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Clozapine-n-oxide administration produces behavioral effects in Long-Evans rats - implications for 48 

designing DREADD experiments 49 

 50 

 Abstract  51 

Clozapine-n-oxide (CNO) is a ligand for a powerful chemogenetic system that can selectively inhibit or 52 

activate neurons; the so-called ‘Designer Receptors Exclusively Activated by Designer Drugs’ (DREADD) 53 

system. This system consists of synthetic G protein-coupled receptors which are not believed to be 54 

activated by any endogenous ligand, but are activated by the otherwise inert CNO. However, it has 55 

previously been shown that administration of CNO in humans and rats leads to detectable levels of the 56 

bioactive compounds clozapine and N-desmythclozapine (N-Des). As a follow-up, experiments were 57 

conducted to investigate the effects of CNO in male Long-Evans rats. It was found that 1mg/kg CNO 58 

reduced the acoustic startle reflex but had no effect on prepulse inhibition (PPI) (a measure of 59 

sensorimotor gating). CNO (2 and 5mg/kg) had no effect on the disruption to PPI induced by the NMDA 60 

antagonist PCP or the muscarinic antagonist scopolamine. In locomotor studies, CNO alone (at 1,2 and 5 61 

mg/kg) had no effect on spontaneous locomotion, but 5mg/kg CNO pre-treatment significantly 62 

attenuated d-amphetamine-induced hyper-locomotion. In line with the behavioral results, fast-scan 63 

cyclic voltammetry found that 5mg/kg CNO significantly attenuated the d-amphetamine induced 64 

increase in evoked-dopamine. However, the effects seen after CNO administration cannot be definitively 65 

ascribed to CNO because biologically relevant levels of clozapine and N-Des were found in plasma after 66 

CNO injection. Our results show that CNO has multiple dose-dependent effects in vivo and is converted 67 

to clozapine and N-Des. Thus, emphasizing the need for a CNO-only-DREADD-free control group when 68 

designing DREADD based experiments.  69 

 70 
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Significance Statement  71 

Recently, interest in clozapine-N-Oxide (CNO) has increased due to its exploitation as a ligand for the 72 

engineered G protein-coupled receptors (GPCRs) in the chemogenetic ‘Designer Receptors Exclusively 73 

Activated by Designer Drugs’ (DREADD) system. Our results highlight that in the experimental design 74 

there is a necessity for the inclusion of a group of animals which do not express DREADD receptors, but 75 

are given the same dose of CNO as the DREADD expressing animals. Currently, only a small minority of 76 

studies utilizing DREADDs employ this control. There needs to be careful consideration of the CNO dose 77 

being administered and of the possible biological effects of CNO. 78 

 79 

Introduction 80 

Clozapine-n-oxide (CNO) is the major metabolite of the anti-psychotic drug clozapine. While clozapine is 81 

known to bind to many receptors (Coward, 1992; Schotte et al., 1993; Peters, 2012), the few studies 82 

that investigated the pharmacological actions of CNO failed to find any effects. This has led to the 83 

consensus that CNO is largely an inactive metabolite (Alves-Rodrigues et al., 1996; Salmi & Ahlenius, 84 

1996; Wong et al., 1996). However, administration of CNO leads to detectable levels of clozapine in the 85 

plasma of humans and guinea pigs (Jann et al., 1994; Chang et al., 1998). The retroconversion of CNO to 86 

clozapine in rats is somewhat controversial as Jann et al. were unable to detect clozapine in the plasma 87 

of Wister rats after administration of CNO (1 mg/kg i.p.), but Lin et al. were able to detect clozapine, N-88 

Des and other minor clozapine metabolites in the urine of Lewis rats (20 mg/kg oral; (Lin et al., 1996)). It 89 

is unclear whether the difference is due to differing strain, sample preparation, dosage, detection 90 

sensitivity, or due to one group assessing plasma and the other urine. It has been noted that species 91 

differences in the endogenous production of ascorbate, which perturbs CNO retroconversion in vitro 92 

(Pirmohamed et al., 1995) could help to explain the differences in CNO retroconversion. Nevertheless, 93 
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there is evidence for  reversible metabolism whereby clozapine is metabolized into N-Des and CNO, with 94 

a portion of the CNO being reduced back to the parent compound which presumably is then 95 

metabolized back into CNO in an ever diminishing cycle leading to eventual clearance (Pirmohamed et 96 

al., 1995). Therefore, all experiments that utilize CNO should verify that in the species and strain being 97 

employed, the administration of CNO does not have effects. 98 

Recently, interest in CNO has increased due to its exploitation as a ligand for the engineered G protein-99 

coupled receptors (GPCRs) in the chemogenetic ‘Designer Receptors Exclusively Activated by Designer 100 

Drug’ (DREADD) system. Briefly, this system consists of a family of synthetic GPCRs (based upon the 101 

muscarinic M3 and M4 subtypes) which are not believed to be activated by any endogenous ligand but 102 

which are potently activated by the otherwise inert molecule CNO (Armbruster et al., 2007). This is an 103 

extension of a previous ‘Receptor Activated Solely by a Synthetic Ligand’ (RASSL) concept (Coward et al., 104 

1998; Redfern et al., 1999), with the key functional advantage being that unlike the RASSL system where 105 

the activating ligand has affinity for endogenous receptors within the CNS, in the DREADD system the 106 

ligand (CNO) is believed to be inert, that is, to have no biological activity. The ability to express DREADD 107 

receptors in neurons in vivo completes a system whereby the receptor, coupled to a downstream 108 

signaling cascade of choice (Gi – inhibition; Gq – depolarization and burst firing; Gs - increases in cAMP) 109 

is expressed in a neuronal subtype of interest (e.g. via stereotaxic infusion of virus particles) which can 110 

then be selectively and exclusively manipulated by the systemic administration of CNO (eg (Farrell et al., 111 

2013; Zhu et al., 2014). This is a potentially powerful research and therapeutic toolbox which has already 112 

yielded novel insights into brain-behavior relationships. We chose to employ this system to ask a simple 113 

yet important question: can the behavioral effects we have previously seen following permanent lesions 114 

of a specific neuronal population also be induced by transient (DREADD-Gi) inhibition of the same 115 

neuronal population? Our initial results were somewhat surprising as we repeatedly observed that CNO 116 

treated non-DREADD wildtype control rats were impaired in the behavior we predicted to be affected by 117 



 

5 
 

Gi-DREADD inhibition. That is, in the absence of any DREADD receptor, we were observing behavioral 118 

effects of CNO. This was a major hurdle in interpreting our results. Therefore, before pursuing our 119 

DREADD experiments in alternative behaviors of interest, we undertook a series of control experiments, 120 

which are reported here. Using wildtype male Long Evans rats we investigated the effects of CNO at 121 

commonly used doses (1-5mg/kg) on acoustic startle reflex (ASR), prepulse inhibition of ASR (PPI), 122 

NMDA and muscarinic induced disruption of PPI, spontaneous locomotion and amphetamine induced 123 

hyper-locomotion. In addition, by use of fast-scan cyclic voltammetry (voltammetry) we assessed the 124 

effects of CNO on evoked dopamine (DA) release in the nucleus accumbens (NAcc). Finally, we analyzed 125 

plasma from CNO treated rats by HPLC for detection of CNO, clozapine and N-Des.  126 

  127 
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Methods and materials 128 

Male Long-Evans rats (Harlan Laboratories & bred in our facilities) weighing 300-330g at the start of 129 

behavioral  studies and 300-450g for voltammetric studies were maintained single housed in plastic 130 

cages in a temperature and humidity controlled room. Lights were on a 12 hour light dark cycle (lights 131 

on 07:00) with testing conducted during the light phase. Rats had free access to food (Harlan diet 2018 132 

[Harlan Laboratories; Houston, TX, USA]) and water in the homecage. All experiments were approved by 133 

the Institutional Animal Care and Use Committee and conducted in accordance with the National 134 

Institutes of Health Guide for the Care and Use of Laboratory animals. 135 

Compounds 136 

CNO was supplied by the NIH Drug Supply Program and was dissolved in DMSO then diluted to a final 137 

concentration of either 1mg/ml or 2mg/ml or 5mg/ml CNO in 0.5% DMSO in saline. Control injections 138 

were 0.5% DMSO in saline. Of the 22 articles that we found which used systemic administration of CNO 139 

in rats (Ferguson et al., 2011; Anderson et al., 2013; Ferguson et al., 2013; Michaelides et al., 2013; 140 

Boender et al., 2014; Bull et al., 2014; Dell'Anno et al., 2014; Katzel et al., 2014; Robinson et al., 2014; 141 

Chang et al., 2015; Gompf et al., 2015; Mizoguchi et al., 2015; Pienaar et al., 2015; Scofield et al., 2015; 142 

Yau & McNally, 2015; Grace et al., 2016; Ma et al., 2016; Marchant et al., 2016; Qiu et al., 2016; 143 

Sengupta et al., 2016; Wicker & Forcelli, 2016; Wirtshafter & Stratford, 2016), two used chronic 144 

treatment (e.g. in drinking water) and 11 used doses above 1 mg/kg. Of those that used greater than 145 

1mg/kg most used3 mg/kg but in a few cases doses were as high as 10 mg/kg. Of all the studies using 146 

rats and CNO-activated DREADDs that we surveyed, only a few used a non-DREADD-CNO control and 147 

most of these used this control in only a subset of the presented experiments. Our selection of 1, 2 and 148 

5 mg/kg was based on our preliminary experience with CNO and the few published rat studies that were 149 

available at the time. Also, Dr. Roth’s research group had shown that in mice there were no effects at 5 150 
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mg/kg (Alexander et al., 2009) and that some mouse studies had used as high as 10 mg/kg (Ray et al., 151 

2011). 152 

Phencyclidine (Sigma), d-amphetamine (Sigma) and scopolamine (Tocris) were dissolved in 0.9% saline 153 

and injected at 1 ml/kg.  154 

 155 

Behavioral testing 156 

ASR and PPI testing 157 

Testing was conducted in Kinder-Scientific startle chambers (Kinder-Scientific, Poway, CA, USA). Each 158 

sound attenuating test chamber was equipped with small chambers mounted on a parallelogram load 159 

cell (calibrated to Newtons [N]) situated directly beneath a loudspeaker. Constant dim illumination was 160 

provided by a light within the chamber. Throughout testing, constant background noise was presented 161 

as 65dB white noise. All startle and prepulses were presented as squarewave (instantaneous rise and 162 

fall) bursts of white noise. A trial is defined as a startle stimuli (120dB, 40ms) preceded either by a 163 

prepulse (PP, various conditions, described in relevant methods sub-section) or no prepulse (for 164 

assessment of startle only). Inter-trial interval (ITI) is the time (in sec) between trials, regardless of 165 

whether these trials contain a PP or not. Percent PPI was calculated as [100−(mean ASR amplitude on 166 

prepulse pulse trials)/mean 120dB ASR amplitude on pulse alone trials)×100]. All rats had an ASR >1N on 167 

the 120dB startle only trials and all rats were included in the analysis of PPI. 168 

Following 5 minute acclimatization and the presentation of three 120dB 40ms pulses with a mean 15 169 

second inter-trial interval, rats were exposed to eight trial types, presented ten times each in a 170 

pseudorandom order with a mean inter-trial interval of 15 seconds (range 5-25 seconds). Trial types 171 

were: startle stimulus only (120dB, 110dB, 100dB, 90dB; 40ms white noise) and four different prepulse + 172 
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pulse trials (68, 72, 76 and 80dB pre pulse, 20ms duration, the onset of which was followed 120ms later 173 

by 120db 40ms pulse). 174 

CNO alone studies 175 

To assess the effects of CNO on startle and PPI, rats were injected with CNO (i.p., 1mg/kg) or 0.5% 176 

DMSO in saline 20 minutes before being placed in the PPI chambers. This dose was chosen based on 177 

literature (Anderson et al., 2013; Michaelides et al., 2013) and consultation with investigators with 178 

experience using DREADDs. 179 

Phencyclidine studies 180 

Knowing the possibility of CNO retroconversion it was decided to test higher doses of CNO in a bioassay 181 

known to be sensitive to the presence of several antipsychotics - the disruption of prepulse inhibition by 182 

the NMDA antagonist phencyclidine (PCP) (Keith et al., 1991; Swerdlow et al., 1996). To assess the 183 

effects of CNO on PCP induced disruption of PPI, rats were assigned to one of six experimental groups, 184 

each group containing two treatments: (1) vehicle & vehicle; (2) vehicle & PCP; (3) CNO 2 mg/kg & 185 

vehicle;  (4) CNO 5 mg/kg & vehicle (5) CNO 2 mg/kg & PCP; (6) CNO 5 mg/kg & PCP.  Rats were injected 186 

with the first treatment (0.5% saline in DMSO or CNO, both i.p.) followed 20 minutes later by the second 187 

treatment (saline or 2.5 mg/kg PCP, both s.c.). They were placed in the PPI chambers 10 minutes after 188 

the PCP injection. Due to there being no significant reversal of PCP-mediated disruption at 2 or 5 mg/kg 189 

CNO, lower doses were not pursued. 190 

Scopolamine studies 191 

To assess the effects of CNO on scopolamine induced disruption of PPI, rats were assigned to one of four 192 

groups each containing two treatments: (1) vehicle & vehicle; (2) vehicle and scopolamine; (3) CNO 5 193 

mg/kg & vehicle; (4) CNO 5 mg/kg and scopolamine. Rats were injected with the first treatment (0.5% 194 
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DMSO in saline or 5mg/kg CNO, both i.p.) followed 20 minutes later by the second treatment (saline or 195 

0.5 mg/kg scopolamine, both s.c.). They were placed in the PPI chambers 10 minutes after the 196 

scopolamine injection. In light of the results with PCP, initial studies used 5 mg/kg CNO, and because no 197 

significant reversal was observed, further doses were not evaluated. 198 

Locomotor testing  199 

Locomotor testing was conducted in plastic cages measuring 45x23x20 cm interfaced by a grid array of 200 

infra-red beams connected to a computer system which tracked and quantified the animal’s location 201 

and movements (OMNITECH Instruments, Columbus, OH, USA). Rats were habituated to the testing 202 

room in their homecages for >30 minutes prior to testing. To guard against the possibility of a U-shaped 203 

dose-response curve, the effects of all three doses of CNO tested above were assessed for effects on 204 

spontaneous locomotion and amphetamine induced hyper-locomotion. Rats were assigned to one of six 205 

groups, each containing two treatments. The groups were: (1) vehicle & vehicle; (2) vehicle & 206 

amphetamine; (3) CNO 1 mg/kg & vehicle; (4) CNO 2mg/kg & vehicle; (5) CNO 5mg/kg & vehicle; (6) CNO 207 

1mg/kg & amphetamine; (7) CNO 2 mg/kg & amphetamine; (8) CNO 5mg/kg & amphetamine. Rats were 208 

injected with the first treatment (0.5% DMSO in saline or CNO, both i.p.) and immediately placed in the 209 

locomotor cages, 20 minutes later they were removed from the cages and injected with the second 210 

treatment (saline or 1.5mg/kg d-amphetamine, both s.c.) and placed back in the locomotor cages for a 211 

further 120 minutes.  212 

Fast Scan Cyclic Voltammetry 213 

Rats were anesthetized with urethane (1.5-2.0g/kg), placed into a stereotaxic apparatus, and implanted 214 

with a carbon fiber microelectrode aimed at the NAcc (+1.3A, +1.3L, -6.5V - relative to bregma) and a 215 

Ag/AgCl reference electrode located in the contralateral cortex (Espana et al., 2010; Espana et al., 2011). 216 

A bipolar stimulating electrode (Plastics One, Roanoke, VA) aimed at the ventral tegmental area (VTA; -217 
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5.2P, +1.1L, -7V) was lowered in 100-200 µM increments until a 1.0 second, 60 Hz monophasic (4 ms; 218 

700 µA) stimulation train produced a robust DA response in the NAcc. Stimulation evoked DA release 219 

was recorded every 5 minutes for at least 30 minutes until DA peaks in the NAcc reached stability (three 220 

consecutive collections within 10%). Once stability was achieved, rats were injected i.p. with vehicle 221 

(0.5% DMSO in 0.9% normal saline) and ensuing changes in DA release were recorded for at least 30 222 

minutes until DA peak height in the NAcc reached stability. Due to the results of the locomotor studies 223 

we focused on the two higher doses of CNO (2 and 5 mg/kg) for the neurochemical studies where we 224 

also utilized amphetamine. Rats were then injected i.p. with either a second dose of vehicle (volume 225 

equivalent to 5mg/kg dose of CNO), 2mg/kg CNO, or 5mg/kg CNO and changes in DA release and uptake 226 

(tau) were monitored for one hour, at which point they were injected with AMPH (1.5mg/kg). DA 227 

release and uptake were determined at 30 minutes following each treatment and expressed as a 228 

percent of baseline (i.e. the average of the last three collections prior to treatment). The effect of CNO 229 

on DA release and uptake for each animal was calculated as (DACNO/DAPre-CNO Baseline) / (DAVehicle/DAPre-Vehicle 230 

Baseline) to control for any effects of the vehicle itself on DA signaling. The effect of AMPH on DA release 231 

and uptake in each animal was calculated as (DAAMPH/DAPre-AMPH Baseline). 232 

Data Acquisition 233 

The electrode potential was linearly scanned (-0.4 to 1.2 V and back to -0.4 V vs Ag/AgCl) and cyclic 234 

voltammograms were recorded at the carbon fiber electrode every 100 ms with a scan rate of 400 V/s 235 

using a voltammeter/amperometer (Chem-Clamp; Dagan Corporation, Minneapolis, MN). The 236 

magnitude of stimulated DA release and transporter-mediated uptake kinetics were monitored. DA 237 

overflow curves were analyzed as previously described for peak concentrations of DA and tau using 238 

Demon Voltammetry and Analysis software written in LabVIEW language (National Instruments, Austin, 239 

TX; (Yorgason et al., 2011)). 240 
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HPLC studies 241 

Clozapine (assay 98.9%) was obtained from MP Biomedicals.  N-Desmethylclozapine (assay >99%) and 242 

Doxipine HCL internal standard (assay >99%) were obtained from Tocris.  For these studies only CNO 5 243 

mg/kg was tested because it was efficacious in the voltammetry and locomotor studies. In addition, CNO 244 

at 1 mg/kg had been previously shown to retroconvert to clozapine in mice (Guettier et al., 2009). Rats 245 

were administered 5mg/kg CNO i.p. and either 30, 90, 180 or 360 minutes later (n = 4-5 per time point) 246 

were deeply anaesthetized with sodium pentobarbital (100mg/kg, ip, Fatal Plus; Vortech 247 

Pharmaceuticals Ltd.; Dearborn, MI, USA), the heart exposed, and 8-10mL blood drawn from the right 248 

ventricle into a syringe containing EDTA (final concentration 4 mM ). Blood was transferred to a chilled 249 

centrifuge tube and spun at 1000g at 5°C for 10 minutes. Plasma was separated into 1mL aliquots, the 250 

HPLC internal standard (doxepin HCL, 20 µL of 1 µM solution) was added and then aliquots were stored 251 

at -80oC until further processing. Control plasma for use in matrix based calibrators, interference, 252 

recovery and limit of quantification measurements was collected in the same manner from rats not 253 

treated with CNO. 254 

  255 

Solid Phase Extraction (SPE) 256 

C2 extraction columns (‘ISOLUTE’ 100mg/ml; Biotage, Charlotte, NC, USA) were conditioned by 257 

sequential washing with 0.5mL elution solution (10mM acetic acid, 5mM trimethylamine), 3 x 1ml 258 

methanol and 2 x 1ml buffer solution rinses (100 mM sodium phosphate dihydrate, pH 4.6). Plasma 259 

(900µL) was loaded to the columns and allowed to flow under gravity.  Columns were then washed 260 

sequentially with 2 x 1ml water, 2 x 0.5 ml acetonitrile and vacuumed dried for 5 minutes. The analytes 261 

were eluted with 2 x 0.5mL elution solution and the combined eluate was evaporated at 30°C under 262 
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nitrogen.  The dry residue was reconstituted in 500 µL 0.1M HCL. The extraction recovery of clozapine, 263 

N-desmethyl clozapine, clozapine N-oxide and doxepin (internal standard) were between 85-95%. 264 

HPLC 265 

HPLC analysis was performed by a modification of the method described by (Mosier et al., 2003) on a 266 

Shimadzu Scientific Instruments Prominence 20A series HPLC and SPDM20A photodiode array. Stock 267 

solutions were prepared in 0.1M HCl and calibrators were prepared using blank plasma-matrix.   268 

Calibrators were subjected to SPE as described above for samples. Quantitation was by internal standard 269 

methodology using doxepin as internal standard. SPE extracts (50 µL) were injected onto a 250 X 4.6 mm 270 

SupelcoSil, LC-CN (cyano), 5 µm analytical column with 2 cm guard column and eluted isocratically with 271 

acetonitrile/80 mM ammonium acetate (pH 7) (75:25 v/v) at a flow rate = 1.2 mL/minute. PDA detection 272 

was at 254nm using a 4 nm bandwidth. Matrix and interference studies demonstrated a lack of any co-273 

eluting peaks with target analytes peaks.  Blank plasma sample chromatograms were subtracted from 274 

each sample and calibrator chromatogram to minimize fluctuations in the background chromatogram.  275 

The quantitation limits for clozapine, clozapine N-oxide, and N-desmethylclozapine were 0.01, 0.03 and 276 

0.03 μM, respectively.  Quantitative spiking studies using CLZ, N-Des and CNO demonstrated 95-102% 277 

recovery of a 0.1 µM standard addition.  The between-run %CV was less than 5% for each analyte. 278 

Analysis of blank plasma spiked with CNO found reduction of CNO to clozapine during sample and HPLC 279 

processing (which occurs during some processing methods (Lin et al., 1994)) to be below 2.5%. 280 

 281 

 282 

Data analysis 283 
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Behavioral and neurochemical data were analyzed in SPSS v22 (IBM Corporation, Armonk, NY, USA). 284 

Details of individual tests are described within the relevant results section. Where graphs are displayed, 285 

these depict group means ± SEM. Results were considered statistically significant when p < 0.05. On 286 

graphs, * indicates significant difference at the p = 0.01 – 0.05 confidence level, ** indicates p ≤ 0.01. 287 

 288 

Results 289 

Behavioral studies 290 

Effects of CNO on startle and PPI 291 

Results showing the effects of CNO on the acoustic startle response (ASR) and prepulse inhibition (PPI) 292 

are shown in figure 1A. CNO significantly reduced the ASR to 110dB and 120dB stimuli but not the lower 293 

intensities (Figure 1A). CNO had no effect on PPI at any prepulse (PP) level tested (Figure 1B). The effects 294 

of CNO on the ASR were analyzed with repeated measures ANOVA which showed a significant effect of 295 

startle dB (F3,90 = 124.3; p <0.001), drug treatment (F1,30 = 4.31; p =0.047) and a startle dB x drug 296 

treatment interaction  (F3,90 = 3.20; p = 0.027). The interaction was investigated with Sidak adjusted 297 

pairwise comparisons which found that at the 120 and 110dB level CNO treated rats had a significantly 298 

lower ASR than Veh treated rats (p = 0.037 and p = 0.028) but there was no difference at the lower 299 

intensities (100dB p = 0.188; 90 dB p= 0.440). Effects of CNO on PPI were also investigated with a 300 

repeated measures ANOVA which showed a main effect of PP intensity (F3,90 = 42.04; p < 0.001), no PP x 301 

drug treatment interaction (p = 0.374) and no main effect of drug (p = 0.256). As none of the effects 302 

involving CNO (drug treatment) were significant, no further analysis was performed on the PPI data. n = 303 

16 per group. Together, these results show that CNO at 1mg/kg significantly reduced the ASR to 120dB 304 

and 110dB startling stimuli, but had no significant effect on PPI.  305 

Effects of CNO on PCP induced disruptions of ASR and PPI 306 
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Results showing the effects of 2mg/kg and 5mg/kg CNO on PCP induced disruptions of the acoustic 307 

startle response (ASR) and prepulse Inhibition (PPI) are shown in figure 2. Pre-treatment with CNO had 308 

no effect on PCP induced increase in the ASR (Figure 2A) or PCP induced decrease in PPI (Figure 2B). 309 

Effects on the ASR were investigated with a two way repeated measures ANOVA which found a main 310 

effect of dB (F3,219 = 427.14; p <0.001), PCP treatment (F1,73 = 32.517; p <0.001) and a dB x PCP treatment 311 

interaction (F3,219 = 3.23; p = 0.005) but that both the CNO treatment x PCP treatment (F2,73 = 1.376; p = 312 

0.259) and  dB x PCP treatment x CNO treatment (F6,219 = 0.433; p = 0.856) interactions were non-313 

significant. Sidak adjusted pairwise comparisons investigating the effect of PCP treatment found that 314 

PCP increased the ASR at all stimuli intensities (90db p = 0.001; 100dB p < 0.001; 110dB p < 0.001; 120dB 315 

p < 0.001). As no interactions involving CNO were significant, no further analyses were performed. 316 

Effects of PCP and CNO on PPI were also investigated with a two way repeated measures ANOVA which 317 

showed a main effect of PP intensity (F3,222 = 119.98; p < 0.001), PCP treatment (F1,74 = 50.90; p <0.001) 318 

and a PP x PCP treatment interaction (F3,222 = 5.89; p = 0.001) but that both the CNO treatment x PCP 319 

treatment (F2,74 = 0.859; p = 0.428) and  PP x PCP treatment x CNO treatment (F6,222 = 0.827; p = 0.550) 320 

interactions were non-significant. Sidak adjusted pairwise comparisons investigating the effect of PCP 321 

treatment found that PCP decreased PPI at all PP levels (68PP p = 0.001; 72PP p < 0.001; 76PP p = < 322 

0.001; 80PP p = <0.001). As no interactions involving CNO were significant, no further analyses were 323 

performed, n = 11-18 per group. Combined, these results show that PCP treatment significantly 324 

increased the ASR and significantly decreased PPI and that pre-treatment with CNO (at either 2mg/kg or 325 

5mg/kg) had no effect on the changes caused by PCP. 326 

Effects of CNO on scopolamine induced disruptions of ASR and PPI 327 

Results showing the effects of 5mg/kg CNO on scopolamine induced disruptions of the ASR and PPI are 328 

shown in figure 3. Pre-treatment with CNO had no effect on scopolamine induced increase in the ASR 329 

(Figure 3A) or scopolamine induced decrease in PPI (Figure 3B). Effects on the ASR were investigated 330 
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with a two way repeated measures ANOVA which found a main effect of dB (F3,84 = 248.50; p <0.001) 331 

and scopolamine treatment (F1,28 = 4.874; p = 0.036) but that the dB x scopolamine treatment interaction 332 

(F3,84 = 0.485; p = 0.694) and both the CNO treatment x scopolamine treatment (F1,28 = 0.127; p = 0.725) 333 

and  dB x scopolamine treatment x CNO treatment (F3,84 = 0.081; p = 0.970) interactions were non-334 

significant. Sidak adjusted pairwise comparisons investigating the effect of scopolamine treatment found 335 

that scopolamine increased the ASR at all dB levels (90db p = 0.01; 100dB p = 0.002; 110dB p = < 0.001; 336 

120dB p = <0.001). As no interactions involving CNO were significant, no further analyses were 337 

performed. Effects of scopolamine and CNO on PPI were also investigated with a two way repeated 338 

measures ANOVA which showed a main effect of PP intensity (F3,84 = 99.86; p < 0.001), scopolamine 339 

treatment (F1,28 = 19.58; p <0.001) and a PP x scopolamine treatment interaction (F3,84 = 3.851; p = 0.012) 340 

but that both the CNO treatment x scopolamine treatment (F1,28 = 0.014; p = 0.907) and  PP x 341 

scopolamine treatment x CNO treatment (F3,84 = 0.689; p = 0.561) interactions were non-significant. 342 

Sidak adjusted pairwise comparisons investigating the effect of scopolamine treatment found that 343 

scopolamine decreased PPI at all PP levels (68PP p = 0.01; 72PP p =0.002; 76PP p = < 0.001; 80PP p = 344 

<0.001). n = 8 per group.  As no interactions involving CNO were significant, no further analyses were 345 

performed. Combined, these results show that scopolamine treatment significantly increased the ASR 346 

and significantly decreased PPI and that pre-treatment with CNO had no effect on the changes caused 347 

by scopolamine. 348 

Effects of CNO on spontaneous locomotion and amphetamine induced hyper-locomotion 349 

The effect of CNO on both spontaneous and amphetamine induced locomotion was determined at the 350 

doses of 1, 2, and 5 mg/kg (i.p.).  CNO at 1mg/kg and 2mg/kg had no effect on spontaneous locomotion 351 

or amphetamine induced hyper-locomotion (Figure 4A-D). Analyses were performed on the total 352 

movement (distance travelled) during the 20 minute CNO pre-treatment (Veh or CNO) and 120 minutes 353 

post-treatment (Veh or amphetamine) by two way ANOVA (for all groups n = 8). Sidak corrected 354 
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pairwise comparisons found that during the 120 minute amphetamine testing period, all amphetamine 355 

treated groups moved significantly more than all non-amphetamine treated groups (p < .001 in all 356 

cases). As no main effects of CNO treatment or interactions involving CNO treatment were significant, no 357 

further analyses were performed. For all groups n = 8. 358 

The effects of 5mg/kg CNO on spontaneous locomotion and amphetamine induced hyper-locomotion 359 

are shown in figure 4E-F. Two way ANOVA finds no significant differences for the total movement during 360 

the 20 minute CNO pre-treatment period (no effect of CNO treatment [F1,32 = 0.16; p = 0.901] and no 361 

pre-existing effect in the amphetamine groups or interactions involving amphetamine treatment: 362 

amphetamine treatment [F1,32 = 0.476; p = 0.496], CNO treatment x amphetamine treatment [F1,32 = 363 

0.205; p = 0.654]). For the 120 minute period after the second treatment, two way ANOVA finds a main 364 

effect of amphetamine treatment (F1,32 = 63.791; p < 0.001), a near significant effect of CNO treatment 365 

(F1,32 = 4.027; p = 0.055) and a significant CNO treatment x amphetamine treatment interaction (F1,32 = 366 

6.489; p = 0.017). Sidak adjusted pairwise comparisons investigating the interaction found no significant 367 

difference between vehicle + vehicle group and the CNO 5mg/kg + vehicle   group (p = 0.999), a 368 

significant increase in movement in vehicle + amphetamine group (p < 0.001) and that CNO + 369 

amphetamine group moved significantly more than saline + saline group (p = 0.001) but significantly less 370 

than saline + amphetamine group (p = 0.019). Taken together, these results show that CNO at 5mk/kg 371 

has no effect by itself on spontaneous locomotion, but did significantly reduce the hyper-locomotion 372 

caused by amphetamine treatment.  In order to try and establish the time course of the reduction in 373 

amphetamine hyper-locomotion caused by CNO pretreatment, a repeated measures ANOVA was 374 

performed on the locomotor data grouped into 5 minute bins (Figure 4 A,C,E). There was a main effect 375 

of amphetamine treatment (F1,28 = 63.791; p < 0.001), bin (F23,644 = 3.453; p < 0.001), a bin x treatment 376 

interaction (F23,644 = 1.804; p = 0.012), and a CNO treatment x amphetamine treatment interaction (F1,28 = 377 

6.489; p = 0.017). Sidak corrected pairwise comparisons performed on each bin found that 6 of the CNO 378 
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+ amphetamine bins were lower than the saline + amphetamine bins (bins 8, 13, 16, 20, 22 and 24, p < 379 

0.05 in all cases) and 13 of the CNO + amphetamine bins are not significantly different to vehicle + 380 

vehicle bins (5, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 21, 23. p > 0.05 in all cases). The relatively equal 381 

distribution of these effects across the 120 minute session and lack of a bin x CNO treatment x 382 

amphetamine treatment interaction in the repeated measures ANOVA (F23,644 = 0.671; p = 0.876) suggest 383 

that the effect of CNO on amphetamine treatment was equal throughout the session rather than, for 384 

example, only evident early or late in the session. Together, these results show that CNO at 5mg/kg had 385 

no significant effect on spontaneous locomotion, but significantly reduced amphetamine induced hyper-386 

locomotion. 387 

Electrochemical recordings 388 

The effects of CNO on DA release and uptake are shown in figure 5. CNO alone did not significantly 389 

affect electrically-stimulated DA release in the NAcc as determined by one-way ANOVA [Welch’s ANOVA 390 

for unequal variances F(2,9.269)=0.221, p=0.805], nor was there an effect on DA uptake [F(2,15)=0.685, 391 

p=0.519]. By contrast, CNO significantly decreased the effects of AMPH-induced increases in DA release 392 

30 minutes following administration of AMPH as determined by one-way ANOVA [F(2,15)=3.935, p<0.05]. 393 

Post-hoc analysis using Bonferroni comparisons found that these effects reached significance only at 394 

5mg/kg (p<0.05). Animals treated with 2mg/kg CNO did not significantly differ from either vehicle 395 

(p=0.215) or 5mg/kg CNO (p=1.000) treated animals. There was no effect of CNO on DA uptake as 396 

determined by one-way ANOVA [tau; F(2,15)=1.664, p=0.223]. 397 

HPLC results 398 

CNO levels were maximal (2.148 µM) at the 30 minute collection time point and steadily diminished to 399 

very low levels (0.045 µM) at the 360 minute collection time point (Figure 6A). This is in line with the 400 

relatively rapid clearance of CNO in rodents (Baldessarini et al., 1993; Guettier et al., 2009) compared to 401 
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humans (Jann et al., 1993). Clozapine was detectable at all time points and followed the same pattern as 402 

CNO - highest at the 30 minute collection time (0.283 µM) and then diminishing as a function of time 403 

(Figure 6B). Levels of N-Des followed a different pattern, remaining at a reasonably steady level (0.059 – 404 

0.063 µM) until diminishing at the 360 minute time point (Figure 6C).  405 

 406 

Discussion  407 

These experiments were conducted to investigate the effects of clozapine-n-oxide (CNO) in male Long-408 

Evans rats. We assessed whether CNO has any effect on acoustic startle (Figure 1A), prepulse inhibition 409 

(PPI) (Figure 1B) and spontaneous locomotion (Figure 4). We then assessed whether CNO modifies 410 

NMDA (Phencyclidine - PCP) and muscarinic (scopolamine) induced disruption of PPI (Figure 2 and 3) 411 

and whether CNO can reduce amphetamine induced hyper-locomotion (Figure 4). In order to assess 412 

neurochemical effects we performed voltammetry in the NAcc to measure the effects of CNO on 413 

electrically-evoked DA release alone and in response to amphetamine (Figure 5 A, B). We then 414 

processed plasma from CNO treated rats in order to assess whether CNO is reduced to clozapine or 415 

converted into N-desmethylclozapine (N-Des) (Figure 6A, B, C). Our results show that the administration 416 

of CNO has multiple effects in vivo and is converted to both clozapine and N-Des. 417 

In the startle and PPI experiments, we found 1mg/kg CNO reduced the startle response to loud acoustic 418 

stimuli (Figure 1) but had no effect on prepulse inhibition (PPI) (a measure of sensorimotor gating, for 419 

review see: (Swerdlow et al., 2008)). CNO (2 and 5mg/kg) had no effect on the disruption to PPI induced 420 

by the NMDA antagonist PCP (Figure 2) or the muscarinic antagonist scopolamine (Figure 3). Because 421 

the higher doses of CNO had no effect on these measures lower doses were not tested in PPI. In the 422 

locomotor studies, CNO alone (at 1 and 2 mg/kg) had no effect on spontaneous or amphetamine 423 

induced locomotion (Figure 4) but 5mg/kg CNO pre-treatment significantly attenuated amphetamine 424 
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induced hyper-locomotion (Figure 4F). Combined, these results show that the administration of CNO 425 

within the dose range of 1-5mg/kg has behavioral effects in Long-Evans rats. The electrochemical 426 

experiments mirror these results: although CNO treatment alone did not alter electrically evoked DA 427 

release, 5mg/kg CNO significantly attenuated the increase in evoked-DA in response to systemic d-428 

amphetamine. 429 

In order to establish whether it is possible that our results could be due to the conversion of CNO into 430 

clozapine or desmethylclozapine (N-Des) (as has been previously reported in (Lin et al., 1996)), we 431 

processed plasma from rats treated with CNO for the HPLC detection of CNO, clozapine and N-Des. After 432 

administration of 5mg/kg CNO, plasma CNO levels peaked quickly and fell to very low levels within 360 433 

minutes (Figure 6A). Clozapine was detectable at all time points (Figure 6B), again with the maximum 434 

concentration at 30 minutes (clozapine concentration was approximately 13% of CNO) and fell steadily 435 

across the later time points. The level of clozapine at 30 minutes was approximately one tenth of the 436 

level of CNO at the same time point. A similar ratio has been seen after CNO administration in rats (Lin 437 

et al., 1996) and humans (Jann et al., 1994; Chang et al., 1998). Most notably, even though no values 438 

were provided, the figure provided by Guettier et al. (2009) shows what appears to be a similar 439 

CNO:clozapine ratio and time course in mice at 30 minutes after administration of 1 mg/kg CNO 440 

(Guettier et al., 2009). The authors summarized their results by stating that the levels of clozapine 441 

produced were non-significant. For their experimental manipulation they are correct in this assumption 442 

as CNO did not produce noticeable effects in a wildtype control group. In our studies, low levels of N-Des 443 

were also detected at all time points (Figure 6C) but in a seemingly different pattern than the clozapine 444 

– staying relatively steady until the 360 minute time point. These results are in line with previous reports 445 

showing rapid clearance of CNO in rodents (Baldessarini et al., 1993; Guettier et al., 2009) and the 446 

conversion of CNO to clozapine and N-Des in rats (Lin et al., 1996). Given that in our studies the levels of 447 

N-Des were always lower than either CNO or clozapine, and remained at a stable level until both CNO 448 
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and clozapine were almost completely absent (360 minutes), one plausible explanation is that a portion 449 

of the CNO is reduced to clozapine which is then metabolized into N-Des (Lin et al., 1996; Mosier et al., 450 

2003).  451 

 452 

The detected levels of peripheral plasma clozapine in our rats are comparable to ranges of clozapine 453 

known to have behavioral effects. In rats, 10mg/kg clozapine (s.c.) leads to a peak unbound plasma 454 

levels from intracranial microdialysis sampling of around 0.07 µM and a delayed peak levels of 0.008 µM 455 

NDes (Cremers et al., 2012). At this dose, clozapine has been shown to reduce amphetamine hyper-456 

locomotion (Natesan et al., 2007) and reduces the ASR in rats (Conti et al., 2005; Feifel et al., 2011), just 457 

as we observed after CNO administration. However, a direct comparison of dose-responses of these 458 

compounds in the literature is lacking. On the contrary, we did not observe a reversal of the PPI 459 

disruptive effects of PCP or scopolamine with CNO administration, as would be expected if clozapine is 460 

the main biologically active compound in circulation after CNO administration. However, it would be 461 

rash to then conclude that CNO is pharmacologically responsible for the effects we have observed. It has 462 

to be considered that when clozapine is administered, CNO is created but not in as great quantities or in 463 

the same ratio as we have in the current situation of administering CNO. The presence of CNO may 464 

impact the pharmacological action of both clozapine and N-Des by simply altering the metabolism, 465 

clearance, distribution, and ultimately the time course of action.  To attempt to tease this apart with the 466 

administration of clozpine or N-Des, which themselves will then produce CNO and each other (albeit at 467 

different levels), is something that would require a tour de force effort that combines plasma analysis 468 

from the same animals that perform the behavior, and time courses of drug metabolism. Therefore, the 469 

simplest and most relatable data that should be gathered is a within study comparison of the effects of 470 

CNO in control animals, regardless of the purported known metabolism in any one species. Moreover, 471 

both clozapine and N-Des have complex pharmacology. Clozapine is a potent antipsychotic which has 472 
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sub-micromolar affinity for over 25 receptors within the central nervous system (CNS), principally 473 

serotonergic, muscarinic, dopaminergic, noradrenergic, and histaminergic receptors (Coward, 1992; 474 

Schotte et al., 1993; Peters, 2012). N-Des also interacts with multiple systems within the CNS but has a 475 

notably different pharmacology than clozapine (e.g. muscarinic M1 receptor (Sur et al., 2003; Davies et 476 

al., 2005; Thomas et al., 2010)). The additive or synergistic effects of even undetectable levels of these 477 

compounds cannot be assessed or speculated for every circumstance or biological question. Especially 478 

since clearance of the compounds will be complicated with the presence of CNO and so needs to 479 

empirically evaluated. In conclusion, despite CNO levels being much higher than the clozapine levels, we 480 

cannot make a firm conclusion as to the compound responsible for the behavioral effects after CNO 481 

administration.  482 

 483 

It is important to emphasize that from the presented results it cannot be unequivocally determined 484 

which of the three compounds (CNO, clozapine, N-Des) are responsible for the effects in our study. 485 

Further, it would be highly speculative and imprudent for us to suggest that a “safe” or inert dose of 486 

CNO can be extrapolated from our experiments. But rather, laboratories using CNO should validate its 487 

use in the species, strain, and paradigms being used and also be aware an effect of ‘CNO only’ can be 488 

unmasked when the system is challenged, as per our amphetamine data (Fig 4). At minimum, our data 489 

highlight the need for experiments using CNO to include a CNO treated control group devoid of DREADD 490 

receptors. 491 

Relevance to the DREADD system: Is CNO an inert ligand? 492 

The results from these studies show that CNO, in male Long Evans rats, is not an inert ligand. Regardless 493 

of whether the behavioral effects we observed are due to CNO itself or the conversion to clozapine and 494 

N-Des, the administration of CNO is not without consequence. However, perhaps the biggest concern is 495 
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indeed the conversion of CNO into clozapine and N-Des. We did not perform HPLC analysis on the lower 496 

doses of CNO used in the behavioral studies because it is assumed that those doses of CNO would be 497 

metabolized in a similar manner and ratio.  Moreover, if we were to perform the study with 1 mg/kg 498 

CNO but failed to detect clozapine and N-Des by our HPLC assay this could indicate that levels are simply 499 

below our detection limits for  clozapine and N-Des of 0.01 and 0.03 μM, respectively. However, this 500 

study has been done in mice, with low but detectable levels of clozapine being detected by LC-MS/MS 501 

after the administration of 1mg/kg CNO (Guettier et al., 2009). In combination with a control group that 502 

was devoid of DREADD receptors, the authors rightly conclude that for their paradigm the level of 503 

clozapine was not significant. Combined, the effects of CNO administration on the ASR (fig 1), 504 

attenuation of the effects of amphetamine (figure 4 and 5) without an effect on spontaneous 505 

locomotion in the absence of amphetamine (figure 4) and presence of clozapine and N-Des in the 506 

plasma (figure 6) means administration of CNO has no single and clearly predictable effect on one 507 

system but instead is likely to have numerous effects on a diffuse range of systems.  508 

Despite the issues raised, the present findings do not render CNO unusable as an activating ligand in the 509 

DREADD system. Rather it highlights the necessity for incorporation of the appropriate controls and 510 

careful consideration of the doses to be administered. An experimental design which includes a group of 511 

animals which do not express DREADD receptors, but are given the same dose of CNO as the DREADD 512 

expressing animals, seems a logical and necessary control. However, only a small minority of the current 513 

DREADD studies employ this control. Instead, most experiments prefer to use a within-subjects design 514 

where in DREADD expressing animals, the response to a vehicle injection is compared to the response to 515 

a CNO injection. In this design it is impossible to separate out effects of activation of the DREADD from 516 

any unexpected effects of CNO, which could be the enhancement or blockade of the expected result of 517 

DREADD activation. In terms of dosing, a wide range of doses (0.2 – 10mg/kg) are regularly used in 518 

DREADD experiments (Alexander et al., 2009; Ferguson et al., 2011; Ray et al., 2011; Agulhon et al., 519 
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2013; Anderson et al., 2013; Farrell et al., 2013; Ferguson et al., 2013; Michaelides et al., 2013; Wang et 520 

al., 2013; Boender et al., 2014; Bull et al., 2014; Dell'Anno et al., 2014; Katzel et al., 2014; Robinson et 521 

al., 2014; Zhu et al., 2014; Chang et al., 2015; Gompf et al., 2015; Mizoguchi et al., 2015; Pienaar et al., 522 

2015; Scofield et al., 2015; Yau & McNally, 2015; Grace et al., 2016; Ma et al., 2016; Marchant et al., 523 

2016; Qiu et al., 2016; Sengupta et al., 2016; Wicker & Forcelli, 2016) and there is seldom any 524 

explanation given as to how the utilized dose was decided upon. Using the lowest effectual dose in the 525 

assay to be performed, that which in the non-DREADD expressing animals is experimentally silent, would 526 

seem the most straightforward way to minimize any off-target effects of CNO. Finally, perhaps of 527 

greatest concern, is the chronic administration of CNO, either in the drinking water or via minipump 528 

implantation. Chronic administration of clozapine at doses as low as 1.5mg/kg/day has been shown to 529 

have diverse effects including reducing 5-HT(2A) receptor mRNA in the striatum, accumbens, and 530 

hippocampus (Huang et al., 2007). 531 

Our experiments were conducted in adult male Long Evans rats, which in addition to being a common 532 

outbred strain used in many behavioral experiments, are also the genetic background of the pTH:cre and 533 

pChAT:cre rats developed by (Witten et al., 2011). The generalization of our metabolism results to other 534 

rat strains, or to mice, should be done with caution. This is because there are differences in the 535 

metabolism of clozapine between species – for example humans convert considerably more clozapine to 536 

N-Des than rats (Lin et al., 1996; Bun et al., 1999) and the elimination half-life of clozapine is markedly 537 

shorter in rat than human (Jann et al., 1993) and also varies according to sex (Bun et al., 1999). 538 

However, the implications of our results are clear and generalizable: when conducting experiments with 539 

CNO, the consideration of possible biological effects of CNO administration must be taken into account.  540 

Encouragingly, analogues of CNO which activate DREADDs in vitro have been developed (Chen et al., 541 

2015), and it is possible that one of these, or a future compound, will not be metabolized into clozapine-542 

related compounds and will have fewer off-target effects than CNO. 543 
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Figure Legends 544 

Figure 1:  Startle magnitude and PPI after treatment with CNO. CNO significantly reduced the startle 545 

response to 110dB and 120dB startle stimuli (A) but had no significant effect on PPI (B). 546 

Figure 2: Startle magnitude and PPI after treatment with CNO and PCP. PCP significantly increased the 547 

startle magnitude (A) and disrupted PPI (B). CNO pre-treatment had no effect on the disruptive effects 548 

of PCP. 549 

Figure 3: Startle magnitude and PPI after treatment with CNO and scopolamine. Scopolamine 550 

significantly increased the startle magnitude (A) and disrupted PPI (B). CNO pre-treatment had no effect 551 

on the disruptive effects of scopolamine. 552 

Figure 4: Effects of CNO on spontaneous locomotion and amphetamine induced hyper-locomotion. Rats 553 

were pre-treated with either vehicle or CNO followed 20 minutes later by either vehicle or 554 

amphetamine. CNO at 1 mg/kg (A-B), 2 mg/kg (C-D) or 5 mg/kg (E-F) had no effect on spontaneous 555 

locomotion. Neither 1 nor 2 mg/kg CNO altered amphetamine induced hyper-locomotion (B and D), but 556 

5mg/kg CNO significantly reduced the effects of amphetamine (F). 557 

Figure 5: Effects of CNO on baseline and amphetamine-induced dopamine (DA) signaling. Examples of 15 558 

second, DA overflow curves in vehicle- (A) and CNO-treated rats (B) before (solid) and after (dashed) 1.5 559 

mg/kg i.p. d-AMPH. CNO did not alter stimulated DA release (C) or uptake (D) under baseline conditions. 560 

CNO dose-dependently blunted the increased DA release in response to d-AMPH 30 minutes after 561 

systemic treatment (E), however there were no significant effects on the magnitude of DA uptake 562 

inhibition (F). *p<0.05 563 

Figure 6: Plasma levels of CNO (A), clozapine (B), and desmethylclozapine [NDes] (C) at various time 564 

points after administration of 5mg/kg CNO. 565 
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