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Non-human primate (NHP) models are essential for devel-
oping and translating new treatments that target neural cir-
cuit dysfunction underlying human psychopathology. As a
proof-of-concept for treating neuropsychiatric disorders, we
used a NHP model of pathological anxiety to investigate the
feasibility of decreasing anxiety by chemogenetically
(DREADDs [designer receptors exclusively activated by
designer drugs]) reducing amygdala neuronal activity. Intrao-
perative MRI surgery was used to infect dorsal amygdala neu-
rons with AAV5-hSyn-HA-hM4Di in young rhesus monkeys.
In vivo microPET studies with [11C]-deschloroclozapine and
postmortem autoradiography with [3H]-clozapine demon-
strated selective hM4Di binding in the amygdala, and
neuronal expression of hM4Di was confirmed with immuno-
histochemistry. Additionally, because of its high affinity for
DREADDs, and its approved use in humans, we developed
an individualized, low-dose clozapine administration strategy
to induce DREADD-mediated amygdala inhibition.
Compared to controls, clozapine selectively decreased anxi-
ety-related freezing behavior in the human intruder paradigm
in hM4Di-expressing monkeys, while coo vocalizations and
locomotion were unaffected. These results are an important
step in establishing chemogenetic strategies for patients with
refractory neuropsychiatric disorders in which amygdala al-
terations are central to disease pathophysiology.

INTRODUCTION
Anxiety disorders are among the most prevalent psychiatric illnesses
and, despite currently available treatments, remain a major public
health concern.1,2 As such, there is a critical need to develop novel
and improved treatment strategies. Anxiety disorders frequently
begin in childhood, and by using our young rhesus monkey model
of pathological anxiety, we identified the neural circuit and molecular
substrates relevant to understanding the childhood risk to develop
anxiety disorders.3–12 The evolutionary relatedness of non-human
3484 Molecular Therapy Vol. 29 No 12 December 2021 ª 2021 The Am
primates (NHPs) to humans enables an opportunity to perform
proof-of-concept studies in this highly translational model13–18 that
is directly relevant to human psychiatric illnesses. Our NHP work,
modeling pathological anxiety or anxious temperament (AT), has
demonstrated involvement of the dorsal amygdala, including regions
such as the central nucleus (Ce) and dorsal aspects of the basolateral
nuclei.3,5,7,19 Here, to further investigate mechanisms underlying pri-
mate anxiety, and as a model for potential human use, we use
DREADDs (designer receptors exclusively activated by designer
drugs) to reversibly manipulate neurons within the dorsal amyg-
dala.20–22 Demonstrating the ability to manipulate neural circuits us-
ing chemogenetic methods to reduce NHP anxiety is an important
step toward developing novel treatments for refractory psychiatric ill-
nesses, including severe human anxiety disorders.

DREADDs provide the ability to regulate the function of select brain
circuits, which could lead to the development of specific neural circuit
interventions, enabling personalized treatment strategies.22 The most
common DREADD method uses viral vector mediated gene delivery
to induce cellular expression of mutated muscarinic receptors
(hM3Dq, activating; hM4Di, inhibiting) that are not responsive to
endogenous acetylcholine.20 The ability to modulate DREADD-ex-
pressing cells requires the administration of a DREADD-activating
selective ligand. DREADDs, and other chemogenetic methods, are
particularly suitable for potential human interventions as the modu-
lation of specific neural circuits can be accomplished via the oral or
parenteral administration of DREADD-activating drugs. Establishing
erican Society of Gene and Cell Therapy.
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Figure 1. Representative images of hM4Di-HA expression in the rhesus amygdala

(A) The rhesus amygdala is composed of several nuclei, of which the central nucleus (medial and lateral divisions in purple) and basal nucleus (magnocellular and intermediate

divisions in blue) were stereologically analyzed in subject P1. (B) Co-labeling of NeuN (left panels; greyscale) and HA (middle panels; red) in subject P1 revealed that neuronal

expression of hM4Di-HA varied between subregions of the amygdala, with little coexpression observed in the central nucleus (top panels) compared to themagnocellular and

intermediate portions of the basal nucleus (bottom panels). Images are maximum intensity projections integrated across the z stack. Scale bar (white) is 50 mm. (A) adapted

with permission from Paxinos et al.43
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reliable DREADD methods in NHPs has been challenging, and the
work presented here builds on encouraging recent progress.23–34

The use of DREADDs in humans will require methods for the precise
delivery of viral vectors to targeted brain regions, sufficient expression
of DREADDs in neuronal populations, as well as DREADD-acti-
vating drugs that are acceptable for human use. Additionally, use of
this technology in humans will benefit from the ability to validate
in vivo, the location and success of virally mediated DREADD expres-
sion, which could be accomplished with DREADD-specific positron
emission tomography (PET) scanning. While clozapine-N-oxide
(CNO) was initially proposed as an ideal DREADD-activating drug
with high affinity and selectivity for DREADD receptors and has
been extensively used in rodent studies (for review, see Wess
et al.35), recent pharmacokinetic evidence suggests that CNO has
poor brain penetrance.36,37 Additionally, studies in rodents, humans,
and NHPs demonstrate that CNO can be back-metabolized into clo-
zapine.36–41 Because clozapine has high brain penetrance36,42 and can
activate DREADDs at low doses,20,36 it has been suggested that the ef-
fects of CNO are mediated, at least in part, by clozapine.36,37

Here, in an effort to develop new treatments for pathological anxiety,
as well as to further develop the framework for using DREADDs in
NHPs, we (1) performed ex vivo immunohistochemical and autora-
diographic studies to validate hM4Di expression and ligand binding
to the receptor in the primate amygdala, (2) confirmed in vivo, with
[11C]-deschloroclozapine (DCZ) microPET imaging, successful viral
infection, and transduction resulting in hM4Di amygdala expression,
(3) established individualized dosing strategies for clozapine to limit
off-target effects, and (4) implemented a within- and between-sub-
jects experimental design to test whether DREADD-mediated inhibi-
tion of dorsal amygdala neurons would lead to a reversible decrease in
anxiety-related behaviors. These studies provide important insights
into the feasibility of using circuit-specific interventions to treat psy-
chiatric illnesses that are not amenable to current treatments.

RESULTS
Establishing viral vector-mediated expression of hM4Di-HA in

the rhesus amygdala

To demonstrate efficacy of the viral vector method, we performed ex-
periments in two pilot animals with injections of AAV5-hSyn-HA-
hM4Di into the amygdala. One animal (subject P1; see Table S1 for
definition of subject identifiers) received bilateral 24 mL injections
into the dorsal amygdala, and 36 days later the brain was perfused
and collected for immunohistochemical analysis (chromogenic 3,30-
diaminobenzidine [DAB] staining and immunofluorescence). In
one hemisphere, stereological methods (see Table S2 for details)
were used in immunofluorescently labeled sections to estimate the to-
tal number of transduced neurons in the Ce (including both the
lateral and medial divisions), as well as the basal nucleus (including
the magnocellular and intermediate divisions; see Figure 1A).
Approximately 27% of all neurons in the analyzed portions of the
basal nucleus expressed hM4Di-HA, with dorsal regions showing
relatively high density of hemagglutinin (HA) and NeuN co-labeling
(see Figure 1B). This is in contrast to the Ce, where less than 2% of
neurons expressed DREADDs, and co-labeling of HA and NeuN
was sparsely distributed (see Figure 1B). The other hemisphere of
subject P1 was used for electron microscopy analyses, which as previ-
ously published demonstrated robust expression of hM4Di-HA on
the cell membrane.23

To assess receptor binding, another animal (subject P2) received a
unilateral 24 mL injection of AAV5-hSyn-HA-hM4Di into the dorsal
region of the amygdala, and 35 days after surgery the brain was flash
frozen and coronally sectioned for in vitro autoradiography. As can
be seen in Figures 2A and 2B, specific binding of [3H]clozapine was
Molecular Therapy Vol. 29 No 12 December 2021 3485
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Figure 2. Autoradiographic demonstration of hM4Di-

HA expression in the rhesus amygdala

(A) Autoradiograms from subject P2 unilaterally injected

with AAV5-hSyn-HA-hM4Di (hM4Di-HA) into the amygdala,

showing nonspecific and total [3H]clozapine (3.5 nM)

binding. The white dotted line depicts the amygdala

boundaries. (B) Densitometric quantification of specific

binding ([3H] clozapine total binding – nonspecific: total

binding was assessed in three coronal slices) in the viral-

infected amygdala compared to the uninfected amygdala.

Error bars represent +/- SEM.
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2.4-fold greater in the hM4Di expressing amygdala (right hemi-
sphere) compared to the uninjected amygdala (left hemisphere).

Determining clozapine dosing for DREADD experiments in

rhesus monkeys

To establish a dose of clozapine that is without significant effects on
anxiety-related behaviors such as freezing, we administered vehicle,
0.1 mg/kg, and 0.5 mg/kg clozapine IM (n = 5/group) prior to expo-
sure to 30 min of the no-eye-contact (NEC) condition. A one-way
ANOVA revealed a significant effect of dose on freezing behavior
(F2,12 = 7.97, p < 0.01). The 0.5 mg/kg dose of clozapine significantly
decreased the duration of freezing (p < 0.01), which was not the case
at the 0.1 mg/kg dose (Figure 3). Similarly, there was a significant ef-
fect of dose on experimenter orient (F2,12 = 5.25, p < 0.05). The
0.5 mg/kg dose of clozapine significantly decreased the duration of
time spent orienting toward the experimenter (p < 0.05), whereas
this was not the case at the 0.1 mg/kg dose. There was no significant
effect on the duration of locomotion (F2,12 = 0.13, p = 0.88).

Establishing individualized doses of clozapine for the DREADD

behavioral experiment

While the previous clozapine dose ranging experiment established
that the 0.1 mg/kg dose, on average, was without significant effects
on freezing behavior, we observed individual variation in response
to the 0.1 mg/kg dose. Therefore, to reduce the potential for
intrinsic effects of clozapine on behavior, during subject selection
we assessed the effects of 0.03 and 0.1 mg/kg clozapine on each an-
imal’s behavior to develop an individualized dosing strategy. For
each pair of animals (control and experimental) the highest dose
of clozapine that was without behavioral effects was chosen. The
0.03 mg/kg dose was selected for three of the pairs and the
0.1 mg/kg dose was selected for the remaining two pairs (of note,
one pair of animals received only vehicle and 0.1 mg/kg clozapine
during pre-testing).

In the four pairs of animals that received both doses of clozapine,
plasma levels of clozapine and norclozapine demonstrated significant
dose-dependent increases (clozapine, t7 = 8.49, p < 0.0001; norcloza-
pine, t7 = 6.11, p < 0.001). The plasma clozapine levels (mean ± SEM)
at the 0.03 mg/kg and 0.1 mg/kg doses were 4.8 ± 1.2 ng/mL and
3486 Molecular Therapy Vol. 29 No 12 December 2021
16.6 ± 1.9 ng/mL, respectively. Similarly, plasma norclozapine levels
were 0.34 ± 0.06 ng/mL and 0.89 ± 0.10 ng/mL, respectively. Plasma
levels of CNO were below the detection limit of the assay. Addition-
ally, these doses of clozapine significantly decreased NEC-induced
plasma ACTH (F2,14 = 6.88; p < 0.05; Figure 4) and cortisol concen-
trations (F2,14 = 4.60; p = 0.05; Figure 4). Because of these effects on
plasma ACTH and cortisol, these hormonal measures were not
analyzed in the DREADD experiment. Also, because NEC-induced
cortisol is a component of the AT score, we did not use this composite
score in assessing the effects of DREADD-mediated amygdala
inhibition.

Assessing hM4Di-HA expression in the experimental animals

The 5 monkeys that were selected as the experimental subjects
received bilateral infusions of AAV5-hSyn-HA-hM4Di, with gadolin-
ium as a contrast agent, targeted toward the dorsal amygdala region
containing the Ce, as well as the dorsal aspects of the basal and acces-
sory basal nuclei. After completion of each infusion, an MRI scan was
acquired to visualize the infusate delivery region. Post-infusion scans
were used to create a map indicating the infusion region that was
overlapping and shared across the 5 subjects (Figure 5B). This re-
vealed an overlap in gadolinium diffusion in the dorsal amygdala re-
gion, including the Ce and middle to dorsal aspects of the basal and
accessory basal nuclei.

After behavioral testing, two experimental animals (subjects E2 and
E3) and one unoperated animal (subject C1, which was not part of
this study but had a similar prior experience with testing and cloza-
pine dosing) underwent [11C]-DCZ microPET scanning to assess
in vivo hM4Di expression and localization. [11C]-DCZ, a derivative
of clozapine, has recently been shown to be an effective PET radioli-
gand for visualizing DREADDs due to its high selectivity and speci-
ficity for the hM4Di receptor.34 To quantitatively assess specific
[11C]DCZ binding, we derived distribution volume ratio (DVR) para-
metric images using the cerebellum as a nonspecific-binding refer-
ence region (see Figure S2).44,45 Because of individual variation in
brain [11C]DCZ binding observed across the three animals, images
were scaled such that the specific binding (i.e., DVR) in the prefrontal
cortex wasmatched across the images.We then subtracted the aligned
and scaled images of the control animal from each of the hM4Di-HA



Figure 3. Effects of clozapine administration on freezing behavior during

NEC

Log transformed freezing duration following administration of vehicle or two different

doses of clozapine (n = 5/group). Compared to vehicle, there was a significant

reduction in freezing duration following 0.5 mg/kg clozapine but not 0.1 mg/kg

clozapine (**p < 0.01).
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animals’ images. Figure 6 depicts the average of these two difference
images, overlaid on a template MRI, demonstrating a 40%–50% [11C]
DCZ signal increase in the amygdala region of the hM4Di-HA
animals.

The brain from an additional experimental animal (subject E1) was
used to quantify hM4Di-HA expression in the dorsal amygdala region
of both the left and right hemispheres using stereological methods.
This histological analysis focused on the regions of the amygdalae
derived from theMRI images of gadolinium diffusion that overlapped
across the 5 experimental subjects. Consistent with the overall pattern
of expression observed in the tissue from subject P1, co-expression
levels of NeuN and hM4Di-HA as assessed with immunofluorescence
were greatest within the dorsal portions of the basal and accessory
basal nuclei compared to lower levels in the Ce (see Figure 7).
Focusing on these nuclei, co-labeling of neurons was counted in sub-
sampled regions encompassing 200 � 200 � 10 mm volumes. These
analyses of portions of the right and left amygdala revealed transduc-
tion efficiencies in the subsampled regions that varied, ranging up to
67% (refer to Figure S3 for further details). Additionally, some
hM4Di-HA expression was observed in the dorsal region of the lateral
nucleus, with much sparser expression in other amygdala nuclei.
Outside of the amygdala, sparse cell-body labeling was also observed
in the anterior hippocampus and ventral putamen. We also examined
some projection sites of the amygdala to understand the extent to
which DREADDs are anterogradely transported and expressed in
the projections of infected cells. Consistent with this, chromogenic la-
beling of the HA-tag revealed discernible fibers in the bed nucleus of
the stria terminalis, sublenticular extended amygdala, and lateral
septum (Figure S4).
hM4Di-HA activation decreases anxiety-related freezing

behavior in the NEC condition

Increased freezing is the prominent behavioral response occurring
during the NEC condition. Using a 2� 2 design, we examined cloza-
pine-induced changes in freezing behavior (clozapine minus vehicle)
across group (control versus hM4Di-HA) and session (pre versus
postsurgical testing). Results demonstrated no significant main effect
of group and no significant main effect of session. However, there was
a significant group � session interaction (F1,8 = 14.89, p = 0.0048),
such that in hM4Di-HA animals, clozapine treatment produced a sig-
nificant change in freezing duration after, as compared to before, viral
vector infusion (p = 0.007; Figure 8). This was not the case in the con-
trol animals. We note an outlying data point in the hM4Di-HA group
during the pre-testing period (diamond symbol; Figure 8) and when
removing the pre and post data from this animal and its cage-mate
control, the results remain significant (group � session interaction;
F1,6 = 12.09, p = 0.013). Because of the potential for individual differ-
ences in response to clozapine and because different doses of cloza-
pine were used for different pairs of animals, we also performed an
analysis residualizing the freezing durations with the plasma cloza-
pine levels for all pre and post behavioral sessions. This analysis did
not change the findings when the entire sample was included (group
� session F1,8 = 16.87, p = 0.0034) or when the outlying pair of ani-
mals was removed from the analysis (group� session F1,6 = 9.18, p =
0.023). We also note that clozapine and norclozapine plasma levels
did not significantly differ between the control and hM4Di-HA
groups either prior to or after surgery.

Because we detected significant effects of hM4Di-HA activation on
freezing during the NEC condition, we also examined the extent to
which hM4Di-HA activation affected freezing during the Alone and
Stare conditions during which freezing is much less prominent. An
analysis of the clozapine-induced changes in freezing behavior (cloza-
pine minus vehicle) across the three human intruder paradigm (HIP)
conditions (Alone, NEC, and Stare) was restricted to the postsurgical
data because data from the Stare condition were only collected during
the postsurgical period. The results demonstrated a significant main
effect of group such that the DREADD animals had an overall greater
reduction in freezing behavior than controls across all conditions
(F1,8 = 10.63; p = 0.012). Also, there was a lack of a significant HIP
condition � group interaction (F2,16 = 1.93, p = 0.18), suggesting
that hM4Di-mediated amygdala inhibition reduced freezing behavior
across conditions. When examining each condition separately,
hM4Di activation was associated with reductions in freezing (Alone,
p = 0.073; NEC, p = 0.018; Stare, p = 0.0081). The results were unaf-
fected when residualizing for plasma clozapine levels (group – F1,8 =
19.61; p = 0.0022; HIP condition � group – F2,16 = 0.76, p = 0.48).

We next assessed the effects of hM4Di-mediated amygdala inhibition
on the prominent behaviors that occur during the Alone and Stare
conditions. The analysis for the Alone condition compared cloza-
pine-induced changes (clozapine minus vehicle) before and after sur-
gery. Increases in coo vocalizations and locomotion commonly occur
during the Alone condition, and neither of these were significantly
Molecular Therapy Vol. 29 No 12 December 2021 3487
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Figure 4. Effects of 0.03 mg/kg and 0.1 mg/kg clozapine on plasma ACTH

and cortisol levels in animals selected for the DREADD behavioral

experiment

As part of characterizing individual doses of clozapine, effects on ACTH (upper) and

cortisol (lower) were assessed following administration of vehicle, 0.03, and 0.1 mg/

kg clozapine to the same animals (n = 8). ACTH was significantly reduced by both

doses, whereas significant reductions in cortisol occurred at the higher dose (*p <

0.05, **p < 0.01).
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affected by clozapine-induced hM4Di activation. Bark vocalizations
and experimenter-directed hostility are the prominent behaviors
that are elicited by the Stare condition. Postsurgical data for the Stare
condition (clozapine minus vehicle) revealed that these behaviors
were unaffected by hM4Di-mediated amygdala inhibition.

DISCUSSION
In the present study, we demonstrate that activation of the inhibitory
hM4Di in the dorsal amygdala with low dose clozapine significantly
decreases NHP anxiety-related behavior. Autoradiographic studies
validated that clozapine binds to hM4Di-HA receptors expressed in
the amygdala, and immunohistochemical methods determined that
neurons expressing these receptors were most prominently located
in the dorsal regions of the basal and accessory basal nuclei.
Advancing the translational utility of chemogenetics, we replicate
the finding that [11C]-DCZ microPET scanning can be used to visu-
alize DREADD expression in vivo,34 revealing selective binding in the
viral vector targeted regions of the amygdalae.
3488 Molecular Therapy Vol. 29 No 12 December 2021
Because clozapine has affinity for many endogenous receptors and is
well known to have behavioral effects,46,47 and because we observed
individual differences in responses at low doses, we used an individ-
ually determined dosing approach in the DREADD experiment. The
goal of the individualized approach was to identify the highest dose of
clozapine that was without off-target behavioral effects. Animals were
tested in pairs (experimental and control) and the same dose was
selected for further experimentation in each pair. Thus, optimal
and identical dosing was used for each member of each pair of ani-
mals. There was no significant difference in plasma levels between
control and experimental subjects because the experimental animal
and its paired control received the same dose of clozapine. Addition-
ally, we used plasma levels in the behavioral analyses to control for
any potential pharmacokinetic differences between animals.

The findings demonstrated a significant clozapine-induced decrease
in freezing behavior in the hM4Di-HA subjects during NEC, a
threat-related context in which the predominant response is to freeze.
In addition to the effects observed during NEC, hM4Di activation also
reduced freezing during the Alone and Stare conditions. No signifi-
cant effects of DREADD activation were observed for other behaviors
including coo or bark vocalizations, locomotion, or experimenter-
directed hostility. The effects of hM4Di-induced amygdala inhibition
on freezing are consistent with previous publications examining the
effects of amygdala lesions on threat-related responses in NHPs
and rodents.19,48,49

A previous study used clozapine and CNO to examine the impact of
hM4Di-HA DREADD-mediated amygdala inhibition on anxiety-
related behavior during the HIP in two young rhesus monkeys.31

While no control group was included in the DREADD behavioral an-
alyses, this study reported decreased drug-induced (CNO and cloza-
pine) freezing during the HIP with no changes in vocalizations, which
is consistent with our findings. In another study using CNO,
DREADD-induced amygdala inhibition in adult rhesus monkeys re-
sulted in reductions in amygdala-frontal cortex resting-state func-
tional connectivity.27 This finding is interesting in relation to our
demonstration of a DREADD-induced reduction in threat-related
freezing behavior as the circuit disruptions reported by Grayson
et al.,27 overlap with regions implicated in mediating primate
threat-related anxiety.7,50 This study also did not use a non-DREADD
control group as a comparator, leaving open the possibility that the
observed effects could be due to the intrinsic actions of CNO and/
or its back metabolism to clozapine and not to DREADD activation
per se.

In the present study, we used gadolinium as an MRI contrast agent
during the viral vector infusion to intraoperatively observe the extent
of the infusion. Previous studies utilizing gadolinium to monitor viral
infusions have shown that in vivo assessment of gadolinium distribu-
tion can predict the distribution of protein expression resulting from
AAV-mediated infection.51,52 Consistent with this, our histochemical
characterization of a DREADD behavioral study subject demon-
strated considerable expression in the dorsal portions of the basal



Figure 5. DREADDs experiment methods

(A) Timeline for behavioral testing of monkeys receiving

AAV5-hSyn-HA-hM4Di (n = 5) and cage-mate controls (n =

5). (B) Overlap of the infused area across all subjects as

assessed by the gadolinium signal detected with MRI. The

colors represent the number of animals with gadolinium

signal at each voxel. The overlap of the gadolinium injection

clouds across all five experimental animals is depicted in

yellow demonstrating consistent coverage of the dorsal

amygdala region using the MRI-guided targeted injection

procedure. (C) Neurons expressing hM4Di-HA in a section

containing the accessory basal nucleus in a maximum in-

tensity projection image at 40� integrated across the z

stack; scale bar (yellow) represents 100 mm. Neurons are

identified with NeuN in gray, and hM4Di-HA expression

with HA immunoreactivity in red. Note, the neuron seen in

center of the field of view is prominently expressing hM4Di-

HA in its soma, as well as in its neuronal extensions.
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and accessory basal nuclei. A similar expression pattern was observed
in the pilot subject. While we assume that the expression is similar in
the four additional experimental animals, this remains to be
confirmed.

Based on the predominance of DREADD expression in the dorsal re-
gions of the basal and accessory basal nuclei and the known functions
of these nuclei, it is plausible that the infected neurons in these regions
mediated the reductions in threat-related freezing behavior. The basal
and accessory basal nuclei are primarily composed of glutamatergic
projection neurons, along with a smaller population of GABAergic
interneurons.53–55 Because our DREADD construct utilized the syn-
apsin promoter, both of these cell types were likely infected. The basal
and accessory basal nuclei receive sensory input from the thalamus
and the cortex, as well as higher order information from the hippo-
campus and PFC,56,57 and send outputs to the Ce, BST, striatum, hy-
pothalamus, hippocampus, and PFC.58–61 Many rodent studies have
demonstrated that these amygdala subregions are involved in modu-
lating anxiety-related behavior.61–68 For example, inhibition of baso-
lateral projections to ventral hippocampus have been shown to
decrease anxiety-related behaviors,67 whereas inhibition of basolat-
eral projections to the lateral division of the Ce have been shown to
increase anxiety-related behaviors.68 Furthermore, human imaging
studies further implicate a role for basal, accessory basal, and lateral
nuclei (considered together as the basolateral amygdala [BLA])
dysfunction in psychiatric disorders, as disruptions in BLA functional
connectivity are observed in patients with generalized anxiety
disorder.69
Molecula
In addition to the considerable expression in the
dorsal basal and accessory basal nuclei, a low level
of DREADD expression was observed in the Ce.
The Ce consists primarily of GABAergic neurons
and is considered the major output nucleus of the
amygdala.70 In addition, our previous mechanistic
and neuroimaging work has implicated the Ce as a
key node in the neural network underlying the expression of AT.71 It is
conceivable that the modulation of a small number of neurons in the
Ce is sufficient to induce alterations in behavior. Other work in
NHPs has demonstrated that DREADD transduction levels as low as
3% of neurons in the dorsolateral PFC appears to be effective at influ-
encing spatial working memory.29 Thus, in addition to the probable
contribution of the dorsal basal and accessory basal nuclei, it is possible
that the small number of Ce neurons expressing hM4Di could be
contributing to the behavioral effects observed here. Of further consid-
eration, some hM4Di expression was observed in neurons located
between the basal and accessory basal nuclei and the Ce. This is poten-
tially important because the GABAergic neurons found in this region,
which constitute the intercalated cell masses, act as an inhibitory gate
for information flowing from the BLA to the Ce.72,73

The sparsity of Ce hM4Di expression found in the present study is
consistent with data from other reports in primates using AAV2 or
AAV5 infused into the amygdala.27,52,74 Interestingly, in rodent
studies, AAV5 has been successfully utilized to infect the Ce.75–77

Other data from our laboratory (S.A.L.M. and N.H.K., unpublished
data) suggests that various AAV vectors, specifically AAV8 and
AAV9, also show scarce Ce infectivity in primates. Studies aimed at
characterizing the role of the NHP Ce will require the identification
of methods that more robustly infect NHP Ce neurons.

Overall, our findings demonstrate the utility of using DREADD tech-
nology in NHPs to investigate the neural circuitry underlying the
expression of anxious behavior and further highlight the importance
r Therapy Vol. 29 No 12 December 2021 3489
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Figure 6. [11C]DCZ binding in the amygdala

demonstrates hM4Di-HA expression in vivo

The average difference (hM4Di-HA minus control) in [11C]

DCZ binding signal from two of the hM4Di-HA animals in the

DREADDs behavioral experiment is overlayed on a rhesus

monkey brain MRI template. The average difference image

is thresholded at 40%. Greater binding is observed bilat-

erally in the amygdala, where the AAV5-hSyn-HA-hM4Di

virus was infused and where gadolinium signal was

observed across all five hM4Di-HA subjects. The peak difference in the right amygdala reached 53% greater binding signal in the hM4Di-HA animals. No other brain regions

exceeded this threshold. See also Figure S2.
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of the amygdala in threat-related responding. In future studies, che-
mogenetic technology could be similarly applied to functionally
define the role of other cortical and subcortical components of the
neural circuitry underlying primate anxiety. The implementation of
chemogenetic technology in this NHP model sets the stage for the
possibility of using DREADDs to identify and develop novel clinical
interventions targeting specific cell types within specific regions of the
neural circuits that underlie human pathological anxiety.

MATERIALS AND METHODS
Experimental model and subject details

Studies were performed using male and female rhesus monkeys
(Macaca mulatta), with the gender composition and age ranges as
described for each study in the methodological details below. Mon-
keys were housed and cared for at the Wisconsin National Primate
Research Center and the Harlow Center for Biological Psychology
on a 12-h light/dark cycle, in a temperature- and humidity-controlled
vivarium. Procedures were performed using protocols that were
approved by the University of Wisconsin Institutional Animal Care
and Use Committee in compliance with the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes
of Health.

Assessing behavioral effects of clozapine

Prior to beginning studies using the DREADD virus, we assessed
whether low doses of clozapine administered to control subjects
would impact the level of anxiety-like responding during the NEC
condition of the HIP.3,12,78 Using a between-subjects design (n = 5/
grp; males, mean age at time of behavioral testing = 2.03 ± 0.07 years),
monkeys were treated with either vehicle, 0.1 mg/kg clozapine, or
0.5 mg/kg clozapine. The solutions used for the 0.1 mg/kg and
0.5 mg/kg doses were prepared at a concentration of 0.2 mg/mL
and 1 mg/mL, respectively, by dissolving the clozapine in DMSO
and then diluting in 0.9% saline to a final DMSO concentration of
25%. The drug was administered as bilateral intramuscular (IM) in-
jections at a volume of 0.5 mL/kg. Vehicle injected animals received
0.5 ml/kg of 25% DMSO in 0.9% saline. Drug or vehicle was admin-
istered 40 min prior to exposure to 30 min of NEC. The duration of
freezing behavior, which was defined as a lack of movement for
greater than 3 s, the duration of locomotion, which was defined as
ambulation of one or more steps at any speed, and the duration of
experimenter orient, which was defined as any non-hostile orienting
behavior toward the experimenter, were recorded in s.
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AAV5-hSyn-HA-hM4Di DREADDs subjects

The timeline for behavioral testing of subjects is shown in Fig-
ure 5A. To maximize the potential for observing the hypothesized
decrease in freezing resulting from the DREADDs receptor activa-
tion, we initially screened monkeys with 10 min of NEC to identify
and select mid- to high-level freezers. Of the 94 animals that were
screened (47 males/47 females, mean age at time of screening
1.83 ± 0.08 years), 16 were then chosen to be tested for responsive-
ness to clozapine. Animals were tested using 10 min of Alone fol-
lowed by 10 min of NEC following administration of vehicle,
0.03 mg/kg clozapine and 0.1 mg/kg clozapine. One pair of ani-
mals received only the 0.1 mg/kg dose of clozapine during the clo-
zapine responsiveness testing. The solutions used for the 0.03 mg/
kg and 0.1 mg/kg clozapine doses had concentrations of 0.06 mg/
mL or 0.2 mg/mL, respectively, and were prepared and adminis-
tered as described in the preceding section (assessing behavioral
effects of clozapine). Drug or vehicle was administered 30 min
prior to behavioral testing. At the conclusion of the test, blood
was collected to assess the impact of clozapine on plasma ACTH
and cortisol levels and measurement of plasma clozapine and nor-
clozapine levels. All blood collections were done at the same time
of day (range 8:43 AM–11:05 AM). To obtain plasma, we collected
blood in EDTA tubes and immediately centrifuged them at
1,900 � g for 10 min at 4�C and collected the supernatant. Tests
were separated by 1 week and the order was randomized. Animals
that showed a pronounced clozapine-induced decrease in freezing
during the NEC even at the low dose were not used further in the
study. Ultimately, 10 animals were chosen for surgery or to serve
as matched unoperated control subjects (6 males and 4 females,
mean age at time of surgery = 2.19 ± 0.23 years). The clozapine
testing procedure also determined the dose of clozapine used in
the post-surgery testing. We chose the highest dose of clozapine
that did not substantially affect freezing behavior in the NEC,
which for two pairs of animals was 0.1 mg/kg and for the other
three pairs was 0.03 mg/kg.

Post-surgical testing began approximately 32 days after surgery (see
Figure 5A). The clozapine preparation and injection methods were
the same as for the screening procedure. Drug or vehicle was adminis-
tered 30 min prior to behavioral testing. Behavioral testing was per-
formed using the HIP, which consisted of 10 min of Alone, 10 min
of NEC, 5 min of Alone, 10 min of Stare, and ending with 15 min of
Alone followed by blood collection for measurement of plasma



Figure 7. Quantification of hM4Di-HA expression in

the amygdala

(A) Intraoperative MRI image of the gadolinium signal after

the infusion into the dorsal amygdala of AAV5-hSyn-HA-

hM4Di mixed with gadolinium. (B) Acetylcholinesterase

staining of a tissue section containing the amygdala from

subject E1, demonstrating considerable staining in the

basal nucleus and a lack of staining in the central nucleus.

(C) A depiction of the amygdala nuclei as derived from

acetylcholinesterase staining. The box outlined in red rep-

resents the region of one of the sections that was used in

the stereological analysis. (D and E) A 200 � 200 � 10 mm

subregion within the accessory basal nucleus that was part

of the stereological analysis (D), which is a magnification of

the green square in (E); scale bar (yellow) represents 50 mm.

Red fluorescence indicates HA immunoreactivity, and gray

fluorescence indicates NeuN immunoreactivity. (E) A tissue

section used for stereological assessment of the co-

expression of HA (red) and NeuN (greyscale). White

squares indicate subregions where co-expression was

quantified. (F) A heatmap of the percent of neurons, iden-

tified with NeuN, that are co-expressing HA, reflecting the

stereological analysis performed on the section depicted in

(E). See also Figure S3.
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clozapine and norclozapine levels. All blood collections were done at
the same time of day (range 9:10 AM–11:07 AM). Subjects were tested
with vehicle and either 0.03 mg/kg or 0.1 mg/kg clozapine based on the
results from the screening tests. Postsurgical behavioral testing was per-
formed with randomized drug and vehicle administration separated by
at least 2 weeks. Subjects received a second round of testing approxi-
mately 32 days later with counterbalanced drug and vehicle administra-
tion, again separated by at least 2 weeks. Prior to statistical analysis, the
results were averaged across the two rounds of testing.

The HIP assesses monkeys in three different contexts eliciting different
defensive responses. The HIP begins with the Alone condition, during
which amonkey is separated from its cage-mate and is placed into a test
cage by itself. This context typically elicits separation behaviors such as
coo-vocalizations and increases in locomotion. The Alone condition is
followed by the NEC condition wherein a human intruder enters the
room and presents her/his profile to the monkey, while avoiding direct
eye contact. Responses to this potentially threatening situation include
increases in freezing, decreases in locomotion, and decreases in coo vo-
calizations. The final context is the Stare condition, during which the
intruder reenters the room and stares directly at the monkey, eliciting
hostile behaviors directed toward the intruder (i.e., bark vocalizations
and experimenter-directed hostility).

Assessing neuroendocrine effects of clozapine

To examine the effects of clozapine dose on HPA axis function
following 10 min of Alone and 10 min of NEC exposure, we assessed
plasma levels of cortisol and ACTH.
ACTH assay

Plasma samples were assayed for ACTH using the MD Biosciences
(Oakdale, MN, USA) enzyme-linked immunosorbent assay (ELISA)
following the manufacturer’s instructions. Samples were assayed in
duplicate. The inter-assay CV percentages were calculated for a low
and a high control sample. The low control had an average value of
41.7 ± 0.8 pg/mL and a CV percentage of 9.0, and the high control
had an average value of 249.4 ± 4.2 pg/mL and a CV% of 7.8. The limit
of detection defined by the lowest standard was 5 pg/mL.

Cortisol assay

Plasma samples were assayed for cortisol in duplicate using theMP Bio-
medicals (Solon,OH,USA) Immuchem coated tube radioimmunoassay.
The intra-assayCVpercentagewas4.9 and the inter-assayCVpercentage
was 9.8. The detection limit defined by the lowest standard was 1 mg/dL.

Assessing plasma levels of clozapine and its metabolites

Plasma levels of clozapine and its metabolites norclozapine and CNO
were measured using HPLC coupled with mass spectroscopy as previ-
ously described.30 The plasma aliquots used were collected at the conclu-
sion of the behavioral tests. A Nexera XR HPLC (Shimadzu, Kyoto,
Japan) coupled with a QTRAP 6500 (SCIEX, Redwood City, CA, USA)
was used to acquire data that was analyzed with Analyst 1.6 (SCIEX).

Surgical procedures

Trajectory guide base placement and intraoperative MRI

The placement of the trajectory guide bases followed published
methods79,80 that were modified to target the dorsal amygdala
Molecular Therapy Vol. 29 No 12 December 2021 3491
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Figure 8. DREADD-induced change in anxiety-related behavioral response

The clozapine-induced change in freezing duration (clozapine-vehicle) occurring

during the NEC component of the HIP for the hM4Di-HA and control animals. The

five different symbols each identify an hM4Di-HA subject and its cage-mate control.

Symbols in black represent the difference between clozapine and vehicle at baseline

prior to surgery (pre). Symbols in red represent the difference between clozapine

and vehicle after hM4Di-HA expression that is averaged across the two rounds of

testing (post). A significant group by session (pre/post) interaction was observed

(F1,8 = 14.89, p < 0.01). Post hoc testing revealed a significantly greater decrease in

freezing for the hM4Di-HA animals post compared to pre (**p < 0.01), whereas the

control animals did not significantly differ post compared to pre.
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following procedures described in supplemental methods section
of two previous publications52,74 with slight modifications. To
cover as much of the dorsal amygdala (Ce) and dorsal aspects of
the basal and accessory basal nuclei) as possible while minimizing
infection of the surrounding tissue, one 24 mL infusion was per-
formed per hemisphere. In an effort to maximize coverage of the
dorsal amygdala, the 24 mL was injected over multiple infusions
with adjustments made to injector depth based on information ob-
tained from the intraoperative MRI scans collected between infu-
sions. As can be seen in Figure 5B, this ensured that the animals
all received the DREADDs virus in an overlapping region of the
dorsal amygdala.

Before the procedure, the animals were anesthetized with ketamine
(up to 20 mg/kg, IM), prepared for surgery, and then placed in an
MRI compatible-stereotaxic frame. The animals were intubated
and received isoflurane anesthesia (1%–3%, intratracheal) with
1%–1.5% O2 administered during induction. Atropine sulfate
(0.01–0.4 mg/kg, IM) was administered to depress salivary secre-
tion, and buprenorphine (0.01–0.03 mg/kg, IM, repeated every
6–12 h) was given for analgesia. To maintain fluids and electro-
lytes, Plasmalyte (up to 10 mg/kg/h, intravenous [i.v.]) was admin-
istered. Cefazolin (20–25 mg/kg, IM or i.v.) was administered as a
prophylactic antibiotic 1 day prior to the surgery. Cefazolin was
also administered immediately prior to surgery and then every
6 h while under anesthesia. All drugs and treatments were given
in consultation with veterinary staff. Vital signs (heart rate, respi-
ration, oxygen saturation, and end tidal CO2) were continuously
monitored. Body temperature was monitored during the surgical
and MRI procedure and maintained in the MRI by wrapping the
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animals for warmth while incorporating a hot water heating device
within the wrap.

Cannula trajectory planning and insertion

Cannula trajectory planning was carried out in the MRI suite under
anesthesia as previously described.74 The infusion line was primed
with a loading line solution that was identical to the virus suspension
solution (Dulbecco’s phosphate-buffered saline [D-PBS] without
Ca2+ or Mg2+ [GIBCO, Thermo Fisher Scientific, Waltham, MA,
USA] containing 0.001% F68 surfactant [GIBCO, Thermo Fisher Sci-
entific]), and the cannula was loaded with the DREADDs viral vector
and the MR visible marker Gadobenate dimeglumine (Gd, Multi-
Hance; Bracco Diagnostics, Monroe Township, NJ, USA). The pilot
subject and four out of the five experimental subjects had a
100 mm length valve tip cannula (Engineering Resources Group,
Pembroke Pines, FL, USA) with a fused silica cannula having a poly-
imide tubing tip that was sealed with a retractable glass fiber stylet. Its
dimensions were as follows: tip outer diameter (OD) = 0.40 mm, in-
ner diameter (ID) = 0.345 mm, length = 3.0mm; shaft OD = 0.67mm,
ID = 0.45 mm, length = 97.0 mm from ferrule; and stylet OD =
0.275 mm. One subject had a 100 mm length cannula (Engineering
Resources Group) with a fused silica single-end port cannula with
OD = 0.67 mm and ID = 0.45 mm.

After the pressure in the infusion line was stabilized, the cannula was
introduced into the brain, advancing the remote introducer at
approximately 10–15mm/min. The cannula was advanced two-thirds
of the measured depth toward the target for partial insertion, and
another targeting 3D T1WMRI was performed to confirm the correct
trajectory and calculate the remaining distance from cannula tip to
target. Once confirmed, the cannula was advanced to its final position
and the stylet was retracted. When the pressure reading on the infu-
sion pump controller system stabilized, the infusion began.

The infusate consisted of AAV5-hSyn-HA-hM4Di suspended in a solu-
tion identical to the loading line solution described above. To facilitate
in vivo MRI visualization of the infusion, we mixed Gd with the viral
vector at a final concentration 0.66 mM. In the pilot subject used for
autoradiographic experiments, a total volume of 24 mL was infused
unilaterally into the right dorsal amygdala region at a steady rate of
1mL/min. In each of thefiveDREADDsbehavioral experiment subjects,
a total volume of 24 mL per hemisphere was bilaterally infused into the
dorsal amygdala region at a steady state rate of 1 mL/min, except for one
experimentalmonkeywhere the infusion into the right hemisphere was
3 mL/min to improve cannula flow possibly due to a clogged injector.
After each infusion, another 3DMRI scan was reacquired for a qualita-
tive visualization of the volumetric infusate delivery region. This
sequence provides sensitivity to the contrast-enhanced infusate and suf-
ficient gray/white contrast for easy identification of the infusion’s
anatomical location. These post infusion scans were used to create the
infusion overlap image in Figure 5B. After the infusions were complete,
the animal was transported back to the surgical suite. To reduce
intracranial pressure and prevent brain swelling, we gave mannitol
(up to 2.0 g/kg, i.v.) as needed. The trajectory guides were removed,
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and the incision was closed in layers before the animal was allowed to
recover from anesthesia. Animals were given buprenorphine twice
on the day following the surgery (0.01–0.03 mg/kg, IM). Cefazolin
(20–25 mg/kg, IM or i.v.) or cephalexin (20–25 mg/kg, oral [PO]) was
given twice daily for 5 days after surgery to prevent infection. The ani-
mals were allowed to recover, and testing did not commence until 28 to
35 days (average 32 days) after surgery.

Viral vectors

Monkeys received infusions of the DREADD viral vector AAV5-
hSyn-HA-hM4Di obtained from the Boston Children’s Hospital Viral
Core Facility (Boston, MA, USA). The lot of virus used for the pilot
subject had a titer of 6.95 � 1013 genome copies/mL, and the lot of
virus used for the five experimental subjects had a titer of 6.28 �
1013 genome copies/mL. The construct plasmid map (pOTTC1484,
Addgene, Watertown, MA, USA) is shown in Figure S1.

Validation of hM4Di-HA expression ex vivo

[3H]Clozapine autoradiography

Autoradiography with [3H]clozapine was used to demonstrate
DREADDligandbinding in tissue sections obtained from the amygdala.
35 days following surgery, subject P2 was euthanized, the brain was
removed, and the region containing the amygdala was cut coronally
into a 21 mm thick slab that was then flash frozen in chilled isopentane
(Thermo Fisher Scientific) maintained on dry ice. The tissue was then
sectioned at 20 mm thickness andmounted onto Superfrost Plusmicro-
scope slides (Thermo Fisher Scientific) and stored at �80�C until use.
For the assay, sections from the left and right hemisphere werematched
in the coronal plane using acetylcholinesterase (AChE), a cholinergic
marker that can identify nuclei within the amygdala.43,81 Autoradiog-
raphy using [3H]clozapine was then performed following a published
protocol described in detail in the supplemental methods section
accompanying a previous publication starting with the preincubation
step.36 The image generated by the phosphorimager (Typhoon, FLA
7000, GE Healthcare, Piscataway, NJ, USA) was quantified using Multi
Gauge v.3 software (Fuji Photo Film, Tokyo, Japan) by drawing a region
of interest around the amygdala on the uninjected left hemisphere and
the injected right hemisphere. Values were averaged and expressed as
nCi/g with the use of carbon-14 standards (American Radiolabeled
Chemicals, St. Louis,MO,USA) exposed and imaged on the samephos-
phor screen as the experimental slides. For eachhemisphere, the specific
[3H]clozapine binding in the amygdala was obtained by subtracting the
non-specific signal obtained in the presence of excess cold clozapine
(100 mM) from the total [3H] clozapine signal. Three tissue sections
per hemisphere were used for the total [3H] clozapine binding condi-
tion, while one tissue section per hemisphere was used for the non-spe-
cific binding condition.

Immunohistochemical procedures

HA-tag expression

Time between surgery and necropsy was 36 days for subject P1 and
434 days for subject E1. Animalswere euthanized by transcardial perfu-
sion with heparinized PBS at room temperature followed by fixation
with 4% paraformaldehyde (PFA) in PBS at 4�C. In the case of subject
P1, which was also used for electron microscopy studies, perfusion was
performed using ice-cold, oxygenated Ringer’s buffer followed by 4%
PFA containing 0.1% glutaraldehyde in 0.2 M phosphate buffer, pH
7.4. Brains were removed and fixation was continued in the perfusion
solution overnight at 4�C. The brains were placed in a brain block
and cut into slabs that were subsequently processed through increasing
concentrations of sucrose –10%, 20%, and 30%. The approximately
14 mm thick tissue slab containing the amygdala was frozen and cut
at 40 mm on a cryostat (CryoStar NX50, Thermo Fisher Scientific). Tis-
sue sections were stored in cryoprotectant (40 mM potassium phos-
phate/11 mM sodium phosphate buffer, pH 7.2, containing 30%
ethylene glycol and 30% sucrose) at �20�C until use.

To observe hM4Di-HA expression within the amygdala, as well as its
putative projection sites, we performed chromogenic labeling of HA-
tag.Tissue sectionswerewashedovernightwithPBS to removecryopro-
tectant, and all subsequent incubations were carried out at room tem-
perature in PBS containing 0.3% Triton X-100. Three 5-min washes
with PBS were performed in between each incubation step. To block
endogenous peroxidase activity, we first incubated tissue sections in
PBS containing 6% hydrogen peroxide for 30 min. Sections were then
blocked in 5% normal goat serum (Cat # S-1000; Vector Laboratories,
Burlingame, CA, USA) for 1 h. This was followed by an overnight incu-
bation with a 1:400 dilution of rabbit monoclonal HA-tag antibody
(C29F4, Cat # 3724; Cell Signaling Technology, Danvers, MA, USA),
and a 1 h incubation with a 1:250 dilution of peroxidase-conjugated
goat anti-rabbit immunoglobulin G (IgG) secondary antibody (Cat
#PI-1000; Vector Laboratories). A 2-min incubation with ImmPACT
DAB peroxidase substrate (Cat # SK-4105; Vector Laboratories) was
then used for visualization. Sections were mounted on Superfrost Plus
microscope slides, which were air-dried, dehydrated in 95% and then
100% ethanol, and placed in xylene for 5 min before coverslipping
with DPX mounting medium. Images were captured using a
DM6000B light microscope (Leica Microsystems, Buffalo Grove, IL,
USA).

To identify neurons that were expressing hM4Di-HA, we performed
immunofluorescent co-labeling of HA-tag and neuronal nuclei
(NeuN; Figure 5C). Tissue sections were washed overnight with
PBS to remove cryoprotectant, and all subsequent incubations were
carried out at room temperature in PBS containing 0.3% Triton X-
100. Three 5-minute washes with PBS were performed in between
each incubation step. Tissue sections were first blocked in 5% normal
goat serum (Cat # S-1000; Vector Laboratories, Burlingame, CA,
USA) for 1 h. This was followed by an overnight incubation with a
1:400 dilution of rabbit monoclonal HA-tag antibody (C29F4, Cat #
3724; Cell Signaling Technology, Danvers, MA, USA), and a 1-h in-
cubation with a 1:250 dilution of Alexa Fluor 488 conjugated goat
anti-rabbit secondary antibody (Cat # A11008; Thermo Fisher Scien-
tific). Tissue sections were then blocked in 5% normal donkey serum
(Cat # 017-000-121; Jackson ImmunoResearch, Laboratories, West
Grove, PA, USA). This was followed by an overnight incubation
with a 1:2,000 dilution of mouse monoclonal NeuN antibody (clone
A60, Cat # MAB377; MilliporeSigma, Darmstadt, Germany), and a
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1 h incubation with a 1:250 dilution of Alexa Fluor 647 conjugated
donkey anti-mouse secondary antibody (Cat # A31571; Thermo
Fisher Scientific). Cellular nuclei were stained using a 1:10,000 dilu-
tion of 4’,6-diamidino-2-phenylindole (DAPI) for 5 min. Sections
were mounted on Superfrost Plus microscope slides using ProLong
Gold Antifade Mountant (Cat # P36930; Thermo Fisher Scientific).

Imaging and stereological quantification of expression

For subjectP1, 1:15 coronal sections through the central nucleus, or 1:30
coronal sections through the basal nucleus, were sampled for analysis of
HA-tag and NeuN co-expression. For subject E1, 1:10 coronal sections
through the amygdala were sampled for analysis of HA-tag and NeuN
co-expression. Sections immediately adjacent to these were processed
for AChE, a cholinergic marker that was used to identify nuclei within
the amygdala.43,81 Fluorescent image stacks were acquired using a A1R-
Si+ confocal microscope (Nikon Instruments, Melville, NY, USA) with
a pan fluor 40� oil objective (1.30 N.A.) andNikonNIS-Elements soft-
ware. Section thickness wasmeasured by focusing on the top of each tis-
sue section, refocusing to the bottom of the tissue section, and then
measuring the difference in Z axis. All sections were imaged using the
same acquisition settings, includingmagnification, laser power, camera
gain, offset, pinhole size, and scan speed.

To evaluate neuronal expression of HA-DREADDs, we accomplished
standard unbiased stereological counting of HA and NeuN immuno-
positive cells with the optical fractionator workflow in Stereo Investi-
gator software (MBF Bioscience, Williston, VT). For further details
concerning the stereological parameters used, see Table S2. Counting
was performed by a single trained investigator.

Pilot studies were used to determine the appropriate counting param-
eters, such that there would be a sufficient number of neurons in each
counting frame to allow for meaningful interpretation of percentage
of neurons expressing hM4Di-HA in a given subsampled region. Cells
that were immunoreactive for NeuN and HA-tag were identified us-
ing the soma as the counting target. Cells with a well-defined soma
and nucleus were counted if they were within or intersecting with
the dissector frame and not intersecting with lines of exclusion.

[11C]DCZ radiosynthesis

The [11C]deschloroclozapine was synthesized similar to published
methods34 with modifications. The radiolabeling synthon, [11C]
methyl triflate was produced using the gas phase method, starting
with the production of [11C]methane via the 14N(p,a)11C nuclear re-
action using a 90/10 H2/N2 target.

82 The [11C]methane was converted
to [11C]methyl iodide through gas phase iodination with iodine vapor
in a heated quartz tube using a recirculation process.83 [11C]MeI was
then passed through a heated glass tube containing silver triflate for
the production of [11C]methyl triflate.82 The [11C]MeOTf was slowly
bubbled into a reaction vial containing 0.2mg 11-(1-Piperazinyl)-5H-
dibenzo[b,e][1,4]diazepine precursor (Tocris, Bio-Techne, Minneap-
olis, MN, USA) and 0.3 mL anhydrous MeCN. The radiolabeling
reaction occurred at room temperature for 5 min, after which
0.5 mL mobile phase was added to the vial and the entire solution in-
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jected onto the semi-preparative high-performance liquid chroma-
tography (HPLC) system. The semi-preparative HPLC system
consists of a Waters 515 HPLC pump (5 mL/min), Waters
2489 UV Detector (254 nm), Phenomenex Gemini NX C-18 column
(250 mm � 10 mm), and a mobile phase composed of MeCN/H2O/
Et3N (40/60/0.1%). The peak corresponding to [11C]DCZ was
collected and diluted in 60 mL water and trapped on a tC18 light car-
tridge (Waters, Milford, MA, USA), which was then rinsed with
10 mL 0.002N HCl. The [11C]DCZ compound was then eluted
from the cartridge using 0.5 mL EtOH and 10 mL 0.9% sodium chlo-
ride, USP through a Millex-FG membrane filter (MilliporeSigma,
Darmstadt, Germany). The purity of the tracer was verified using a
Phenomenex Luna C18 column (200 mm � 4.6 mm) and mobile
phase of MeCN/H2O/Et3N (40/60/0.1%) with a flow rate of 2 mL/
min. No radiochemical or chemical impurities were observed. The
specific activity was 29.3 ± 15.3 mCi/nmol at end of synthesis (n = 4).

PET scanning

The subjects were anesthetized with ketamine (15 mg/kg, IM), given
atropine sulfate (0.04 mg/kg, IM) to depress salivary secretion, intu-
bated and given isoflurane anesthesia (1%–1.5%, IT), and placed in
the Focus 220 microPET scanner in the prone position with the
head facing downward and secured in a custom-made head holder.
Throughout the experimental procedure vital signs (heart rate, respi-
ration, oxygen saturation, end tidal CO2, and body temperature) were
continuously monitored. To maintain fluids and electrolytes, Plasma-
lyte (up to 10 mg/kg/hr, i.v.) was administered. A transmission scan
was acquired for 518 s using a 57Co rotating rod source to correct
for the scatter and attenuation of radiation in the tissue. The PET
scan was initiated with the injection of the [11C]DCZ (n = 4; 4.85
mCi ± 0.23 mCi; 0.12 ± 0.06 mg DCZ). The list mode emission data
was acquired for a total of 90 min and binned into a time series of
22 frames: 2 � 1 min, 4 � 2 min, 16 � 5 min. The PET data were re-
constructed using filtered back-projection and a ramp filter into ama-
trix size of 128 � 128 � 95 with voxel dimensions of 0.959 mm �
0.959 mm � 0.796 mm. We note that four animals were scanned,
two with AAV5-hSyn-HA-hM4Di in amygdala, one with AAV5-
hSyn-HA-hM3Dq in amygdala, and one uninjected control. The
data from the hM3Dq subject was not used in this study.

[11C]DCZ binding image analysis

A parameter representing radioligand-receptor binding was calcu-
lated to serve as an index of neuroreceptor density. The DVRwas esti-
mated from the microPET time series for each voxel in this para-
metric image. The DVR images were calculated using the SRTM2
algorithm44,45 and the cerebellar gray matter as the reference region
of negligible specific ligand-receptor binding. The DVR images
were spatially transformed into a common T1-weighted MRI tem-
plate space made from 592 rhesus monkeys7 and blurred with a
2 mm FWHM smoothing kernel using Advanced Normalization
Tools (ANTs84,85). For the purpose of visualizing the presence of
the hM4Di in the injected regions, the [11C]DCZ DVR images were
then scaled such that the specific binding in the prefrontal cortex
was matched across the images. This was done to normalize for
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overall global differences in DCZ-specific receptor expression across
subjects, and the prefrontal cortex was selected because this region
revealed the highest and most uniform values of [11C]DCZ DVR
across subjects. The image from the control subject was then sub-
tracted from each of the hM4Di DREADDs subjects and the average
of these two difference images was then calculated using FSL (FMRIB
Software Library).

Quantification and statistical analysis

Autoradiographic data obtained from the [3H]clozapine binding assay
were compared between the uninjected left hemisphere and the injected
right hemisphere using a two-tailed unpaired t test. In the initial dose
response study to assess the effects of 0.1mg/kg and 0.5mg/kg clozapine
on freezing, locomotion, and experimenter orient during NEC, the du-
rationswere transformed (log10 +1) and then analyzed by ANOVA, fol-
lowed by Dunnett’s multiple comparison test comparing results from
the two clozapine doses to vehicle. To analyze the plasma ACTH and
the cortisol data from the 8 animals that received vehicle and both the
0.03 mg/kg and 0.1 mg/kg doses of clozapine, we used repeated-mea-
sures ANOVAs. Post hoc analysis was done with a Dunnett’s multiple
comparison test comparing the two doses of clozapine to vehicle. In
these same 8 animals, to compare plasma clozapine and norclozapine
levels that resulted from the 0.03 mg/kg and 0.1 mg/kg doses of cloza-
pine, paired two tailed t tests were performed. To analyze the behavioral
data from the hM4Di-HA study, we transformed averaged freezing and
locomotion duration (log10 + 1) and square root transformed the aver-
aged cooing frequency. Results from the vehicle condition were sub-
tracted from the clozapine condition and the difference was analyzed
using a two-way repeated-measure ANOVA. In an additional analysis,
the freezing data were residualized for plasma clozapine concentration
and then analyzedwith a two-way repeated-measure ANOVA.Post hoc
analysis was performed using Sidak’s multiple comparison test. To
compare plasma clozapine and norclozapine levels between the Control
and hM4Di-HA DREADDs groups during postsurgical testing, we
averaged the values obtained after the two HIP tests and compared
them using unpaired two tailed t tests. All statistical testing was per-
formed using either Prism v. 8.1 (GraphPad Software, San Diego, CA,
USA) or IBMSPSS Statistics v. 25 (IBM, Armonk, NY, USA). Graphical
representations of the data were prepared using Prism.
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