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A head-to-head comparison of two DREADD agonists for
suppressing operant behavior in rats via VTA dopamine neuron
inhibition

Kate A Lawson?, Christina M Ruiz?, Stephen V Mahler?
aDepartment of Neurobiology and Behavior, University of California Irvine, Irvine, CA USA

Abstract

Rationale: Designer receptors exclusively activated by designer drugs (DREADDS) are a tool for
“remote control” of defined neuronal populations during behavior. These receptors are inert unless
bound by an experimenter-administered designer drug, commonly clozapine-n-oxide (CNO).
However, questions have emerged about the suitability of CNO as a systemically administered
DREADD agonist.

Objectives: Second-generation agonists such as JHU37160 (J60) have been developed, which
may have more favorable properties than CNO. Here we sought to directly compare effects of
CNO (0, 1, 5, & 10 mg/kg, i.p.) and J60 (0, 0.03, 0.3, & 3 mg/kg, i.p.) on operant food pursuit.

Methods: Male and female TH:Cre+ rats and their wildtype (WT) littermates received cre-
dependent hM4Di-mCherry vector injections into ventral tegmental area (VTA), causing inhibitory
DREADD expression in VTA dopamine neurons of TH:Cre+ rats. All rats were trained to stably
lever press for palatable food on a fixed ratio 10 schedule, and doses of both agonists were tested
on separate days in counterbalanced order.

Results: All three CNO doses reduced operant rewards earned in rats with DREADDs, and

no CNO dose had behavioral effects in WT controls. The highest J60 dose tested significantly
reduced responding in DREADD rats, but this dose also /ncreased responding in WTs, indicating
non-specific effects. The magnitude of CNO and J60 effects in TH:Cre+ rats were correlated and
were present in both sexes.

Conclusions: Findings demonstrate the usefulness of directly comparing DREADD agonists
when optimizing behavioral chemogenetics, and highlight the importance of proper controls,
regardless of the DREADD agonist employed.
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Introduction

Designer receptors exclusively activated by designer drugs (DREADDs) are a useful method
for attaining “remote control” of neuronal populations (Armbruster et al., 2007; Rogan and
Roth, 2011). These mutated receptors are derived from human muscarinic acetylcholine
receptors but are not affected by endogenous neurotransmitters, rendering them normally
inert when expressed in targeted neural populations. Yet when a drug capable of agonist
binding to DREADD:s is administered experimentally, the receptors engage endogenous G
protein-coupled signaling pathways, resulting in net excitation or inhibition of neuronal
firing, and/or neurotransmitter release (Alexander et al., 2009; Atasoy and Sternson, 2018;
Brodnik et al., 2020; Buchta et al., 2017; Mahler et al., 2019, 2014; Martinez et al.,

2023; Song et al., 2022; Stachniak et al., 2014). Especially when coupled with genetic
strategies such as cre-driver rodent lines, DREADDs are a powerful tool for manipulating
G protein-coupled receptors in phenotypically-defined neural populations, elucidating the
consequences of neural manipulations on behaviors and other outcomes (Burnett and
Krashes, 2016; Ferguson et al., 2013; Fortress et al., 2015; Mazzone et al., 2018; O’Neal et
al., 2020; Rinker et al., 2017; Rorabaugh et al., 2017; Zhu and Roth, 2015).

One of the most useful features of DREADD:s is their “lock and key” nature—the premise
that DREADDs (the “lock™) are inert in the absence of an exogenous ligand (the “key™),
and that their ligand, when administered, acts “Exclusively” at DREADD receptors. Yet
recent evidence suggests that CNO does not efficiently penetrate the blood brain barrier,
and it binds relatively weakly at DREADD:s. Instead, it is likely that metabolic conversion
of CNO to clozapine, which enters the brain efficiently and binds DREADDs potently, is
directly responsible for behavioral effects of systemically administered CNO (Gomez et
al., 2017). In other words, CNO essentially acts as a pro-drug for clozapine, the direct
DREADD agonist. Since at high enough concentrations clozapine can also bind endogenous
receptors, it is therefore also possible for CNO to have off-target effects (Gomez et al.,
2017; llg et al., 2018; MacLaren et al., 2016; Manvich et al., 2018; Porter et al., 2017).
CNO is frequently found to have no measurable behavioral effects in the absence of
DREADDs (Mahler and Aston-Jones, 2018; Smith et al., 2016; Urban and Roth, 2015;
Whissell et al., 2016), but other experiments have found non-specific effects (Bonaventura
etal., 2019; Gomez et al., 2017; MacLaren et al., 2016; Manvich et al., 2018; Martinez et
al., 2019; Porter et al., 2017; Raper et al., 2017). The reasons for these varying results are
unknown, but may involve species differences, the behavioral task tested, the presence of
other experimentally-administered drugs, and CNO dose, route of administration, and dosing
frequency (Campbell and Marchant, 2018; MacLaren et al., 2016). It is thus essential to
compare CNO effects in subjects with and without DREADDs, to determine specificity of
observed behavioral changes to manipulation of the targeted neural population.

Regardless, there is a clear need for a next generation of DREADD agonist that binds
potently and selectively to DREADDs at doses in which it has no off-target behavioral
effects. Several groups have proposed alternatives to CNO for behavioral chemogenetic
experiments. One strategy is to administer low doses of clozapine, which binds at lower
doses to DREADDs than at endogenous receptors (Desloovere et al., 2021; Jendryka

et al., 2019). Other candidate drugs with varying advantages and disadvantages include
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deschloroclozapine (DCZ), C21, olanzapine, and JHU37160 (J60) (Bonaventura et al., 2019;
Desloovere et al., 2021; Ferrari et al., 2022; Fleury Curado et al., 2021; Goutaudier et al.,
2020; Kljakic et al., 2022; Nagai et al., 2020; Nentwig et al., 2022; Thompson et al., 2018).

One of these compounds, J60, was developed by an NIH team who showed it has acceptable
behavioral and other effects in mice (Bonaventura et al., 2019), a finding that has been
replicated by several other groups (Desloovere et al., 2021; Flerlage et al., 2022; Fleury
Curado et al., 2021; Giannotti et al., 2021; Heinsbroek et al., 2021; Huang et al., 2021;
Lewis et al., 2020; Li and Hollis, 2021; Salimi-Nezhad et al., 2023; Zhang et al., 2020). J60
efficiently crosses the blood-brain-barrier, it binds directly to central DREADD receptors
after i.p. administration, in mice it is behaviorally-effective at both excitatory (hM3Dq)

and inhibitory (hM4Di) DREADDs, and it also shows promise in primates (Bonaventura et
al., 2019). We also showed in the same report that it is effective at stimulating locomotor
activity at hM3Dq excitatory DREADDs in VTA dopamine neurons of TH:Cre+ rats, even
at very low doses that had no clear off-target actions (Bonaventura et al., 2019). One group
showed 0.1 mg/kg J60 in rats has specific behavioral effects at hM4Di DREADDs, but
behavioral effects of other doses with inhibitory DREADDSs have not yet been reported in
rats (Giannotti et al., 2021; Heinsbroek et al., 2021).

In general, there is a notable lack of head-to-head behavioral comparisons of DREADD
agonists, delaying the field from advancing toward consensus on the best compound for

use in behavioral neuroscience experiments. Toward this goal, we conducted a preliminary
experiment comparing CNO to J60 in tyrosine hydroxylase (TH):Cre rats with inhibitory
hM4Di DREADD:s in ventral tegmental area (VTA) dopamine neurons. We tested multiple
doses of each compound in the same animals, examining effects on performance of an
instrumental task—pressing a lever on a fixed-ratio (FR)10 schedule for palatable food
pellets. Operant responding for reward is a readily replicable task that is usually stable

once trained and thus optimal for within-subject manipulations, and which is sensitive to
dopamine neuron manipulations (Mahler et al., 2019). We employed palatable food as the
reinforcer here for simplicity, and to avoid potential issues with intravenous catheter patency
needed for an equivalent experiment with self-administered drugs. Our results indicate that
high doses of both CNO and J60 similarly suppressed instrumental responding in rats with
inhibitory DREADDs, though the highest dose of J60 tested had the notable paradoxical
effect of enhancing lever pressing in control rats without DREADDs. These data support

the idea that either of these compounds can be used in such behavioral neuroscience
experiments, though careful dosing optimization, and direct comparison of effects in animals
with and without DREADD:s is required. We also hope this report will inspire further direct
comparisons of DREADD agonists to one another across different classes of behaviors and
ranges of doses.

All procedures were approved by the Institutional Animal Care and Use Committee at UC
Irvine and are in accordance with the NIH Guide for the Care and Use of Animals.

Psychopharmacology (Berl). Author manuscript; available in PMC 2024 January 17.
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Long Evans transgenic TH:Cre+ (N=13) and wildtype TH:Cre- (WT; N=9) rats (N=9 males,
N=13 females) were bred in-house, and housed in pairs as adults in ventilated tub cages with
corncob bedding and ad /ibitum chow and water. Rats were at least 75 days old at the start of
experiments. Rats were housed in reverse 12:12 hr lighting, and behavior experiments took
place during the dark cycle.

CNO was provided by the NIDA Drug Supply Program, stored in desiccated, opaque
powder aliquots at 4 °C, and prepared daily, mixed in 5% dimethyl sulfoxide (DMSQ) in
saline solution. J60 was provided by the NIMH Drug Supply Program, stored in desiccated,
opaque powder aliquots at 4 °C, and prepared weekly, mixed in 5% DMSO saline solution
and also stored at 4°C.

Viral Vector and Surgery:

A validated (Mahler et al., 2019, 2014) AAV2-hSyn-DIO-hM4D(Gi)-mCherry vector

(titer > 5x1012 vg/mL) was attained from AddGene (catalog number 44362-AAV?2). Rats
were anesthetized with 2.5% isoflurane, with meloxicam analgesic (1.0 mg/kg), then
stereotaxically injected via glass pipette and Picospritzer with 0.75 pl of the vector
bilaterally (Martinez et al., 2023), aimed at the VTA (coordinates relative to bregma (mm):
-5.5 AP, +/- 0.8 ML, —8.1 DV). Pipettes were left in place for 5 min to reduce spread prior
to removal. Rats were allowed at least 10 days to recover following surgery before beginning
training. At least 28 days elapsed between virus injection and the first administration of
CNO or J60, allowing sufficient time for robust, persistent DREADD/reporter expression in
VTA dopamine neurons (Brodnik et al., 2020; Mahler et al., 2019, 2014).

Behavioral Training and Testing:

After recovering from surgery, animals were trained to lever press for highly palatable,
banana-flavored, sucrose-, fat-, and protein-containing pellets (Bio-Serv, catalog #F0059)
in a Med Associates rat operant conditioning box, enclosed in a sound-proof chamber. In
daily 1 hr sessions, rats began on a fixed ratio (FR) 1 schedule and moved up to FR3,

FR5 then FR10 when their responding was consistent for 3 consecutive days. No genotype
or sex difference was seen in the number of days to progress to FR10, or to stabilize on
FR10 responding (ps>0.05). After at least 8 days at FR10, and when stability criterion

was achieved (less than 33% change in responding for 2 consecutive days), testing with
DREADD agonists commenced. Animals were tested in a counterbalanced, pseudo-random
order, with tests of all CNO doses (vehicle, 1, 5, 10 mg/kg) conducted prior to beginning

a counterbalanced series of J60 tests (vehicle, 0.03, 0.3, 3 mg/kg). We first tested all CNO
doses prior to moving on to J60 doses, opening the possibility of impacts of prior CNO

on J60 efficacy. However, behavior on the two vehicle (VEH) day tests were equivalent
(p=0.577; VEH tests are hereafter averaged for analyses and figures), arguing against
persistent effects of CNO. Furthermore, there were no changes in responding between the
day prior to, and the day after any dose of CNO or J60 (p > 0.35), also suggesting that both
agonists had effects only on the day they were administered and did not cause persistent

Psychopharmacology (Berl). Author manuscript; available in PMC 2024 January 17.
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action and/or agonist-induced plasticity. After each test, stable responding was re-established
prior to re-testing, and 48 h elapsed between any two tests. Experimental timeline is shown
in Fig. 1.

Confirmation of DREADD Expression:

After the final test was completed, animals were transcardially perfused with ice cold

0.9% saline followed by 4% paraformaldehyde. Extracted brains were cryoprotected in

20% sucrose, sectioned at 40 um in a cryostat, and blocked in 3% normal donkey

serum PBST. Tissue was incubated for 16 hr in rabbit anti-DsRed (Clontech; 1:5000) and
mouse anti-TH antibodies (Immunostar; 1:1000) in PBST-azide with 2% normal donkey
serum. After washing, slices were incubated in the dark for 4 hr in AlexaFluor-donkey anti-
rabbit 594 and donkey anti-mouse 488 (Thermo Fisher Scientific), washed, then incubated
with 4”,6-diamidino-2-phenylindole (DAPI; 1:1000) in PB for 5 mins, washed, mounted,
and coverslipped with Fluoromount (Thermo Fisher Scientific). mCherry, TH, and DAPI
expression was imaged at 10x, and the zone of expression in each hemisphere of each rat
was verified relative to VTA borders using a rat brain atlas (Paxinos and Watson, 2006) (Fig.
2). Colocalization of TH and mCherry was also visualized at 63x magnification, and showed
specific expression of mCherry in VTA dopamine neurons, as previously reported (Mahler et
al., 2019, 2014).

Statistical Analyses:

Results

Analysis of drug effects was primarily conducted on change from baseline data, since rats’
baselines could drift somewhat over the course of training. We averaged active lever presses,
inactive lever presses, and rewards earned on the 2 days prior to a test day, and subtracted
that average from test day values. We first performed three-way ANOVAs for each drug,
with dose (within subjects, 4 doses of CNO or J60), genotype (between subjects, TH:Cre+
and WT), and sex (F/M) factors. When sex was added to 3-way ANOVAs, significant
interactions with sex did not emerge—though our sample was likely under-powered to detect
sex differences, so future work should explore whether subtle sex differences in specific or
non-specific effects of DREADD agonists exist. Separate ANOVAs were used to analyze
drug and genotype effects on active and inactive lever presses, and significant findings

were followed up with more targeted one-way ANOVASs and Sidak correction for multiple
comparisons. Pearson’s correlation was used to determine whether behaviorally inhibitory
effects of CNO and J60 were correlated. In all cases, two-tailed tests with significance
thresholds of p>0.05 were used. Statistical analyses were conducted in R.

Viral Expression:

TH:Cre+ rats exhibited hM4Di-mCherry expression that was localized within VTA borders,
and expression was observed to be highly selective to dopamine neurons, as previously
described (Fig. 2) (Brodnik et al., 2020; Mahler et al., 2019, 2014). Two TH:Cre+ animals
were excluded from behavioral analyses because they lacked mCherry expression in the
VTA in one hemisphere, and one animal was excluded due to a broken operant lever during
testing, for a total of 11 TH:Cre+ and 8 WT animals included in analyses.

Psychopharmacology (Berl). Author manuscript; available in PMC 2024 January 17.
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No Sex or Genotype Effects on Responding:

In the absence of hM4Di DREADD manipulation, there were no sex differences in active
lever responding on VEH day (p=0.130; mean(xSEM) responding in males = 897(+£97.6),
females = 650(+125)), nor were there differences between WT and TH:Cre+ animals
(p=0.574; WT = 693(x141), TH:Cre+ = 798(+96.5)).

Effects of CNO on FR10 Responding:

CNO inhibited active lever pressing relative to baseline in TH:Cre+ rats but not WTs

(CNO dose X genotype interaction on change from pre-test baseline responding: F3 45=4.50,
p=0.00760; Fig.3A). In TH:Cre+ animals, there was a main effect of dose (F3 30=9.64,
p=0.000129), which was driven by suppression of responding, relative to vehicle, at 5 and
10 mg/kg, and a strong trend at the lowest dose (1 mg/kg: p=0.0758; 5 mg/kg: p=0.0013;

10 mg/kg: p=0.0015). There was no main effect of CNO doses in WT animals (F3 15=0.189,
p=0.902; Fig.3C. To confirm these results, we also analyzed raw presses on each test day,

in addition to change from baseline in pressing. TH:Cre+ rats responded less than their

WT littermates on CNO days (CNO dose X genotype interaction for raw active lever
pressing: F3 45=4.48, p=0.00779). There was a drop in active lever responding in TH:Cre+
animals relative to VEH (main effect of dose: (F3 30=7.27, p=0.000829) driven by the 5 and
10 mg/kg doses (5 mg/kg: p=0.00230, mean(xSEM) responding in TH:Cre+=424(+81.9),
WT=763(x114); 10 mg/kg p=0.0126, TH:Cre+=430(+92.5), WT=762(£153)), and a trend
for suppression in active lever pressing with the 1 mg/kg dose (1 mg/kg p=0.195,
TH:Cre+=530(+99.2), WT=709(+126)).

CNO similarly suppressed the baseline-relative number of rewards earned in TH:Cre+, but
not WT rats (dose X genotype interaction: F3 45= 4.50, p= 0.00761). In TH:Cre+ rats, there
was a main effect CNO dose (F3 30=9.95, p=0.000103), driven by a drop in rewards earned
between VEH and all CNO doses (1 mg/kg: p=0.0479; 5 mg/kg: p=0.000190; 10 mg/Kkg:
p=0.00150).There was no effect of CNO on rewards earned in WT animals (F3 21=0.232,
p=0.872).

Effects of J60 on FR10 Responding:

J60 also had distinct, dose-dependent effects on change from baseline active lever pressing
in TH:Cre+ and WT rats (genotype X dose interaction: F3 45=8.41, p=0.000150). In
TH:Cre+ rats, there was a main effect of dose (Fig. 3A; F3 30=5.67, p=0.00337), driven

by a drop in active lever pressing between VEH and high-dose J60 (3 mg/kg; p=0.019).
However there was also an effect of J60 dose in WT animals (Fig. 3C; F3 21=4.20,
p=0.0177), and though there were no significant changes from VEH at any dose in posthoc
analyses, the high dose trended toward increasing responding (3 mg/kg: p=0.138). Looking
at raw pressing on test days, TH:Cre+ animals responded less than their WT littermates
after J60 (dose X genotype interaction: F3 45=9.21, p=0.0000727). In TH:Cre+ animals
there was a drop in active lever responding after J60 (main effect of dose: F3 30=4.21,
p=0.0133) with suppression at the 3 mg/kg dose (p=0.017, mean(+SEM) responding in
TH:Cre+=479(75.8), WT=986(+176)), but no suppression of active lever pressing with
the 0.3 or 0.03 mg/kg doses compared to VEH (ps >0.5; 0.3 mg/kg TH:Cre+=633(+81.4),
WT=724(£166); 0.03 mg/kg TH:Cre+=703(+87.6), WT=608(+146)).

Psychopharmacology (Berl). Author manuscript; available in PMC 2024 January 17.
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J60 had similar effects on number of rewards earned as it did on active lever responding
(genotype X dose interaction (F3 45=8.56, p=0.000131). In TH:Cre+ rats, there was a main
effect of dose (F3 30=6.60, p=0.00147), driven by a drop in rewards earned between VEH
and J60 3 mg/kg (p=0.00301). There was also an effect of dose in WT animals (F3 21=3.79,
p=0.0257), driven by a strong trend in food pellets earned at the high dose (3 mg/kg:
p=0.078).

Inactive Lever Responding:

There were no significant effects of either CNO or J60 on inactive lever pressing relative

to baseline in either genotype (Fig. 3B, 3D; dose x genotype interaction; CNO: F3 45=1.09,
p=0.360; J60: F3 45=1.59, p=0.203). Accordingly, in TH:Cre+ rats there was no effect of
CNO (F330=1.56, p=0.218) or J60 (F3 30=1.32, p=0.284). Likewise, in WT rats there was no
effect of either CNO (F3 21=0.178, p=0.910) or J60 (F3 21=1.16, p=0.349).

Comparison of CNO to J60-Inhibited Responding:

We next sought to determine whether the ability of CNO and J60 to suppress responding
were of similar magnitude in individual animals. No statistical difference between the
DREADD agonist drugs was observed in a dose (Low; Mid; High) X drug (CNO; J60)
X sex repeated measures ANOVA in TH:Cre+ rats (no main effect of dose: Fj 1=

2.67, p=0.0962, or drug: F1 9=2.72, p=0.133, and no dose x drug interaction (F, 15=2.38,
p=0.121).

To further query whether behavioral effects of chemogenetic VTA dopamine neuron
inhibition with CNO versus J60 were related in individual rats, we next examined
correlations between baseline-relative pressing after moderate (CNO: 5 mg/kg; J60: 0.3
mg/kg) or high doses of each drug (CNO: 10 mg/kg; J60: 3 mg/kg), in TH:Cre+ or WT rats.
For the moderate doses, pressing suppression by both drugs was not correlated in TH:Cre+
rats (p=0.298, r=0.345) but was in WT littermates (p=0.0260, r=—0.768). For the high doses,
CNO- and J60-suppression of pressing was highly correlated in TH:Cre+ rats (Fig. 4A;
p=0.0179, r=0.694), but no such effects were seen in WT littermates (Fig. 4B; p=0.458,
r=-0.308).

Discussion

DREADDs are a common approach for manipulating neural populations and circuits of
behaving animals in neuroscience experiments. However, there remains controversy over
which is the best agonist drug for engaging DREADDs. Therefore, we elected to test two
prominent DREADD agonists (clozapine-n-oxide; CNO, and JHU37160; J60) head-to-head,
using behaving TH:Cre+ rats expressing hM4Di inhibitory DREADDs in VTA dopamine
neurons, or WT littermates without DREADDs. Using an operant reward seeking task (FR10
lever pressing for palatable food), we found that both agonists inhibited reward seeking and
rewards obtained in hM4Di DREADD-expressing animals, and CNO did so at doses that did
not affect behavior in WT controls. We also found that J60 enhanced reward attainment in
WT rats at the highest dose (3 mg/kg), despite strongly suppressing seeking in TH:Cre+ rats
at the same dose. The magnitude of high dose CNO- and J60-suppression of reward pursuit

Psychopharmacology (Berl). Author manuscript; available in PMC 2024 January 17.
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across rats was also correlated in rats with VTA dopamine neuron hM4Di DREADDs, but
not in WT controls. Taken together, these results suggest that both CNO and J60 can activate
inhibitory DREADDs in VTA dopamine neurons to suppress operant food seeking. An
important implication of these studies is that whatever agonist drug is used in a DREADD
experiment, it is essential to compare its effects in experimental animals to effects in control
animals without DREADD expression.

CNO significantly reduced palatable food rewards earned in hM4Di DREADD rats at all
tested doses (1, 5, & 10 mg/kg) without having any behavioral effect in non-DREADD WT
rats. J60 significantly reduced food pursuit in TH:Cre+ rats at the highest tested dose (3
mg/kg), but this dose also showed signs of increasing responding in WT animals, suggesting
nonspecific effects. Interestingly, J60 did not increase responding on the inactive lever,
which may indicate that the off-target effects involve increased instrumental seeking of
palatable food, rather than non-specific arousal or locomotor activation. Supporting the
qualitatively similar efficacy of CNO and J60, we found that the highest tested doses of both
drugs elicited statistically equivalent behavioral effects in the same animals, and that the
magnitude of effects elicited by these drug doses in individual animals was correlated.

We picked these specific doses of CNO based on precedent within our own lab and in the
field more broadly. We’ve seen specific behavioral effects of CNO in rats at doses of 1,

5, 10, and even up to 20 mg/kg (Farrell et al., 2021, 2019; Lawson et al., 2021; Mahler

et al., 2014). J60 has previously been tested at doses from 0.01 to 0.3 mg/kg with specific
behavioral effects (Bonaventura et al., 2019; Desloovere et al., 2021; Giannotti et al., 2021;
Heinsbroek et al., 2021). The high dose of J60 used here, 3 mg/kg, is likely the highest ever
tested. At this dose, J60 effectively inhibits active lever pressing in animals with DREADDs,
but also showed nonspecific effects of increasing reward obtainment in WT rats. It is not
presently clear which receptor this high dose of J60, or its potential metabolites, might act at
to produce these non-specific response-facilitating effects.

In contrast to J60, we did not observe any off-target effects of CNO at any tested dose.
Some prior studies have found non-selective effects of CNO in DREADD-free rats or mice
(Bonaventura et al., 2019; Desloovere et al., 2021; Gomez et al., 2017; Jendryka et al., 2019;
MacLaren et al., 2016; Manvich et al., 2018; Porter et al., 2017; Raper et al., 2017), though
we and many others have failed to find CNO-only effects on behavior in operant responding
for food and drugs in our prior work (Farrell et al., 2021, 2019; Mahler et al., 2014). It

is thus possible that the non-specific behavioral effects of CNO are dependent upon the
behavior being tested. It is also possible that CNO effects are exacerbated by the presence of
other drugs, potentially due to competitive metabolism of drugs that could enhance overall
exposure to the agonist or its metabolites, such as clozapine (Mahler et al., 2019). Such
metabolic competition may vary between species, strains, and sexes, and can also depend on
the animals’ health—it is clearly a topic that requires further, dedicated study. Regardless,
we strongly recommend that all DREADD studies using CNO or other agonists employ
proper control groups to account for the potentially task-specific effects of CNO (or any
DREADD agonist) in the absence of DREADDs.
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Limitations and Future Directions:

These studies, testing in the same rats the relative efficacy of two common DREADD
agonist drugs in eliciting hM4Di-dependent behavioral effects, leave several important
questions unanswered. Instead of fully counterbalancing drug dosing, J60 doses were always
given after CNO doses. The effects of J60 on behavior could therefore be impacted by prior
CNO administrations, or repeated engagement hM4Di receptors by CNO. That being said,
we have previously found that repeated CNO administrations in TH:Cre rats with hM4Di
DREADD:s in dopamine neurons did not have lingering effects on operant reward seeking
(Farrell et al., 2019; Mahler et al., 2019, 2014), nor did we find lingering effects of either
agonist here. Yet we acknowledge that it is still possible that CNO-induced plasticity could
have had subtle effects here that impacted subsequent efficacy of J60.

We tested 3 doses of each agonist drug, but these are not necessarily the optimal doses

for controlling behavior via selective actions at hM4Di DREADDs. For example, while we
observed a non-specific effect of high-dose J60, it is possible that a dose between 0.3 and

3 mg/kg would have had strong behavioral effects on this task that were highly specific

to DREADDs. Previously, 0.1 mg/kg J60 (i.p.) in rats was reported to hM4Di DREADD-
specifically suppress neural activity and alter drug seeking behavior (Giannotti et al., 2021,
Heinsbroek et al., 2021), and both 0.1 and 1 mg/kg doses have been reported to effectively
alter behavior and suppress neuronal activity at hM4Di DREADDs in mice (Bonaventura et
al., 2019; Li and Hollis, 2021; Zhang et al., 2020). A group using both CNO and J60 found
no differences between behavioral changes elicited by 0.1 mg/kg J60 and 3 mg/kg CNO

at hM4Di DREADDs in mice (Lewis et al., 2020), and J60 is also effective at 0.1 and 1
mg/kg doses in rats and mice at hM3Dg DREADDs (Huang et al., 2021; Salimi-Nezhad et
al., 2023; Zhang et al., 2020). These doses of J60 may therefore have selective behavioral
effects depending on the task and neural substrate targeted, and potentially FR10 responding
for palatable food is relatively insensitive to J60-induced dopamine neuron inhibition. The
current study only assessed palatable food self-administration, and since non-specific effects
of DREADD agonists can vary by behavioral task employed (Mahler and Aston-Jones,
2018; Smith et al., 2016), additional behavioral assays should be examined in future studies
to determine their sensitivity to J60 and CNO off-target effects. Further work should also
examine the neural substates responsible for VTA dopamine neuron inhibition behavioral
effects. Further dose characterization with J60 remains to be thoroughly characterized in
both rats and mice, and future work should verify selectivity and efficacy of dosing in the
behavioral model of interest.

In addition, other DREADD agonists are also promising, and should be similarly tested
empirically. For example, compound 21 (Ferrari et al., 2022; Jendryka et al., 2019; Kljakic
et al., 2022; Thompson et al., 2018), perlapine (Chen et al., 2015; Kljakic et al., 2022;
Thompson et al., 2018), DCZ (Nagai et al., 2020; Nentwig et al., 2022; Raper and Galvan,
2022; Upright and Baxter, 2020), and olanzapine (Goossens et al., 2021; Upright and
Baxter, 2020; Weston et al., 2019) have been reported to have strong and selective effects
at DREADDs, without pronounced off-target actions. We hope that the field will soon
converge upon the “best” DREADD agonist for most behavioral experiments.

Psychopharmacology (Berl). Author manuscript; available in PMC 2024 January 17.
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Though preliminary, these data are also valuable as proof of concept for testing DREADD
agonists against one another in the same animals, in a direct and empirical manner. We hope

this report will inspire others to similarly test other promising DREADD agonist drugs for
their selective efficacy in head-to-head comparisons in other species and strains of model
organisms and in other task conditions.
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hM4Di-mCherry | Fixed ratio (FR) | Counterbalanced testing of | Counterbalanced testing of | hM4Di expression
virus surgery training for food all CNO doses and vehicle all J60 doses and vehicle confirmation

Fig. 1. Schematic of experimental timeline.
Following hM4Di DREADD injection into the VTA, rats underwent fixed ratio (FR) training

for palatable food and were stably responding at FR10 before testing with DREADD
agonists began. All CNO doses and a VEH test were counterbalanced, followed by
counterbalanced J60 doses and another VEH test. Animals were sacrificed after all tests
were completed to confirm DREADD expression.
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Fig. 2. Bilateral VTA Dopamine Neuron DREADD Expression:
(Top) Typical expression of AAV2-hSyn-DIO-hM4D(Gi)-mCherry vector in a TH:Cre+ rat

is depicted in a coronal view. mCherry (the cre-dependent DREADD reporter; red stain)
is expressed nearly exclusively in TH+ neurons (green stain) of VTA; DAPI counterstain
(blue). (Bottom) Each stain is shown separately at higher magnification (Scale bar=50 pm)
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C) Active Lever--WT Controls
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Fig. 3. CNO and J60 Effects on Operant FR10 Responding.
A) Change in active lever presses from 2 day prior average baseline with administration of

CNO and J60 in TH:Cre+ animals is shown. There was a main effect of both CNO and J60
on active lever presses in TH:Cre+ animals, with posthoc test results comparing each dose

to vehicle indicated with *; p<0.05). B) Change in inactive lever presses from baseline in
TH:Cre+ animals. C&D) Change in (C) active and (D) inactive lever pressing is shown for
WT animals. There was a main effect of J60 on active lever pressing in WT animals. Crosses
and circles depict data from individual male and female animals, respectively.
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Fig. 4. Suppression of Pressing by High Dose CNO and J60 is Correlated in TH:Cret, but not
WT rats.

A&B) Correlation between effect of high dose CNO and J60 is shown in A) TH:Cre+ and B)
WT animals. Data is baseline-relative. Crosses and circles depict data from individual male
and female rats, respectively.
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