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Abstract

DREADDs, designer receptors exclusively activated by designer drugs, are engineered G protein-

coupled receptors (GPCR) which can precisely control GPCR signaling pathways (for example, 

Gq, Gs and Gi). This chemogenetic technology for control of GPCR signaling has been 

successfully applied in a variety of in vivo studies, including in mice, to remotely control GPCR 

signaling, for example, in neurons, glia cells, pancreatic beta-cells, or cancer cells. In order to fully 

explore the in vivo applications of the DREADD technology we generated hM3Dq and hM4Di 

strains of mice which allow for Cre recombinase-mediated restricted expression of these pathway-

selective DREADDs. With the many Cre driver lines now available, these DREADD lines will be 

applicable to studying a wide array of research and preclinical questions.
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RESULTS AND DISCUSSION

Using directed evolution in a yeast mutagenesis system mutant G protein coupled 

muscarinic receptors were isolated which lost the ability to respond to the natural ligand 

acetylcholine, but gained the ability to respond to an inert compound (clozapine-N-oxide; 

CNO) with nanomolar potencies (Armbruster et al. 2007). We also demonstrated that CNO 

is both pharmacologically inert and metabolically stable in C57Bl6 mice (Alexander et al. 

2009). Importantly, mutant receptors were selected to have low basal activity thereby 

providing a maximal dynamic range in agonist-induced responses (Armbruster et al. 2007). 

Currently, the existing DREADDs include the Gq, Gi and Gs (e.g. hM3Dq, hM4Di, and GsD 

respectively) signaling pathways, allowing for remote and non-invasive activation, inhibition 

and modulation of GPCR signaling pathways and neurotransmission in a variety of cells in 
vivo (Rogan and Roth 2011; Roth 2016).
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Applications of this technology in mice in vivo have utilized either tet-dependent expression 

of hM3Dq or hM4Di in transgenic mice (Alexander et al. 2009; Zhu et al. 2014), or Cre-

dependent (Krashes et al. 2011) or Cre-independent (Zhu et al. 2014) viral vectors (see 

Urban and Roth, 2014, for review). For the widest utilization of this system in vivo, 

including in developing organisms, we took advantage of the progress made in mouse 

genetic technology by generating strains of mice which express an activating (hM3Dq) and 

an inhibiting (hM4Di) DREADD, respectively, under control of a strong ubiquitous 

promoter, which is separated from the DREADD by a loxP site-flanked Stop signal (Sauer 

1998). Mating of these strains with any Cre driver line will remove the Stop signal only in 

the cell type specified by the Cre driver used; this cell-specifically expressed DREADD can 

then be activated by parenteral or oral application of the ligand, CNO.

We generated targeting constructs placing hM3Dq, hM4Di, and GsD under control of the 

strong ubiquitous CAG promoter, separated from the DREADD coding sequence by a floxed 

stop cassette (Fig. 1). We based our constructs on the Allen Brain Institute’s Ai targeting 

vector which has been demonstrated to afford transgene expression at a robust level after 

Cre-mediated excision of a floxed STOP cassette, without expression in the presence of the 

STOP cassette (Madisen et al. 2010). Each DREADD is HA-tagged as well as bi-cistronic 

(Fig. 1). The HA-tag allows one to determine, immunohistochemically, the detailed spatial 

localization of the receptors in the cell after Cre-mediated removal of the STOP cassette. 

The DREADD sequence is followed by a P2A sequence (Kim et al. 2011) and a reporter 

(mCitrine; Griesbeck et al. 2001) allowing to visualize cells expressing DREADDs by 

fluorescence microscopy.

We homologously targeted both C57BL/6 ES cells (JM8A3.N1; Pettitt et al. 2009) and 

129X1×129S1 ES cells (R1; Nagy et al. 1993) with our conditional DREADD constructs. 

We initially wanted to make sure that there is no expression in the absence, but correct 

expression in the presence of Cre recombinase. Accordingly, we plated ES cells carrying the 

respective Rosa-CAG-LSL-HA-DREADD-P2A-mCitrine allele on coverslips in 24-well 

plates, and transfected half of the wells with a Cre plasmid (CMV-Cre). After 5–7 days, we 

fixed the cells in situ, and used them directly for fluorescence microscopy, or for 

immunohistochemistry. Fig. 2 shows individual ES cell colonies under bright light and under 

fluorescence light; only colonies which were transfected with Cre are green. In addition to 

being bi-cistronic, the DREADD constructs are HA-tagged, allowing one to determine the 

detailed spatial localization of the receptors in the cell after Cre-mediated removal of the 

Stop cassette. Fig. 2E and F show confocal images of individual ES cells after Cre 

transfection; the cytoplasm is green under fluorescence light (HA-DREADD-P2A-
mCitrine), while the HA-fused DREADD is located in the cell membrane (HA-DREADD-

P2A-mCitrine; red after staining with antibodies to HA). No signal was detected in cells 

which did not express Cre.

We proceeded with ES cell lines of two of the three DREADDs (hM3Dq and hM4Di) to 

generate chimeras by blastocyst injection of targeted R1 ES cells. Mice heterozygous for the 

Rosa-CAG-LSL-HA-DREADD-P2A-mCitrine conditional alleles are viable and fertile. 

Heterozygotes were mated to various Cre driver mice, and organs were collected from 

offspring, sectioned, and used directly for fluorescence microscopy or for staining with anti-
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GFP and anti-HA antibodies. Fig. 3 shows sections of several peripheral tissues under 

fluorescent light from offspring of LSL-hM4Di × CMV-Cre crosses, revealing the expected 

CMV-promoter driven ubiquitous expression. We observed similar expression patterns for 

offspring of LSL-hM3Dq × CMV-Cre crosses (data not shown). While DREADD expression 

in peripheral organ systems was easily detected by fluorescence microscopy, this was not the 

case for brain sections following paraformaldehyde fixation. Cre-mediated expression in the 

brain was revealed only after staining of sections with anti-GFP antibodies.

Fig. 4 shows anti-GFP staining of brain sections from both hM3Dq and hM4Di offspring of 

LSL-DREADD × CamkIIa-Cre crosses. The images demonstrate robust expression of 

DREADDs in cell types expressing CamKIIa-driven Cre. Overall, expression of both 

DREADDs was consistent with the known expression patterns of this Cre driver line. 

Specificity of Cre-induced expression was further confirmed by analyzing offspring from 

mating conditional hM3Dq and hM4Di mice to another Cre driver, Emx1-Cre (Fig. 5). This 

Cre line drives recombination in over 80% of the neurons of the neocortex and 

hippocampus, mimicking the pattern of expression of the endogenous gene. Brain sections 

were stained with antibodies against GFP and HA, validating the expected Cre-mediated 

expression of both DREADDs. Our analyses insured that each line has robust expression in 

the presence and no background expression of the respective DREADD in the absence of 

Cre, and that the Cre-induced expression of each DREADD is consistent with the pattern of 

expression of the Cre driver.

To test for functionality of the conditional DREADD, LSL-hM3Dq × Emx1-Cre offspring 

carrying Emx1-Cre and either ROSA26-hM3Dq or the wildtype ROSA26 allele were tested 

in an open field setting. As Emx1 is expressed in excitatory cortical glutamatergic projection 

neurons (Gorski et al. 2002), activation of these pathways can be expected to increase motor 

activity. Both sets of animals received CNO or vehicle. Only mice which expressed hM3Dq 

in Emx1 neurons and received CNO (0.2 mg/kg) showed a significant increase in movement 

(Fig. 6 A, B). We also assessed effects of CNO-induced silencing of neurons on contextual 

conditioned fear as prior studies using CaMKIIα-hM4Di expressing mice showed a robust 

effect in this paradigm (Zhu et al. 2014) and expression of CaMKIIα and Emx1 overlap in 

glutamatergic pyramidal neurons. As expected (Fig 6 G) CNO suppressed contextual fear 

conditioning only in animals expressing hM4Di.

The likely reason for lack of endogenous fluorescence of the mCitrine in brain sections is 

due to the well known ability of paraformaldehyde and other fixatives to denature and 

therefore inhibit GFP-like fluorescence. Despite the lack of fluorescence visualization in 

fixed sections, it may be visible in non-fixed sections as DREADD expression in the brain of 

these conditional mice results in observable effects upon administration of CNO in vivo 
(Fig. 6). For ex vivo slice experiments, mice could be crossed also with an independent 

strong fluorescence reporter strain in order to allow identification of individual DREADD-

expressing cells acutely during recording. Because we utilized the Ai-targeting technique, 

these should be compatible with many common reporters.

In summary, we generated a widely applicable transgenic platform by creating hM3Dq and 

hM4Di strains of mice which allow for the Cre recombinase-mediated restricted expression 
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of these pathway-selective DREADDs. The mice have been deposited in the Jackson 

Laboratory’s repository and are available to all interested investigators. With the ever 

growing number of Cre driver lines becoming available these DREADD lines will be 

applicable to studying a wide array of research questions.

METHODS

Targeting vectors

The ROSA26 targeting vector is based on the Allen Brain Institute’s Ai vector series, 

specifically Ai9 (CAG-floxed tdTomato; Addgene plasmid 22799; contributed by Hongkui 

Zeng; Madisen et al. 2010). Accordingly, the Rosa-CAG-LSL-HA-DREADD-P2A-mCitrine 

targeting vector was designed with (from 5′ to 3′) a CMV-IE enhancer/chicken beta-actin/

rabbit beta-globin hybrid promoter (CAG), a FRT site, a loxP-flanked STOP cassette (LSL; 

with stop codons in all 3 reading frames and a triple polyA signal), a hemagglutinin epitope 

tag (HA), the hM3Dq, hM4Di, and GsD sequence, respectively (DREADD), a P2A 

sequence (GenBank GQ293238.1), the mCitrine variant of enhanced yellow fluorescent 

protein, a woodchuck hepatitis virus post-transcriptional regulatory element (WPRE; to 

enhance the mRNA transcript stability; (Zufferey et al. 1999), a BGH polyA signal, and a 

PGK-FRT-Neo-polyA cassette. The PGK-neo marker is flanked by a pair of PhiC31 

recognition sites (attB/attP) and can be deleted from the reporter lines by crossing with 

PhiC31 deleter mice (Stock #007743, Jackson Laboratory; Raymond and Soriano 2007).

Targeting ES cells and generation of chimeric mice

The entire Rosa-CAG-LSL-HA-DREADD-P2A-mCitrine-WPRE targeting vector was 

homologously inserted between exons 1 and 2 of the Gt(ROSA)26Sor locus (Zambrowicz et 

al. 1997) via electroporation of (129X1/SvJ × 129S1/Sv)F1-Kitl+-derived R1 embryonic 

stem (ES) cells (Nagy et al. 1993) and of C57BL/6N JM8A3.N1 ES cells (Pettitt et al. 

2009). Homologous integration was identified by PCR (reaction included 5% DMSO; 

95 °C-30 seconds, 62 °C-30 seconds, 72 °C-90 seconds) using primers from the ROSA 

genomic sequence 5′ of the short arm (5′-CCTCGGCTAGGTAGGGGATCG) and from the 

CAG promoter sequence (5′-TGGGCTATGAACTAATGACCCCGTA), and confirmed by 

Southern blot analysis. Correctly targeted R1 ES cells for hM3Dq and hM4Di were injected 

into recipient blastocysts from superovulated C57BL/6 mice (Harlan Laboratories). The 

resulting chimeric animals were crossed to C57BL/6 mice; heterozygotes were further 

crossed to C57BL/6.

Mice

Mice were maintained as approved by the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC). Production of mice and all handling were approved by 

the Institutional Animal Care and Use Committee (IACUC) at Duke University (NC) or 

UNC Chapel Hill (NC). Camk2a-Cre (Stock #005359) (Tsien et al. 1996), CMV-Cre (Stock 

#006054) (Schwenk, Baron, and Rajewsky 1995), and Emx1-Cre (Stock #005628) (Gorski 

et al. 2002) mice were obtained from the Jackson Laboratory (Bar Harbor, ME).
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Genotyping

DNA from tail tips was prepared following the protocol by Laird et al. 1991. PCR reactions 

for detecting the presence of the conditional alleles were done using forward primer 5′ 
ATGTCTGGATCCCCATCAAG for both hM3Dq and hM4Di, and reverse primers 5′-

gatgttgccgatgatggtcac (hM3Dq) and 5′-gaaggcgcctatgatgagatc (hM4Di). Excision of the 

STOP sequence was confirmed by PCR using a forward primer upstream of the STOP 

sequence (5′-CTCTGCTAACCATGTTCATGC) with the DREADD specific reverse primers 

(see above).

ES cell histology

ES cells carrying the respective Rosa-CAG-LSL-HA-DREADD-P2A-mCitrine allele were 

plated on coverslips in 24-well plates, and half of the wells were transfected with a Cre 

plasmid (CMV-Cre), using Lipofectamine 2000 (Invitrogen). After 5–7 days, cells were 

fixed in situ with 4% paraformaldehyde, and directly used for fluorescence microscopy, or 

for immunohistochemistry, followed by confocal microscopy.

Slide Preparation and Immunohistochemistry

Animals were deeply anesthetized with an overdose of ketamine (400 mg/kg) and xylazine 

(40 mg/kg) and transcardially perfused first with phosphate-buffered saline (PBS) and 

subsequently 4% PFA, both at 4°C and pH 7.0. Brains were dissected and post-fixed 

overnight at 4°C in PFA. Brains were subsequently incubated in 30% sucrose/0.1M 

phosphate-buffer for 48 hours, and sectioned coronally at 40 μm on a Leica SM2010 R 

Sliding microtome. Floating tissue sections were washed three times in PBS, followed by 

permeabilization in 0.5% Triton X-100 (PBST) for 1 hour. Tissues were blocked in PBST 

containing 5% donkey serum, and then incubated with primary antibodies (Rabbit anti-HA, 

Cell-signaling #3724, 1:500; Goat anti-GFP, Rockland Immunochemicals #600-101-215, 

1:500) overnight at room temperature. Tissues were then washed three times for 10 minutes 

in PBST before incubating with secondary antibodies at 1:250 (Alexa 488 donkey anti-goat; 

Alexa 568 donkey anti-rabbit) for two hours. Finally, tissues were washed twice in PBST for 

10 minutes, once with PBS containing 500 nM DAPI for 5 minutes, and a final two washes 

in PBS for 10 minutes. Tissues were slide mounted and coverslipped.

Fluorescence and confocal microscopy

Tissue sections from various organs or coverslips with fixed cells were viewed using an 

Olympus BX60 upright microscope, equipped with 1200 W xenon illumination and 

appropriate filter sets. Confocal images of ES cells were obtained in the Duke Light 

Microscopy Core Facility, using a Zeiss Axio Observer inverted confocal microscope with 

oil immersion objective. Brain sections were imaged at the UNC neuroscience imaging 

center using either a Nikon Eclipse 80i, or on an Olympus laser-scanning confocal 

microscope (FV-1000). Confocal images were acquired with a 10× air-objective (N.A. 0.4) 

and a 40× oil-immersion objective (1.3 N.A.).
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Behavioral studies

Mice used for behavior studies were housed in a humidity controlled room with 12 hour 

dark-light cycle. Age and gender matched littermates (8–12 weeks) were used for open field 

and fear conditioning tests. Open field tests were carried out in locomotor activity 

assessment chambers using fusion operating software (Omnitech Electronics Inc., 

Columbus, OH, USA). Mice were injected with 0.2 mg/kg of CNO dissolved in 0.9% saline 

or 0.9% saline as a vehicle, and placed in open field for an hour. Average distance travelled 

during individual five minute-bins and cumulative distance travelled over an hour were 

measured. Fear conditioning tests were carried out in a contextual NIR video fear 

conditioning system for mouse (Med Associates Inc., St. Albans, VT, USA) using a three 

day paradigm as described (Zhu et al. 2014). On day one, mice were conditioned with tone 

and shock followed by administration of CNO (2 mg/kg) or vehicle at 0, 2 and 4 hours. On 

day two contextual learning and on day three cued learning were evaluated. Consolidation of 

fear memory was evaluated for Emx1-hM4Di mice and their littermate controls in two 

groups either by administering CNO or vehicle.

Availability

Conditional DREADD lines for hM3Dq and hM4Di can be obtained directly from Jackson 

Laboratory (R26-LSL-Gi-DREADD, Stock# 26219; R26-LSL-Gq-DREADD, Stock# 

26220). Targeting vectors and ES cell lines carrying conditional alleles of hM3Dq, hM4Di, 

and GsD, in C57BL/6 and in 129Sv background, can be obtained directly from UH.
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FIG. 1. 
DREADD conditional targeting vectors. Schematic of Ai9 targeting vector (drawing and 

sequence annotations after Madison et al., 2010). Replacement of the tdTomato sequence by 

HA-DREADD-P2A-mCitrine generated R26-LSL-DREADD vectors.
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FIG. 2. 
ES cells express DREAADs after Cre-mediated removal of STOP. Colonies from R26-LSL-

hM4Di-DREADD-expressing ES cells were fluorescent only when transformed with CMV-

Cre (A, B), while non-Cre transfected cells showed no fluorescence (C, D). To visualize 

membrane localization of DREADDs at the single cell level, Cre recombinase transformed 

ES cells were plated directly on gelatinized coverslips at low density; cells plated under 

these conditions show a flat, fibroblast-like morphology. Cells were fixed 2 days later, and 

treated with primary and secondary antibodies to HA. Confocal microscopy allowed 

visualizing, separately, cytoplasm and membrane of the same cells. Citrine (green) localizes 
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to the cytoplasm (E), while HA (red) is fused to DREADDs and localizes to the cell 

membrane (F).
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FIG. 3. 
Conditional DREAAD mice express ubiquitously after CMV-Cre-mediated removal of 

STOP. R26-LSL-hM4Di mice were crossed with CMV-Cre driver mice. Various organs from 

offspring were collected, fixed, and sectioned. Shown are sections of lung (A), heart (B), tail 

(C), and ear (D) imaged under fluorescent light. Solid scale bar, 100 μm; dashed scale bar, 

50 μm.
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FIG. 4. 
Conditional DREAAD mice express in targeted brain regions after CamKIIa-Cre-mediated 

removal of STOP. R26-LSL-hM4Di- and –hM3Dq-DREADD mice were crossed with 

CamKIIa-Cre driver mice. Coronal sections of offspring (A – hM4Di, B – hM3Dq) were 

stained with anti-GFP antibody and imaged (20×). (A) Dentate gyrus of the hippocampus 

shows granular cells fluorescent. (B) Cerebral cortex shows pyramidal cells fluorescent. 

Scale bar: 100 μm.

Zhu et al. Page 12

Genesis. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 5. 
Conditional DREAAD expression in targeted brain regions after Emx1-Cre-mediated 

removal of STOP. R26-LSL-hM4Di- and –hM3Dq-DREADD mice were crossed with 

Emx1-Cre driver mice. (A, B) Coronal sections of offspring were stained for mCitrine (GFP 

antibody) or HA. Tiled images of coronal sections of Emx1-Cre+/hM3Dq+ and Emx1-Cre-/

hM3Dq+ (A) and of Emx1-Cre+/hM4Di+ and Emx1-Cre-/hM4Di+ (B) showing no 

transgene expression in the absence of Cre-recombinase. (C) Confocal images of neurons 

expressing HA-tagged hM3Dq at the membrane of mCitrine positive neurons in the presence 

Zhu et al. Page 13

Genesis. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Cre-recombinase. (D) 10× tiled-image of an Emx1-Cre+/hM4Di+ mouse (white arrow 

indicating the mossy-fiber projections to CA3 from the dentate gyrus) and confocal images 

of HA-tagged hM4Di at the membrane of mCitrine positive CA3 targeting axons in the 

presence of Cre-recombinase.
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FIG. 6. 
Conditional DREADD mice display behavioral changes after clozapine-n-oxide (CNO) 

injection. R26-LSL-hM3Dq or R26-LSL-hM4Di mice were crossed with Emx1-Cre driver 

mice to obtain offspring with DREADD expression (EMX-hM3Dq or EMX-hM4Di) and 

respective control littermates without DREADD expression. In the open field test (A–D), the 

EMX-hM3Dq mice (circles) show significantly increased ambulation starting from 20 and 

lasting to 40 minutes after CNO injection (0.2 mg/kg, closed circles, n = 7) compared to 

vehicle injection (open circles, n = 7) (A, B). The control mice without hM3Dq display no 

difference in ambulation with CNO (closed triangles, n = 7) compared to vehicle (open 

triangles, n = 7) (C, D). In a fear conditioning test (E–H), the EMX-hM4Di mice showed 

significantly disrupted contextual memory compared to the control littermates. Mice were 

conditioned on day 1 and vehicle or CNO (2 mg/kg) administed in three subsequent 

injections at 0, 2 and 4 hours of conditioning. Freezing response to conditioning was similar 

in hM4Di mice (circles) and control mice (triangles) in both CNO (n = 10, each; filled 

symbols) (E) or vehcle (n = 8, each; open symbols) (F) treatment groups (CS, conditioned 

stimulus; US, unconditioned stimulus). Evaluation of contexual memory after 24 hours 

revealed that CNO treatment significantly disrupted contexual learning (p < 0.05) in the 

EMX-hM4Di mice (grey bars) than in the control mice (white bars) (G). The cued memory 

tested after 48 hours show no difference in cued learning between the EMX-hM4Di or the 

control mice (H). Data were expressed as Mean ± S.E.
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