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ABSTRACT

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) are engineered receptors that allow for genetically targeted, reversible manipulation of
cellular activity via systemic drug administration. DREADD induced manipulations are initiated via the binding of an actuator ligand. Therefore, the use of DREADDs
is contingent on the availability of actuator ligands. Actuator ligands low-dose clozapine (CLZ) and deschloroclozapine (DCZ) are highly selective for DREADDs, and,
upon binding, induce physiological and behavioral changes in rodents and nonhuman primates (NHPs). Despite this reported specificity, both CLZ and DCZ have
partial affinity for a variety of endogenous receptors and can induce dose-specific changes even in naive animals. As such, this study aimed to examine the effects of
CLZ and DCZ on resting-state functional connectivity (rs-FC) and intrinsic neural timescales (INTs) in naive NHPs. In doing so, we evaluated whether CLZ and DCZ -
in the absence of DREADD:s - are inert by examining these ligands’ effects on the intrinsic functional properties of the brain. Low-dose DCZ did not induce consistent
changes in rs-FC or INTs prior to the expression of DREADDs; however, a high dose resulted in subject-specific changes in rs-FC and INTs. In contrast, CLZ
administration induced consistent changes in rs-FC and INTs prior to DREADD expression in our subjects. Our results caution against the use of CLZ by explicitly
demonstrating the impact of off-target effects that can confound experimental results. Altogether, these data endorse the use of low dose DCZ for future DREADD-

based experiments.

1. Introduction

Designer receptors exclusively activated by designer drugs
(DREADD:s), a chemogenetic tool, are modified muscarinic G protein-
coupled receptors that are not sensitive to endogenous ligands
(Armbruster et al., 2007). DREADDs can be selectively expressed in
target neural circuits (Whissell et al., 2016), allowing for reversible
manipulation of neuronal activity via systemic drug administration
(Armbruster et al., 2007; Urban and Roth, 2015; Roth, 2016). DREADD
technology has been successfully used to demonstrate the involvement
of specific cell populations and circuits in diverse functions and be-
haviors across different species, including in nonhuman primates
(NHPs) (Grayson, Bliss-moreau et al., 2016; Raper et al., 2019; Roth,
2016; Upright and Baxter, 2020; Upright et al., 2018; Allen et al., 2022;
Deffains et al., 2021; Eldridge et al., 2016; Hirabayashi et al., 2021;
Nagai et al., 2016; Oguchi et al., 2021; Oyama et al., 2021; Roseboom
et al., 2021; Vancraeyenest et al., 2020).

DREADDs have minimal constitutive activity, and once expressed,

require a synthetic actuator ligand to bind to the receptor to be acti-
vated. The binding of the DREADD actuator ligand initiates an internal
signaling pathway that results in a change in the cell’s membrane po-
tential (Campbell et al., 2018; Smith et al., 2016; Whissell et al., 2016;
Zhu and Roth, 2015). DREADD actuator ligands ideally have a high
affinity for one or more DREADDs, minimal off-target effects, and are
otherwise pharmacologically inert (Bonaventura et al., 2019; Gou-
taudier et al., 2019). Clozapine- N-oxide (CNO) was initially identified
as a feasible agonist for DREADDs (Armbruster et al., 2007). CNO,
however, demonstrates low blood-brain barrier penetrance, as it is a
substrate for p-glycoprotein channels (Barentzen et al., 2019; Gomez
et al.,, 2017; MacLaren et al., 2016; Raper et al., 2017). Furthermore,
CNO is reverse metabolized to clozapine (CLZ), an atypical antipsychotic
drug with an affinity for several endogenous receptors, including
muscarinic acetylcholine receptors, serotoninergic receptors, and
dopaminergic receptors (Brunello et al., 1995; Chang et al., 1998; Chris
et al., 1998; Ciliax et al., 2000; Lopez-Giménez et al., 2001; Meltzer,
1989; Schotte et al., 1993). Thus, CNO administration, and its
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subsequent metabolism to CLZ, allows for potential CLZ-mediated
binding to endogenous receptors (Manvich et al., 2018; Raper et al.,
2017). This can induce neural and downstream behavioral changes
through circuits not directly targeted by the DREADD (Gomez et al.,
2017; Mahler and Aston-Jones, 2018). To reiterate: CNO has been
observed to induce off-target effects, and as such, CNO must be used
mindfully as a DREADD ligand, as its use could result in alterations that
may not be directly attributable to DREADD-specific modulations. What
are alternative options for achieving DREADD-specific effects?

Newer chemogenetic ligands have been reported to display improved
selectivity for DREADDs. Two such ligands are low-dose clozapine (CLZ)
and Deschloroclozapine (DCZ). Both have been tested in rodents and
NHPs (Gomez et al., 2017; Hirabayashi et al., 2021; Nagai et al., 2020;
Raper et al., 2019; Upright and Baxter, 2020). CLZ and DCZ effectively
activate DREADDs, displaying improved blood-brain barrier penetrance
and a high affinity for DREADDs compared to CNO. These ligands can be
administered at lower doses, while still inducing functional and
behavioral changes in the presence of DREADDs (Nagai et al., 2020;
Raper et al., 2019; Yan et al., 2021). Moreover, selectivity for DREADDs
is greatly improved when wusing DCZ compared to other
actuators-including low-dose CLZ (Nagai et al., 2020; Roseboom et al.,
2021). Nonetheless, in NHPs, a high dose of DCZ (0.3 mg/kg), as well as
CLZ (0.2 mg/kg) have both been shown to alter performance, reducing
accuracy, on a delayed response task prior to DREADD expression
(Upright and Baxter, 2020). This highlights the possibility of off-target
effects of these putatively improved ligands (Ilg et al., 2018; Man-
zaneque et al., 2002; Upright and Baxter, 2020)

DREADDs have been proven to be a useful tool for exploring how
specific manipulations can affect whole-brain activity (Giorgi et al.,
2017; Grayson et al., 2016; Peeters et al., 2020; Rocchi et al., 2022;
Roelofs et al., 2017). This includes studies using magnetic resonance
imaging (MRI), which thereby enables the noninvasive, in-vivo investi-
gation of whole-brain, resting-state functional connectivity (rs-FC),
providing greater insight into the network organization of the brain
(Damoiseaux et al., 2006; Fox and Raichle, 2007; Greicius et al., 2009;
Lv, H et al., 2018; Mantini et al., 2007). Furthermore, altered brain
activity and aberrant large-scale network functions (groups of brain
regions that show coordinated neural activity), identifiable with rs-FC,
are increasingly used to identify and characterize brain disorders (Bas-
sett and Bullmore, 2009; Fornito et al., 2015; Wang et al., 2016; Rose-
boom et al., 2021; Milham et al., 2021; Roseboom et al., 2021; Song
et al., 2021; Tu et al., 2021).

An additional investigative opportunity is afforded by the study of
temporal fluctuations in brain activity — a fundamental property of the
brain arising from intrinsic regional intrinsic dynamics (Lerner et al.,
2011; Murray et al., 2014; Stephens et al., 2013; Wengler et al., 2020).
Neural processing occurs over different timeframes, which is reflected in
regional intrinsic neural timescales (INTs). These are inherent fluctua-
tions in neural signals reflecting the length of time a brain region re-
quires to integrate its inputs (Hasson et al., 2008). Previous research has
shown that there is a temporal hierarchy to INTs: sensory areas encode
information at a faster temporal speed relative to high-order association
regions, which require longer processing time so as to allow for the
integration of varied types of inputs (Manea et al., 2022; Murray et al.,
2014). Additionally, aberrations in INTs have also been associated with
different brain disorders, including autism spectrum disorders and
schizophrenia (Murray et al., 2014; Watanabe et al., 2019; Wengler
et al.,, 2020; Zilio et al., 2021), suggesting their potential utility as
clinically relevant biomarkers. Accordingly, rs-FC and INTs are funda-
mental properties of the brain, and by using rs-fMRI we can study these
to bridge the gap between micro and macro-scale properties of the brain.

Combining DREADD with a noninvasive neuroimaging technique
like rs-fMRI allows for whole-brain, in-vivo assessment of genetically
guided, causative manipulations of neural circuits (Grayson et al., 2016;
Hirabayashi et al., 2021; Rocchi et al., 2022). Crucially, an essential step
toward controlled manipulation and evaluation of large-scale network
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dynamics using DREADD and rs-fMRI is to establish a baseline for using
these chemogenetic actuator ligands in rs-FC and INTs prior to the
expression of DREADDs. To this end, we used rs-fMRI to evaluate the
impact of CLZ and DCZ on rs-FC and INTs in experimentally naive,
non-DREADD expressing NHPs. We hypothesized that CLZ administered
prior to DREADD expression would significantly alter whole-brain rs-FC
and INTs, whereas DCZ effects would be less impactful. We also antici-
pated regional differences in the effects of chemogenetic ligands.

2. Methods

Subjects: We obtained data from 2 female adult (age 5 years) ma-
caque monkeys (Macaca fascicularis). Weights were 6.5 kg and 5.2 kg at
the time of this study. Experimental procedures were carried out in
accordance with the University of Minnesota Institutional Animal Care
and Use Committee and the National Institute of Health standards for
the care and use of nonhuman primates (NHPs). All subjects were fed ad
libitum and pair-housed within a light and temperature-controlled col-
ony room. Animals were not water restricted. Subjects had no prior
experimental history and were fasted for 14-16 h before imaging
sessions.

On scanning days, anesthesia was first induced by intramuscular
injection of atropine (0.5 mg/kg), ketamine hydrochloride (7.5 mg/kg),
and dexmedetomidine (13 pg/kg). Next, subjects were transported to
the scanner anteroom and intubated using an endotracheal tube. Initial
anesthesia was maintained using 1.0% isoflurane mixed with oxygen
(1L/min during intubation and 2L/min during scanning to compensate
for the 12 m length of the tubing used). For functional imaging, the
isoflurane level was lowered to 1% (Lv et al., 2016). Fig. 1 displays the
experimental overview of this study.

Subjects were placed onto a custom-built coil bed with integrated
head fixation provided by stereotactic ear bars inserted into the ear
canals. Subjects were situated in the sphinx position within the bore of
the MRI system. Experiments were performed with animals freely
breathing. An initial bolus injection of 1.5 pg/kg fentanyl was admin-
istered intravenously (i.v), followed by a continuous administration of 3
pg/kg/hr using a syringe pump. Rectal temperature (~99.6F), respira-
tion (10-15 breaths/min), end-tidal CO2 (25-40), electrocardiogram
(70-150 bpm), and SpO2 (>90%) were monitored using an MRI
compatible monitor (IRADIMED 3880 MRI Monitor, USA). The tem-
perature was maintained using a circulating water bath, chemical
heating pads, and padding for thermal insulation.

Ligand preparation: Ligands were prepared separately for each
session at the desired concentration (0.1 mg/kg or 0.2 mg/kg). Water-
soluble clozapine (CLZ) (HelloBio catalog #HB6129) and water-
soluble Deschloroclozapine (DCZ) (HelloBio catalog # HB9126) dis-
solved directly into 0.9% sterile saline to the desired concentration.
Immediately before the start of a rs-fMRI session, the subjects were given
an intramuscular injection of baseline (saline), CLZ (0.1 mg/kg or 0.2
mg/kg) or DCZ (0.1 mg/kg or 0.2 mg/kg). Each subject underwent at
least 5 separate rs-fMRI sessions in the following order: (1) saline, (2)
DCZ, (2) CLZ. Each rs-fMRI session occurred at least two weeks apart.
This allowed for sufficient washout periods for each actuator ligand
between sessions (the half-life for CLZ is ~14 h) and recovery from each
rs-fMRI session. Rs-fMRI sessions started within ~15 min of the intra-
muscular injection irrespective of ligand to allow for transport of the
actuator ligand into the brain (Nagai et al., 2020; Fujimoto et al., 2022).
Sessions lasted approximately 80 min, allowing for sufficient time for
ligands to enter the central nervous system (Nagai et al., 2020; Raper
et al., 2017, 2019). We did not observe any obvious behavioral or other
changes throughout the study following each ligand and rs-fMRI session.

Data acquisition: Data acquisition protocols were similar to those
detailed in Yacoub et al. (2020) and Manea et al. (2022). All data were
acquired on a passively shielded 10.5 T, 88 cm diameter clear bore
magnet coupled to Siemens gradients (“SC72” body gradients operating
at a slew rate of 200 mT/m/s, and 70 mT/m maximal strength) and



A.K. Cushnie et al.

a

Intubation and = Rs-fMRI Data => Rs-fMRI Data
Preprocessing

Preparation Acquisition

1% Isoflurane
6 runs/session

Motion Correction (MCFLIRT)
Slice Time Correction
Distortion Correction (topup)
Normalization
Smoothing
Registration to NMTv.2

Monkey | & D
.M.

Saline

DCZ 0.1 mg/kg
DCZ 0.2 mg/kg
CLZ 0.1 mg/kg
CLZ 0.2 mg/kg

b Rs- Intrinsic Neural Timescales Analysis

Current Research in Neurobiology 4 (2023) 100072

* Rs- Functional Connectivity Analysis

I } Region of Interest Analysis

Fig. 1. Experimental overview. Each subject underwent a series of rs-fMRI sessions. Subjects were lightly anesthetized throughout the entirety of the session with
1% isoflurane. Immediately before the start of each rs-fMRI session subjects were given an I.M. dose of chemogenetic ligand or saline. Imaging sessions lasted ~80
min. The data from each session was processed using a standard preprocessing pipeline. A Region-of-Interest approach was utilized after registration to the template
brain NMTv.2. Subsequent analysis was undertaken for resting-state functional connectivity and intrinsic neural timescales.

electronics (Magnetom 10.5T Plus) (Siemens, Erlangen, Germany).
Within the gradient set and the bore-liner, the space available for subject
insertion was 60 cm in diameter.

The 10.5T system operates on the E-line (E12U) platform, directly
comparable to clinical platforms (3T Prisma/Skyra, 7T Terra). The user
interface and pulse sequences were identical to those running on clinical
platforms. A custom, in-house built and designed RF coil with an 8-chan-
nel transmit/receive end-loaded dipole array of 18 cm length (individ-
ually) combined with a close-fitting 16-channel loop receive array head
cap, and an 8-channel loop receives an array of 50 x 100 mm under the
chin (Lagore et al., 2021). The size of the 14 individual receive loops of
the head cap was 37 mm with 2 larger ear loops of 80 mm - all receiver
loops were arranged in an overlapping configuration for nearest
neighbor decoupling. The resulting 32 receive channels were used for all
experiments and supported 3-fold acceleration in the phase encoding
direction. The coil holder was designed to be a semi-stereotaxic instru-
ment holding the animal’s head in a centered sphinx position via
customized ear bars. The receive elements were modeled to adhere as
close to the surface of the animals’ skulls as possible. Transmit phases for
the individual transmit channels were fine-tuned for excitation unifor-
mity for one representative mid-sized animal, and the calculated phases
were then used for all subsequent acquisitions. Magnetic field homog-
enization (BO shimming) was performed using a custom field of view
with the Siemens internal 3D mapping routines. Multiple iterations of
the shims (using the adjusted field of view (FOV) shim parameters) were
performed, and further fine adjustment was performed manually on
each animal. Third-order shim elements were ignored for these
procedures.

In all animals, a B1+ (transmit B1) field map was acquired using a
vendor-provided flip angle mapping sequence and then power cali-
brated for each subject. Following B1+ transmit calibration, 3-5 aver-
ages (23 min) of a T1 weighted magnetization prepared rapid
acquisition gradient-echo protocol (3D MP-RAGE) were acquired for
anatomical processing (TR = 3300 ms, TE = 3.56 ms, TI = 1140 ms, flip
angle = 5°, slices = 256, matrix = 320 x 260, acquisition voxel size =
0.5 x 0.5 x 0.5 mm3). Images were acquired using in-plane acceleration
GRAPPA = 2. A resolution and FOV matched T2 weighted 3D turbo spin-
echo sequence (variable flip angle) was run to facilitate Bl in-
homogeneity correction.

Before starting the functional data acquisition, five images were
acquired in both phase-encoding directions (R/L, L/R) for offline EPI
distortion correction. Six repeats of 700 continuous 2D multiband (MB)
EPI (Moeller et al., 2010; Setsompop et al., 2012; Ugurbil et al., 2013)
functional volumes (TR = 1110 ms; TE = 17.6 ms; flip angle = 60°,
slices = 58, matrix = 108 x 154; FOV = 81 x 115.5 mm2; acquisition
voxel size = 0.75 x 0.75 x 0.75 mm3) were acquired. Images were
acquired with a left-right phase encoding direction using in-plane ac-
celeration factor GRAPPA = 3, partial Fourier = 7/8th, and MB or
simultaneous multi-slice factor = 2. Since macaques were scanned in

sphinx positions, the orientations noted here are consistent with a
(head-first supine) typical human brain study (in terms of gradients) but
translate differently to the actual macaque orientation.

Image Preprocessing. Preprocessing steps are described in detail in
(Yacoub et al., 2020 and Manea et al., 2022). Image processing was
performed using a custom pipeline relying on FSL (Jenkinson et al.,
2012), ANTs (Avants et al., 2014; Avants et al., 2011), AFNI (Cox, 1996)
and a heavily modified CONN toolbox (Whitfield-Gabrieli and
Nieto-Castanon, 2012). Next, images were first motion-corrected using
mcflirt (registration to the first image). Motion parameters never
exceeded 0.5 mm or 0.4° rotation. Next, images were slice-time cor-
rected and EPI distortion corrected using topup. Next, anatomical images
were nonlinearly warped into the National Institute of Mental Health
Macaque Template v2 (NMT) (Seidlitz et al., 2018) template using ANTs
and 3DQwarp in AFNI. Distortion correction, motion correction, and
normalization were performed using a single sinc interpolation. Images
were spatially smoothed (FWHM = 2 mm), linear detrended, and
denoised using a linear regression approach, including heart rate and
respiration, as well as a 5 component nuisance regressor of the masked
white matter and cerebrospinal fluid and band-pass filtering
(0.008-0.09 Hz) (Hallquist et al., 2013).

Functional Connectivity Analysis. Whole-brain functional con-
nectivity was evaluated using a region-of-interest (ROI) based approach.
Brain regions were defined based on the NIMH Macaque Template (v2),
the Cortical Hierarchy Atlas of the Rhesus Macaque (CHARM) (Jung
et al., 2021), and the Subcortical Atlas of the Rhesus Macaque (SARM)
(Hartig et al., 2021). This ROI approach included: 1) calculating the
average fMRI time series for all ROIs separately for each of the 6 runs
within a session, which was then concatenated and normalized; 2)
iteratively performed correlation analysis for each ROI pairing, with the
connectivity of each region in the analysis defined by a
Fisher-transformed correlation coefficient between the Bold Oxygen
Level Dependent time series; 3) subsequent production of individual
correlation maps (Whitfield-Gabrieli and Nieto-Castanon, 2012).

For each subject, a delta analysis was performed for each condition
combination (drug_[dose] - saline) using the Fisher transformed corre-
lation values from each ROI pair generated in the CONN toolbox. Delta
was defined as a drug - saline condition. These results were correlated
between subjects to evaluate the consistency of change across the two
subjects in our analysis. Subsequent bootstrap resampling (n = 10000)
was performed on cross run data to permit the comparison of the
resulting distributions. Specifically, ROI-to-ROI correlation values
within each condition were sampled, with replacement, to obtain a
distribution of correlation values that could be expected from the
collected data set from each condition. This was then used to compute a
95% confidence interval for each condition.

Additionally, a within subject regression was performed for all ROI-
to-ROI rs-FC measures for each ligand. These regressions were per-
formed across repeats (n = 6 per condition) such that saline, ligand
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dosel, ligand dose 2 were treated as ordinal variables resulting in a
regression on 18 data points (3[drug condition] x 6[repeats = 18]).
Thus, for each subject, 2145 = (}) (n = 65[ROIS], k = 2) beta values
were generated. These beta values were subsequently used to assess the
region-specific potency of ligands, as indicated by the magnitude (ab-
solute value) of these values, with larger magnitudes indicating more
pronounced ligand effects. Magnitude was used because the primary
concern of this investigation was any shift from baseline, rather than a
particular direction of shift from baseline. Additionally, these beta
values were also used to assess the consistency of the actuator ligands’
effect across subjects. To this end, Monkey I beta values were regressed
against Monkey D beta values and a Pearson correlation coefficient was
obtained. For this analysis a Pearson correlation coefficient of r
0 would have indicated there was no consistency of drug effect between
subjects. Whereas r = 1, would have indicated exactly consistent drug
effects, while r = —1 would have indicated maximally opposed drug
effects.

To investigate the time course of DCZ and CLZ impact on rs-FC, we
performed an additional delta analysis, but at the level of individual runs
(6) for each session and for all conditions. Subsequently, the results were
correlated between subjects to evaluate the consistency of change over
time for the two subjects in our analysis with respect to two phases
defined as early (up to 45 min) and late (up to 80 min) following
administration of the chemogenetic ligand. A standard deviation was
also calculated for each condition which utilized all the data collected
from each run comprising a session.

Intrinsic time Scale Analysis. INTs were calculated by estimating
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the magnitude of the autocorrelation of the preprocessed functional data
(Manea et al., 2022; Watanabe et al., 2019). At the single-subject level,
the INT of each voxel was quantified as follows. First, for each run, the
autocorrelation function of each voxel’s fMRI signal was estimated. The
autocorrelation function correlates yt (time series) and yt + k (lagged
time series), where k represents the time lag in steps of TR. Next, the sum
of autocorrelation function values was calculated in the initial positive
period. The upper limit of this period was set at the point where the
autocorrelation function first becomes negative as the time lag in-
creases. The result was used as an index of the INT of the brain region. At
the single-subject level, the number of INT maps depended on the
number of functional runs. See Manea et al. (2022) for additional details.

3. Results
3.1. Overview

The goal of the present study was to examine the effects of chemo-
genetic ligands DCZ and CLZ on inherent functional brain properties rs-
FC and INTs, and to thereby determine whether these ligands were inert
in the absence of any DREADD. Across multiple measures, DCZ was not

observed to have reliable effects on rs-FC. However, both doses of CLZ
did induce reliable changes in rs-FC. This was also the case for INTs.

3.2. Effects of ligands on whole-brain rs-FC

Regions of Interest (ROIs) were predefined using the NIMH Macaque
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Fig. 2. CLZ, but not DCZ, induces changes in resting state functional connectivity that are consistent across the 2 subjects. A) The change in rs-FC (delta
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Template (v2). Preprocessed data was passed into the CONN toolbox.
The average fMRI time series for each region was correlated with the rest
of the brain and normalized using the Fisher-transformed correlation
coefficient for each condition.

We first asked about the consistency of ligand effects on brain-wide rs-
FC. We evaluated the change (delta) in rs-FC using the z-transformed
correlation coefficient values by subtracting baseline (saline) rs-FC from
each ligand’s rs-FC (e.g., DCZ 0.1 mg/kg - baseline) for individual ROI-
to-ROI pairs (e.g., area_32 connectivity with area_8B) (Fig. 2A). Subse-
quently, we correlated these delta values across the two subjects to
assess the consistency of ligand-induced changes in rs-FC (Fig. 2B). Both
low-dose and high-dose DCZ-induced changes were uncorrelated (or
negatively correlated) between subjects (0.1 mg/kg DCZ: r = 0.0255, p
=0.2372, 95% CI [-0.0159,0.0662]; 0.2 mg/kg DCZ: r = —0.1079, p =
5.535“’7, 95% CI [-0.1480, —0.0679]). In contrast, both low-dose and
high-dose CLZ-induced changes were correlated between subjects (0.1
mg/kg CLZ: r = 0.3044, p < 0.001 95% CI [0.2607, 0.3476]; 0.2 mg/kg
CLZ: r = 0.3129 p < 0.001 95% CI [0.2723, 0. 3529].

To further probe consistency across subjects, we regressed the rs-FC
generated from each ROI pair onto the independent variable (treated as
ordinal) of the drug dosage (vehicle (saline), low-dose, high-dose)
separately for DCZ and CLZ. We then correlated the resulting beta values
onto Monkey I vs. Monkey D Fig. 2C. We found a significant, positive
relationship between subjects for CLZ (r = 0.3173, p < 0.001). However,
for DCZ, we found a significant negative correlation (r = —0.1395, p <
0.001). Thus, CLZ induced significant, consistent changes across sub-
jects, whereas DCZ did not. We next sought to compare between the
impact of DCZ and CLZ on rs-FC brain properties. To do this we asked
whether chemogenetic ligands enhanced or reduced inter-subject vari-
ability in rs-FC, reasoning that the ligands may dampen inter-individual
variability, thereby converging upon some shared connectivity motif.
Indeed, when we correlated rs-FC across the two subjects by condition,
all four drug conditions are associated with more similar rs-FC patterns
across the two subjects as opposed to the saline condition which was
observed to be the most heterogeneous between subjects: saline: r =
0.4754 p < 0.001 95% CI [0.4397,0.5874]; 0.1 mg/kg DCZ: r = 0.5462
p < 0.001 95% CI [0.5036, 0.5874]; 0.2 mg/kg DCZ r = 0.7130, p <
0.001 95% CI [0.6863,0.7405]; 0.1 mg/kg CLZ r = 0.7327, p < 0.001, p
=95% CI [0.7050,0.7572]; 0.2 mg/kg CLZ r = 0.6696 p < 0.001 95% CI
[0.6346,0.7012].

To probe the effects of actuator ligands over time on rs-FC, first the
standard deviation for each ROI-ROI pair rs-FC values across runs (6) for
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each session was determined Fig. 3A. The maximum standard deviation
observed for any ROI-ROI pair in our analysis was 0.53. This indicates
that there was limited variability within any session. Next, we calculated
the delta analysis (ligand-saline) and subsequent correlation between
subjects for each run within a session Fig. 3B. This demonstrated that
changes in rs-FC were more pronounced later in the sessions (after 40
min from administration) - this is especially clear with CLZ. The effects
of DCZ both during the early and late phase following ligand delivery is
not distinct.

3.3. Chemogenetic actuator ligands differential impact rs-FC across the
brain

Whole-brain analyses are crucial to understanding the impacts of
chemogenetic ligands on rs-FC. However, several factors, such as
regional differences in receptor expression patterns and distributed and
recurrent connections, could differentially mediate alterations in rs-FC
(Nagai et al., 2020; Blankenburg et al., 2008). Thus, there may not be
uniform alterations in rs-FC following systemic ligand administration in
our DREADD naive subjects. To address this, we next asked about
regional changes in rs-FC due to chemogenetic ligand administration.
We asked which ROI pairs exhibited the greatest shift from baseline, as
indicated by the magnitude (thus unsigned value) by considering the
regression values from Fig. 2C in a region-specific fashion (Fig. 4).
Magnitude was used to investigate any shift from baseline, rather than a
particular direction of shift from baseline. ROI pairs were thus sorted
into five broad divisions: frontal lobe, temporal lobe, parietal lobe, oc-
cipital lobe, subcortical regions. The brain regions that showed the
greatest shift from baseline were not evenly distributed across the brain:
Monkey I DCZ X2 =121.18, p < 0.001; Monkey 1 CLZ X2 =111.72,p <
0.001; Monkey D, DCZ X2 = 198.26, p < 0.001 Monkey D CLZ X2 =
147.56, p < 0.001. This suggests that ligand-induced changes are not
uniform. Notably, temporal lobe regions are underrepresented in the
observed impacted regions, relative to expected.

3.4. Effects of ligands on whole-brain INTs

INTs were first estimated at the voxel level. Subsequently, all voxels
within each ROI were averaged to generate an INT value for each region
in the analysis (Manea et al., 2022). ROIs were the same as those in the
rs-FC analysis. First, we correlated the INTs between subjects for each
condition. This showed that ligand administration caused INTs to

Effect of Chemogenetic Ligands

&
-
HS

DCZ1 early DCZ1late DCZ2 early DCZ2 late CLZ1 early CLZ1late CLZ2early CLZ2 late

Condition - Saline

Fig. 3. Effects of chemogenetic ligands within-session. A) Left: List of all the ROIs included in the analysis. Right: The cross-runs (each session consists of 6 runs)
standard deviation for each ROI-ROI pair in each condition is represented by the pixel color in the connectivity matrix. The maximum standard deviation observed for
any particular ROI-ROI pair in our analysis was 0.53. B) Correlation of the change in rs-fc. Changes in rs-FC were more pronounced later in the sessions. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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become more similar across subjects; the highest correlation was
observed following CLZ delivery (Fig. 5A; saline r = 0.1071 p = 0.3919,
0.1 mg/kg DCZ r = 0.5637 p < 0.001, 0.2 mg/kg DCZ r = 0.5114 p <
0.001, 0.1 mg/kg CLZ r = 0.6333, p < 0.001, and 0.2 mg/kg CLZ r =
0.8033, p < 0.001). Importantly, however, during the baseline (saline)
condition, there were key differences between the subjects. Monkey D
trended towards shorter INTs across the whole brain (closer to min in
Fig. 5A) compared to Monkey I, where the average INTs values were
more distributed (there was a larger range of INT values). These dif-
ferences in subjects’ INTs are especially notable in parietal regions
(postcentral gyrus, superior parietal lobule, the posterior cingulate
cortex) and the occipital cortex. This suggests substantial differences in
the baseline brain activity of these subjects.

Next, like the delta analysis performed on the rs-FC above, we
evaluated the change in INTs by subtracting baseline (saline) INTs from
each ligand’s INT (e.g., DCZ1 - baseline) for individual ROIs. These re-
sults were correlated between the two subjects to assess ligand-induced
changes (Fig. 5B). These results showed no relationship in INT change
between subjects following low-dose DCZ 0.1 mg/kg r = 0.0585, p =
0.64; high-dose 0.2 mg/kg DCZ induced changes were negatively
correlated between subjects, r = —0.4018, p < 0.001 (this negative
correlation was also detected in the rs-FC results). By contrast, CLZ-
induced changes in INTs were significantly correlated between sub-
jects 0.1 mg/kg CLZ r = 0.3271, p = 0.007; 0.2 mg/kg CLZ INT r =
0.3018, p = 0.013.

4. Discussion

Chemogenetic methods are predicated upon the targeted and
controlled use of ligands to alter brain activity. We therefore sought to
evaluate the effects of the chemogenetic ligands DCZ and CLZ on whole-
brain rs-FC and INTs in naive macaque monkeys prior to the expression
of DREADDs. This was done to verify whether these ligands were inert
and would therefore not alter brain activity, as measured by rs-FC and

INTs, in the absence of DREADDs.

The chemogenetic actuator ligand DCZ demonstrates increased
selectivity for DREADDs, high brain permeability, and is metabolically
stable compared to other ligands, including clozapine-N-oxide (CNO)
and clozapine (CLZ) (Chen et al., 2015; Nagai et al., 2020; Yan et al.,
2021). Prior studies have evaluated DCZ effects on PET imaging, elec-
trophysiology, and behavior (Hirabayashi et al., 2021; Nentwig et al.,
2021; Oyama et al., 2021; Upright and Baxter, 2020; Yan et al., 2021).
These studies have shown that 0.1 mg/kg DCZ is an effective dose to
activate the DREADD (hMyDi) once expressed in target cells. We hy-
pothesized that, prior to DREADD expression, the low dose of DCZ
would not be sufficient to alter whole-brain rs-FC, due to its limited
affinity to endogenous receptors. Indeed, our results showed that a low
dose of 0.1 mg/kg DCZ did not induce reliable changes across subjects in
functional connectivity. In a similar study, Fujimoto et al. (2022)
demonstrated that this low dose of 0.1 mg/kg DCZ does not induce
significant changes in whole-brain rs-FC in cortical or subcortical brain
regions. Our work corroborates theirs. While our study did not evaluate
the effects of DCZ in behaving animals, other research groups have
tackled this issue. Specifically, Fujimoto and colleagues demonstrated
that the low dose of DCZ did not alter socio-emotional functions (using a
human intruder task) (Fujimoto et al., 2022). Furthermore, Upright and
Baxter (2020) showed that this dosage did not affect performance on a
working memory task in naive, non-DREADD expressing NHPs. Collec-
tively, these results indicate that a 0.1 mg/kg DCZ dose induces trivial
changes in the brain prior to DREADD expression.

Results from the higher dose condition of DCZ (0.2 mg/kg) were
more equivocal. After drug administration, functional connectivity
changes were negatively correlated between our subjects, highlighting
that this intermediary dose resulted in an inconsistent effect across
subjects. Thus, not only did 0.2 mg/kg of DCZ fail to shift subjects’
functional connectivity networks towards a shared state, but it instead
drove the subjects’ rs-FC patterns further apart. One likely possibility is
that individual differences, or even initial network state, may impact the
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Fig. 5. Effects of DREADD ligands on INTs. A Surface model representation of INTs measures for each ROI for each condition and subject. For each condition there
is a lateral view (left and right) and a medial view (left and right) for Monkey D. and Monkey I. The color bar indicates the range of INTs values. INT does not have a
fixed unit. Larger values reflect longer timescales compared to smaller values representing to shorter timescales B. Surface model representation of INTs measures for
each ROI for each subject and test conditions following difference analysis. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

effects of the drug. That is, depending on the existing functional con-
nectivity architecture in place at the time of DCZ administration, the
brain connectivity regime may shift towards distinct rather than
convergent outcomes. This potentially suggests that network state is an
important confound warranting independent consideration, measure-
ment, perhaps even modulation. Importantly, though far less than its
DREADD affinity, DCZ also has an affinity for endogenous muscarinic
acetylcholine, dopaminergic and serotonergic receptors (Chen et al.,
2015; Nagai et al., 2020; Yan et al., 2021). Hence, it is feasible for DCZ to
induce changes in neuronal activity via these interactions (and thus
independent of DREADDs), especially at higher doses and in a
subject-specific manner. The subjects’ variable responses to a higher
dose of DCZ, as indicated here, is not unique to our study. Upright and
Baxter (2020), used a high dose of 0.3 mg/kg to assess performance on a
working memory task in non-DREADD transduced NHPs. Importantly,
while they showed a clear impact on performance with this higher dose
of DCZ compared to the vehicle, this altered performance was noted in
only two of the four subjects. One possibility is that ligand doses may
need to be titrated to individual subjects to account for variability in
response. This will be facilitated by studies such as the one detailed here
and others that set operational guidelines for using these chemogenetic
ligands to further DREADD studies. Along these lines, a larger (and thus
not directly comparable) dose of DCZ (0.3 mg/kg) administered prior to
DREADD expression does result in significant rs-FC changes (Fujimoto
et al., 2022), as well as altered performance on socio-emotional (Fuji-
moto et al., 2022) and working memory tasks (Upright and Baxter,
2020). Importantly, this study, unlike our own, assessed changes in
behavior, a step that will be critical for understanding brain function and
treating brain disorders. Together, these results highlight that higher
doses (>0.1 mg/kg DCZ, - the amount recommended for chemogenetic

studies (Nagai et al., 2020)) may promote the unintended binding of
DCZ to endogenous receptors and could be a confound in studies.
Contrasting with the DCZ results, both low (0.1 mg/kg) and high (0.2
mg/kg) doses of CLZ resulted in significant and consistent changes in
whole-brain rs-FC before the expression of DREADDs in the two subjects
used in this study. Furthermore, we also demonstrated that changes in
1rs-FC tended to increase over the duration of the session and were more
pronounced later in the session. Our study assessed relevant ligands
under low anesthesia, hence we did not assess the effects of these ligands
in awake behaving subjects. Fortuitously, our results and the implica-
tions for awake studies are reinforced by findings from a previous study
that demonstrated that a dose of 0.2 mg/kg CLZ was sufficient to alter
performance on a working memory task even before DREADDs were
expressed (Upright and Baxter, 2020). Additionally, in rodents, a low
dose of 0.1 mg/kg CLZ is anxiogenic and alters locomotion in naive,
non-DREADD animals while simultaneously preserving social interac-
tion and working memory (Ilg et al., 2018; Manzaneque et al., 2002).
Like DCZ, CLZ can bind to endogenous receptors. It has a high affinity for
dopamine, serotonin, and muscarinic acetylcholine receptors (Phillips
etal., 1994; Roth et al., 2004). Promisingly, DCZ has been shown to have
a significantly lower affinity for these endogenous receptors than CLZ,
which at lower doses make it less likely for DCZ to mediate large scale
changes in rs-FC (Nagai et al., 2020; Phillips et al., 1994; Roth et al.,
2004). Furthermore, there is differential expression of receptor subtypes
in cortical and subcortical areas of the brain (Beliveau et al., 2017;
Lidow et al., 1998; Lidow and Goldman-Rakic, 1994; Lopez-Giménez
et al., 2001). For example, dopamine receptor expression is highest in
the prefrontal and temporal cortices, with a lower concentration in the
occipital cortex (Brown et al., 1979). Different regional expression
patterns of receptor subtypes could likely result in distinct regional



A.K. Cushnie et al.

changes in rs-FC, which could explain our results that chemogenetic
ligand-induced changes were not uniform across the brain.

In addition to more traditional rs-FC measurements, we also assessed
changes in INTs following chemogenetic ligand administration. Similar
to rs-FC, INTs are a fundamental property that can be used to describe
the organization of the brain (Hasson et al., 2015; Manea et al., 2022;
Murray et al., 2014). INTs were first described at the level of single cells
(Murray et al., 2014) and recently at the whole-brain level in NHPs
(Manea et al., 2022), revealing a timescale hierarchy. Regional time-
scales are thought to reflect the amount of time that a region requires to
integrate inputs. Additionally, INTs are also indicative of functional
specialization (Breakspear et al., 2007; Nougaret et al., 2021; Raut et al.,
2020; Stephens et al., 2013). INTs analyses in our study recapitulated
the whole brain rs-FC analysis results. Low-dose (0.1 mg/kg) DCZ effects
on INTs were not consistent or correlated between subjects. In com-
parison, 0.2 mg/kg DCZ had the opposite impact on INTs in our subjects.
In contrast, both doses of CLZ resulted in a significant and consistent
change in INTs following systemic administration of the ligand.

Our INTs analyses also highlighted key differences in our subjects.
Our subjects were naive animals; nevertheless, they displayed apparent
differences in whole-brain INT profiles (at baseline). Specifically,
Monkey D showed generally shorter INTs that were greatly modulated
by the chemogenetic ligands used in this study. Monkey I's whole-brain
INT profile was more stable across test conditions. Often, this resulted in
Monkey D displaying longer INTs after DREADD ligand administration.
In comparison, Monkey I started with broadly longer INTs, and,
following DREADD ligand administration, continued to shift toward the
upper bound. Nevertheless, while these cross-subject differences existed,
CLZ was still capable of inducing a robust change in INTs. DCZ, irre-
spective of the dose administered, did not. This suggests that the limited
interaction that DCZ may have with the endogenous system was insuf-
ficient at driving subjects’ preexisting INT profiles towards a homoge-
nous state. Consequently, our INTs analysis also suggests that DCZ is a
feasible DREADD actuator ligand with limited off-target effects.

CLZ is also a therapeutic agent and has been used for treatment-
resistant schizophrenia (Kerwin and Bolonna, 2005; Tauscher et al.,
2004; Taylor, 2017). However, there are no published studies that we
are aware of that have investigated how antipsychotic medication (i.e.,
CLZ) affects temporal dynamics. Our results showed that CLZ causes the
whole brain INT topographies to become more similar between our
subjects, in that whole brain INT profiles become more homogenous.
However, the implications of such changes are unclear. The use of INTs
is relatively new and future studies are needed to (1) clarify how INTs
are altered in patients relative to healthy populations (Wengler et al.,
2020) and (2) how INTs at baseline are modulated by pharmacological
agents.

Our study has several limitations worth noting here. First, we only
included two subjects, and those subjects did not undergo multiple test
days for each ligand dosage. Although these experiments were designed
to mitigate session to session variability (for example, the anesthetic
protocol was closely monitored during each session and was kept
consistent between sessions), we appreciate that even small, unintended
changes (based on anesthesia efficacy, recent experiences, and so on)
could have an impact. That is, any number of variables could shift the
state of the animal and the configuration of the rs-FC profile the day of
testing. Accordingly, a within-session design inclusive of saline and
subsequent ligand administration would minimize this concern in future
studies. Furthermore, individual differences in the response to ligands
are an important facet to also consider, however, given the two subjects
included in this study, this is beyond the scope of this work. Future
research including a large cohort would be better suited to address this
issue of individual differences, including detailing the pharmacokinetics
of the ligands and how biological variables such as age and sex may play
a role in effectiveness of these actuator ligands.

Although NHP studies like ours are hindered by small sample sizes
and limitations on testing, ideally, studies across laboratories using
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slightly different techniques can begin to elucidate consistent, under-
lying effects. Indeed, here, there is excellent convergent evidence on the
effects of different doses of DCZ in NHPs prior to DREADD expression
(Fujimoto et al., 2022; Upright and Baxter, 2020). Together, it is clear
that greater consideration and within-subject comparison must be taken
when using a dose greater than 0.1 mg/kg DCZ (Nagai et al., 2020).

5. Conclusion

Importantly, rs-FC and INTs are essential properties of the brain that
can be used to characterize healthy and disordered brains. The com-
plementary use and advancement of these techniques-DREADDs, INTs,
and rs-FC-in NHPs, a species with substantial homology to the human
brain (Heilbronner and Chafee, 2019) will significantly aid basic science
researchers and translational applications for the characterization and
development of treatments for a potentially wide range of neuropsy-
chiatric disorders.
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