surface will indent visibly
around the needle. After cutting craniotomies, keep them from
drying out using sterile saline and saline-soaked gel foam.

» Fit the injector onto the frame and re-calibrate coordinates to
bregma and lambda. Lower the pipet slowly, punching through
the dura, to reach the target coordinates.

e Infuse AAV at a rate of 50-100 nL/min, then wait 5 min after
the injection to remove the needle /pipet. Withdraw the pipet
slowly to minimize backflow of virus along the injection tract.

* Close the incision, stop anesthesia, and monitor the animal
until it has recovered.

For the first 34 days after injection, house animals individually to
prevent other mice from opening the wound. After this period, we
recommend group housing animals if possible to minimize the
behavioral effects of social isolation. Although fluorescent protein
expression is detectable as early as 3 days after AAV injection, we
recommend waiting at least 2 weeks before starting experiments.
Expression typically peaks around 3—4 weeks after injection and
generally persists for months.

Perform any necessary preexperiment conditioning (e.g., habitua-
tion to a test chamber and IP injections), and collect the behavioral
data. The actual procedure will vary depending on the assay, but
the procedural aspects of CNO administration are the same as any
other drug delivered through the same route. As with any behav-
ioral assay, uniform handling is critical to minimize variability.

5 Post-experiment Verification and Data Analysis

After the experiment, harvest and process brains for histology
according to any standard protocol. We sacrifice animals with an
overdose of sodium pentobarbital, followed immediately by trans-
cardial perfusion with a fresh solution of 4 % paraformaldehyde in
ice-cold PBS. After perfusion, we harvest the brain and postfix
in 4 % PFA for 1 h, then cryoprotect the tissue with 30 % sucrose
in PBS overnight. For sensitive detection of fluorescent proteins,
we cut 20 pm cryosections and perform immunohistochemistry
against the fluorescent reporter (in our case, usually mCherry).
However, in cases where the density of mCherry-positive cells is
high, it is possible to save time by cutting thick (100-150 pm) sec-
tions, mounting them, and visualizing native mCherry fluores-
cence (Fig. 3). When rating the accuracy of anatomical targeting,
it is crucial that the person rating the brains is blinded to the
experimental group of each sample to prevent bias.
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Fig. 3 Visualization of DREADD-mCherry expression after stereotactic AAV injec-
tion in the nucleus accumbens

6 Conclusion

The DREADD-CNO system enables targeted modulation of
specific neuronal populations in vivo and possesses numerous fea-
tures making it well suited for behavioral assays in transgenic mice.
DREADDs provide genetic specificity and reversibility, allowing
partial within-subjects study designs. Additionally, unlike optoge-
netics, DREADDs enable large numbers of animals to be tested in
parallel without the need for lasers or indwelling implants and teth-
ers that can restrict free movement of the animal. DREADDs
can also affect cells over large anatomical regions that would be
difficult to illuminate.

In this chapter, we focus on expression of DREADDs using
Cre-dependent AAV with Cre driver lines that restrict expression
to subsets of cells that normally express a given gene. This power-
ful approach provides two layers of specificity: cell-type specificity
from restricted Cre expression and anatomical specificity due to
precisely localized injections. For most applications, both of these
are essential for minimizing off-target effects. Nevertheless, the
genetic specificity of the DREADDs provides flexibility that
extends well beyond this approach to include expression of
DREADDs from genomic loci [4, 19], based on projection pat-
terns [25-28], or even based on recent activity patterns [20, 32].

Using DREADDs to manipulate a specific cell population in a
specific area of the brain not only adds to our understanding of the
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roles of those cells in their circuit—it also clears a path toward
potential clinical applications. A primary limitation of current
treatments for neuropsychiatric disorders is insufficient specificity
for affecting specific components of dysfunctional circuits.
Information gained using DREADD:s in transgenic mouse models
may thereby help identify targets and methods for the eventual
treatment of neuropsychiatric disorders in humans.

This work was supported by the Leon Levy Neuroscience
Fellowship, NYU Physician Scientist Training Program, and

Acknowledgments
NCATS grant UL1 TR000038.
References
1. Armbruster BN, Li X, Pausch MH, Herlitze S, lished

Roth BL (2007) Evolving the lock to fit the
key to create a family of G protein-coupled
receptors potently activated by an inert ligand.
Proc Natl Acad Sci U S A 104:5163-5168,

published  online EpubMar (10.1073/
pnas.0700293104)
. Alexander GM, Rogan SC, Abbas Al

Armbruster BN, Pei Y, Allen JA, Nonneman
RJ, Hartmann ], Moy SS, Nicolelis MA,
McNamara JO, Roth BL (2009) Remote con-
trol of neuronal activity in transgenic mice
expressing evolved G protein-coupled recep-
tors. Neuron 63:27-39, published online
EpubJul (10.1016/j.neuron.2009.06.014)

. Ferguson SM, Eskenazi D, Ishikawa M, Wanat

M]J, Phillips PE, Dong Y, Roth BL, Neumaier
JF (2011) Transient neuronal inhibition reveals
opposing roles of indirect and direct pathways
in sensitization. Nat Neurosci 14:22-24, pub-
lished online EpubJan (10.1038 /nn.2703)

. Farrell MS, Pei Y, Wan Y, Yadav PN, Daigle TL,

Urban DJ, Lee HM, Sciaky N, Simmons A,
Nonneman RJ, Huang XP, Hufeisen SJ,
Guettier JM, Moy SS, Wess ], Caron MG, Cala-
kos N, Roth BL (2013) A Gas DREADD
mouse for selective modulation of cAMP
production in striatopallidal neurons. Neuro-
psychopharmacology 38:854-862, published
online EpubApr (10.1038 /npp.2012.251)

. Cassataro D, Bergfeldt D, Malekian C, Van

Snellenberg JX, Thanos PK, Fishell G, Sjulson
L (2014) Reverse pharmacogenetic modula-
tion of the nucleus accumbens reduces ethanol
consumption in a limited access paradigm.
Neuropsychopharmacology 39:283-290, pub-

10.

11.

online

npp.2013.184)

EpubJan (10.1038/

. Krashes MJ, Koda S, Ye C, Rogan SC, Adams

AC, Cusher DS, Maratos-Flier E, Roth BL,
Lowell BB (2011) Rapid, reversible activation
of AgRP neurons drives feeding behavior in
mice. J Clin Invest 121:1424-1428, published
online EpubApr (10.1172 /JCI146229)

. Zhan C, Zhou J, Feng Q, Zhang JE, Lin S,

Bao J, Wu P, Luo M (2013) Acute and long-
term suppression of feeding behavior by
POMC neurons in the brainstem and hypo-
thalamus, respectively. J Neurosci 33:3624—
3632, published online EpubFeb (10.1523/
JNEUROSCI.2742-12.2013)

. Sasaki K, Suzuki M, Mieda M, Tsujino N, Roth

B, Sakurai T (2011) Pharmacogenetic modula-
tion of orexin neurons alters sleep /wakefulness
states in mice. PLoS One 6:¢20360, 10.1371/
journal.pone.0020360)

. Gerfen CR, Paletzki R, Heintz N (2013)

GENSAT BAC cre-recombinase driver lines to
study the functional organization of cerebral
cortical and basal ganglia circuits. Neuron
80:1368-1383, published online EpubDec
(10.1016/j.neuron.2013.10.016)

Murray AJ, Sauer JF, Riedel G, McClure C,
Ansel L, Cheyne L, Bartos M, Wisden W, Wulff
P (2011) Parvalbumin-positive CAl interneu-
rons are required for spatial working but not
for reference memory. Nat Neurosci 14:297—
299, published online EpubMar (10.1038/
nn.2751)

Sim S, Antolin S, Lin CW, Lin Y, Lin YX,
Lois C (2013) Increased cell-intrinsic excit-
ability induces synaptic changes in new



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

neurons in the adult dentate gyrus that
require Npas4. ] Neurosci 33:7928-7940,
published online EpubMay (10.1523/
JNEUROSCI.1571-12.2013)

De Marco Garcia NV, Karayannis T, Fishell G
(2011) Neuronal activity is required for the
development of specific cortical interneuron
subtypes. Nature 472:351-355, published
online EpubApr (10.1038 /nature09865)

Yu CR, Power J, Barnea G, O'Donnell S,
Brown HE, Osborne J, Axel R, Gogos JA
(2004 ) Spontaneous neural activity is required
for the establishment and maintenance of the
olfactory sensory map. Neuron 42:553-566

Sjulson L, Miesenbock G (2008) Photocontrol
of neural activity: biophysical mechanisms and
performance in vivo. Chem Rev 108:1588-
1602, published online EpubMay (10.1021/
cr078221b)

Fenno L, Yizhar O, Deisseroth K (2011) The
development and application of optogenetics.
Annu Rev Neurosci 34:389-412, 10.1146/
annurev-neuro-061010-113817)

Magnus CJ, Lee PH, Atasoy D, Su HH, Looger
LL, Sternson SM (2011) Chemical and genetic
engineering of selective ion channel-ligand
interactions. Science 333:1292-1296, published
online EpubSep (10.1126/science.1206606)

Tan EM, Yamaguchi Y, Horwitz GD, Gosgnach
S, Lein ES, Goulding M, Albright TD,
Callaway EM (2006) Selective and quickly
reversible inactivation of mammalian neurons
in vivo using the Drosophila allatostatin recep-
tor. Neuron 51:157-170, published online
EpubJul (10.1016/j.neuron.2006.06.018)
Chen SC, Ehrhard P, Goldowitz D, Smeyne R]
(1997) Developmental expression of the GIRK
family of inward rectifying potassium channels:
implications for abnormalities in the weaver
mutant mouse. Brain Res 778:251-264

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 inhibi-
tion. Science 333:637-642, published online
EpubJul (10.1126/science.1205295)

Garner AR, Rowland DC, Hwang SY,
Baumgaertel K, Roth BL, Kentros C, Mayford
M (2012) Generation of a synthetic memory
trace. Science 335:1513-1516, published
online EpubMar (10.1126/science.1214985)

Dittgen T, Nimmerjahn A, Komai S, Licznerski
P, Waters J, Margrie TW, Helmchen F, Denk
W, Brecht M, Osten P (2004) Lentivirus-
based genetic manipulations of cortical
neurons and their optical and electrophysio-

22.

23.

24.

25.

26.

27.

28.

29.

30.

The Use of DREADD:s... 107

logical monitoring in vivo. Proc Natl Acad Sci
U S A 101:18206-18211, published online
EpubDec (10.1073/pnas.0407976101)

Nathanson JL, Yanagawa Y, Obata K, Callaway
EM (2009) Preferential labeling of inhibitory
and excitatory cortical neurons by endogenous
tropism of adeno-associated virus and lenti-
virus vectors. Neuroscience 161:441-450,
published online EpubJun (10.1016/j.
neuroscience.2009.03.032)

Atasoy D, Aponte Y, Su HH, Sternson SM (2008)
A FLEX switch targets Channelrhodopsin-2
to multiple cell types for imaging and long-
range circuit mapping. J Neurosci 28:7025—
7030, published online EpubJul (10.1523/
JNEUROSCI.1954-08.2008)

Cardin JA, Carlén M, Meletis K, Knoblich U,
Zhang F, Deisseroth K, Tsai LH, Moore CI
(2009) Driving fast-spiking cells induces
gamma rhythm and controls sensory responses.
Nature 459:663-667, published online
EpubJun (10.1038 /nature08002)

Gradinaru V, Zhang F, Ramakrishnan C,
Mattis J, Prakash R, Diester I, Goshen I,
Thompson KR, Deisseroth K (2010) Molecular
and cellular approaches for diversifying and
extending optogenetics. Cell 141:154-165,
published online EpubApr (10.1016/j.cell.
2010.02.037)

Kremer EJ, Boutin S, Chillon M, Danos O
(2000) Canine adenovirus vectors: an alterna-
tive for adenovirus-mediated gene transfer. J
Virol 74:505-512

Hnasko TS, Perez FA, Scouras AD, Stoll EA,
Gale SD, Luquet S, Phillips PE, Kremer EJ,
Palmiter RD (2006) Cre recombinase-
mediated restoration of nigrostriatal dopamine
in dopamine-deficient mice reverses hypopha-
gia and bradykinesia. Proc Natl Acad Sci U S A
103:8858-8863, published online EpubJun
(10.1073/pnas.0603081103)

Znamenskiy P, Zador AM (2013) Corti-
costriatal neurons in auditory cortex drive deci-
sions during auditory discrimination. Nature
497:482-485, published online EpubMay
(10.1038 /nature12077)

Mabhler SV, Vazey EM, Beckley JT, Keistler CR,
McGlinchey EM, Kaufling J, Wilson SP,
Deisseroth K, Woodward JJ, Aston-Jones G
(2014) Designer receptors show role for ven-
tral pallidum input to ventral tegmental area in
cocaine seeking. Nat Neurosci, published
online EpubMar (10.1038 /nn.3664)

Saunders A, Johnson CA, Sabatini BL (2012)
Novel recombinant adeno-associated viruses
for Cre activated and inactivated transgene



108

31.

Daniela Cassataro and Lucas Sjulson

expression in neurons. Front Neural Circuits
6:47. d0i:10.3389 /fncir.2012.00047

Cetin A, Komai S, Eliava M, Seeburg PH,
Osten P (2006) Stereotaxic gene delivery in
the rodent brain. Nat Protoc 1:3166-3173.
doi:10.1038 /nprot.2006.450

32. Guenthner CJ, Miyamichi K, Yang HH,

Heller HC, Luo L (2013) Permanent genetic
access to transiently active neurons via TRAD:
targeted recombination in active popula-
tions. Neuron 78:773-784, published online
EpubJun (10.1016/j.neuron.2013.03.025)


http://dx.doi.org/10.3389/fncir.2012.00047
http://dx.doi.org/10.1038/nprot.2006.450

	Chapter 6: The Use of DREADDs (Designer Receptors Exclusively Activated by Designer Receptors) in Transgenic Mouse Behavioral Models
	1 Background and Introduction
	2 Experiment Planning
	2.1 DREADDs Versus the Alternatives
	2.2 Targeting the Cells of Interest
	2.3 Mouse Breeding
	2.4 Incorporating DREADDs into the Behavioral Paradigm of Interest

	3 Preexperiment Optimization
	3.1 Optimizing Anatomical Targeting
	3.2 Optimizing Cellular Targeting

	4 Performing the Experiment
	4.1 Stereotactic Injection Protocol
	4.2 Post-surgery Recovery
	4.3 Preexperiment Conditioning and Behavioral Data Collection

	5 Post-experiment Verification and Data Analysis
	6 Conclusion
	References


