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Abstract 26 

The amygdala is an important hub for the regulation of emotions, which is 27 

crucial for elucidating cellular and molecular mechanisms of many mental 28 

diseases. In the central nervous system, the endocannabinoid system plays a 29 

key role in the regulation of emotions and mainly functions through the 30 

cannabinoid type-1 receptor (CB1R), which is encoded by the Cnr1 gene. 31 

Although CB1R is highly expressed in the amygdala of non-human primates, 32 

little is known about its function. Here, we investigated the function of CB1R by 33 

knocking out the CB1R in the amygdala of adult marmosets through regional 34 

delivery of AAV-SaCas9-gRNA. We found that CB1R knockout in the amygdala 35 

of marmosets induced anxiety-like behaviors, including disrupted night sleep, 36 

agitated psychomotor activity in new environments, and reduced social desire, 37 

but had no effect on hedonic state and fear response. Moreover, CB1R-38 

knockout marmosets exhibited up-regulated plasma cortisol levels, suggesting 39 

increased stress. These results showed that knockout of CB1R in the amygdala 40 

induced anxiety-like phenotypes in marmosets and shed new light on the 41 

mechanisms underlying the regulation of anxiety by CB1R in the amygdala of 42 

non-human primates. 43 
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Introduction 45 

The amygdala is critical for the regulation of emotion (Dunsmoor and Paz, 46 

2015; Gothard, 2020; Janak and Tye, 2015; Morrison and Salzman, 2010) and 47 

is implicated in various mental disorders such as depression (Hamilton and 48 

Gotlib, 2008), social disturbance (Jayakar et al., 2020), and anxiety (Hyde et 49 

al., 2011). As such, it is important that we fully understand its functions. 50 

In the central nervous system, the endocannabinoid system (eCB) 51 

functions to guard against negative emotions (Lutz et al., 2015) through the 52 

cannabinoid type-1 receptor (CB1R), which is encoded by the Cnr1 gene and 53 

modulates synaptic transmission by suppressing the release of 54 

neurotransmitters (Castillo et al., 2012; Ohno-Shosaku and Kano, 2014). CB1R 55 

dysfunction is correlated with psychiatric disorders (Choi et al., 2012; Hungund 56 

et al., 2004), and manipulation of CB1R in rodents shows bidirectional 57 

regulation of anxiety-like behaviors (Haring et al., 2011; Moreira et al., 2009; 58 

Rey et al., 2012). CB1R is highly expressed in the amygdala, and associations 59 

between CB1R expression in the amygdala and depression-like behavior have 60 

been reported in mice (Shen et al., 2019). However, the function of amygdala 61 

CB1R in emotional regulation is far less known in non-human primates (NHPs). 62 

As an NHP model organism, marmosets (Callithrix jacchus) have garnered 63 

considerable interest in studies on emotion and cognition due to their highly 64 

vocal and emotionally rich social behaviors (Okano, 2021; Okano et al., 2016). 65 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 25, 2022. ; https://doi.org/10.1101/2022.05.24.493231doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493231
http://creativecommons.org/licenses/by/4.0/


5 

 

Marmosets are also invaluable in biomedical research due to their genetic and 66 

physiological similarities to humans and relative ease of care in captivity (Marx, 67 

2016). Recent advances in adeno-associated virus (AAV)-mediated delivery of 68 

CRISPR/Cas9 in adult macaques (Li et al., 2021; Wu et al., 2021) highlight the 69 

potential application of genetically modified adult marmosets in neuroscience. 70 

Therefore, in the current study, we explored the function of CB1R in the 71 

amygdala of marmosets via in vivo gene editing. Through regional delivery of 72 

AAV-SaCas9-gRNA, marmosets with CB1R knockout in the amygdala 73 

displayed anxiety-like phenotypes. These results revealed the emotion-specific 74 

function of the amygdala CB1R in NHPs. 75 

Results 76 

Construction and validation of AAV-mediated CRISPR/Cas9 virus. 77 

Based on SaCas9 (Hanna and Doench, 2020), an AAV-mediated 78 

CRISPR/Cas9 virus was used to knockout the Cnr1 gene in the amygdala of 79 

adult marmosets in vivo. To specifically target the Cnr1 gene, three guide RNAs 80 

(gRNAs) were synthesized and inserted into the AAV-hSyn-SaCas9-U6-gRNA 81 

vector (Fig. 1A). Considering the deep location and individual variation of the 82 

amygdala in NHPs, MRI was applied to localize and target the exact region of 83 

the amygdala in marmosets before virus injection (Fig. 1B). To validate 84 

knockout efficiency of the virus, one marmoset (Ctrl 1) receiving control virus 85 

injection and one marmoset (S) receiving knockout (KO) virus injection were 86 
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sacrificed via transcardial perfusion, and brain slices were collected for 87 

fluorescence staining to evaluate knockout efficiency. Using RNAscope staining, 88 

we found much fewer cells expressing CB1R mRNA in the amygdala of KO 89 

marmoset than control marmoset (Fig. 1C-E). The numbers of GFAP+ cells and 90 

Iba1+ cells (markers of astrocytes and microglial cells, respectively) were the 91 

same in control and KO marmosets (Figure 1-figure supplement 1). These 92 

results indicate that the AAV-mediated CRISPR/Cas9 in vivo gene editing 93 

successfully knocked out the Cnr1 gene in the amygdala of adult marmosets 94 

without difference of neuroinflammation effects between two groups. 95 

Based on virus injection differences, six marmosets were divided into 96 

control and KO groups for behavioral tests, with two males and one female in 97 

each group (Table 1). To better investigate the effect of CB1R knockout in the 98 

amygdala, we compared behaviors individually before and two months after 99 

virus injection (Fig. 1F). Comparisons of changes in behavior between the two 100 

groups were also conducted. 101 

Disrupted night sleep in CB1R knockout marmosets 102 

As many emotional disorders co-occur with sleep disturbance (Qiu et al., 103 

2019), we monitored the sleep of marmosets using an actigraphy device 104 

(Paquet et al., 2007; Ross et al., 2019; Zhou et al., 2019). Results showed that 105 

sleep latency to light-off in control marmosets remained the same (Fig. 2A, B, 106 

and D) but was prolonged in KO marmosets with an increasing trend (Fig. 2F, 107 
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G, and I) after virus injection. In addition, night sleep duration in control 108 

marmosets did not change (Fig. 2C and E) but was shortened in KO marmosets 109 

with a decreasing trend (Fig. 2H and J) after virus injection. By comparing 110 

changes in sleep latency and sleep duration between groups, we also found 111 

prolonged sleep latency (Fig. 2K) and reduced sleep duration (Fig. 2L) in the 112 

KO group animals. We also examined whether decreased night sleep was due 113 

to increased daytime sleep but found that daytime nap time was not influenced 114 

by virus injection in either the control or KO groups (Figure 2—figure 115 

supplement 1). We also explored sleep efficiency (Allison et al., 2016) and 116 

fragment index (Zhou et al., 2019), which both contribute to sleep quality, and 117 

found that neither were affected in control marmosets (Figure 2—figure 118 

supplement 2A and B). However, sleep efficiency showed a decreasing trend 119 

(Figure 2—figure supplement 2C and E) and the fragment index showed an 120 

increasing trend (Figure 2—figure supplement 2D and F) in KO marmosets, 121 

suggesting decreased sleep quality.  122 

Taken together, our results suggest that knockout of CB1R in the amygdala 123 

disrupts night sleep quantity and quality in marmosets, implicating emotional 124 

dysregulation. 125 

Agitated psychomotor activity in new environment in CB1R knockout 126 

marmosets 127 

New environments are stressful and may induce behavioral and emotional 128 
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abnormalities in animals and humans (Penninx et al., 2021; Spasojevic et al., 129 

2016). We transferred single marmosets to a new environment (cage) (Qiu et 130 

al., 2019) to test the effects on behavior. In contrast to the control group, the 131 

KO marmoset trajectories were much denser after virus injection, indicating 132 

agitation in the new environment (Fig. 3A and E). In addition, while moving 133 

distance, average velocity, and stationary time remained the same in the control 134 

group (Fig. 3B–D), KO marmosets showed increased moving distance and 135 

average velocity (Fig. 3F and G) as well as decreased stationary time (Fig. 3H) 136 

after virus injection. Comparisons between groups further confirmed higher 137 

agitation in the KO marmosets, with increased moving distance (Fig. 3I) and 138 

average velocity (Fig. 3J) and decreased stationary time (Fig. 3K). Marmoset 139 

activity in their home cages was also measured by actigraphy (Figure 3—figure 140 

supplement 1A). However, no significant changes were found in either group 141 

(Figure 3—figure supplement 1B–F), indicating that motor ability was 142 

unaffected by CB1R knockout in the amygdala. 143 

The above results suggest that CB1R knockout in the amygdala of 144 

marmosets specifically induces agitated psychomotor activity in stressful new 145 

environments but not in familiar surroundings. 146 

Decreased social desire for vocal communication in CB1R knockout 147 

marmosets 148 

Marmosets are highly vocal and social animals (Miller et al., 2016) and use 149 
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phee calls to communicate with each other (Bezerra and Souto, 2008). We 150 

hypothesized that CB1R knockout in the amygdala may induce abnormal social 151 

behaviors in marmosets, reflected by a decrease in vocal production. We 152 

recorded phee calls of separated marmosets to test social behavior. 153 

Interestingly, while phee calls did not change in control marmosets (Fig. 4A and 154 

B), the KO marmosets tended to produce fewer phee calls after virus injection, 155 

indicating less vocal social behavior (Fig. 4C and D). Intergroup comparison 156 

showed that knockout of CB1R resulted in a decrease in social phee calls (Fig. 157 

4E), implying a reduction in vocal social desire. 158 

We also assessed social behavior using the three-chamber social test, as 159 

used in rodents (Rein et al., 2020). After habituation, marmosets were tested 160 

by the introduction of a stranger followed by the introduction of a cage-mate 161 

(Figure 4—figure supplement 1A). However, no significant changes in social 162 

behavior were observed in either the control or KO groups (Figure 4—figure 163 

supplement 1B–D). A potential explanation may be that rodent behavioral tests 164 

are unsuitable for testing sociability in NHPs, given that different species use 165 

different modalities to recognize and communicate with conspecifics (Miller et 166 

al., 2016). 167 

Taken together, our results suggest that knockout of CB1R in the amygdala 168 

decreases social desire in marmosets, implicating anxiety-like social avoidance. 169 

Unaltered hedonic and fear behaviors in CB1R knockout marmosets 170 
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We previously showed that disruption of circuit-specific CB1R in the 171 

amygdala induces depression-like anhedonia in mice (Shen et al., 2019). In the 172 

current study, we tested the hedonic state in marmosets via an adapted sucrose 173 

preference test (Alexander et al., 2019) (Fig. 5A). In the test, marmosets 174 

consumed sucrose and water gradually over 2 h (Figure 5—figure supplement 175 

1) and sucrose preference was examined in the first 30 and 120 min, 176 

respectively. Results showed that sucrose preference was not changed after 177 

virus injection in either the control or KO groups (Fig. 5B–D), suggesting no 178 

depression-like behavior. 179 

Previous studies have indicated that the amygdala is a pivotal region for 180 

fear response (Gothard, 2020; Janak and Tye, 2015). Thus, we measured fear 181 

response in marmosets using the snake intruder test based on previous 182 

protocols (Melamed et al., 2017) (Fig. 5E). Unexpectedly, knockout of CB1R in 183 

the amygdala did not change fear response behavior in marmosets (Fig. 5F–184 

H). 185 

The above results suggest that knockout of CB1R in the amygdala did not 186 

change hedonic state or innate fear response in marmosets. 187 

Increased plasma cortisol level in CB1R knockout marmosets 188 

Our results showed that CB1R knockout produced anxiety-like behaviors in 189 

marmosets, which may induce in vivo biochemical abnormalities, such as 190 

increased plasma cortisol (Chida and Steptoe, 2009). Thus, we tested whether 191 
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behavioral disruptions were accompanied by abnormal cortisol levels. Morning 192 

blood samples were obtained from marmosets, followed by plasma collection 193 

and ELISA analysis (Fig. 6A). Interestingly, plasma cortisol levels showed an 194 

increasing tendency in the KO group but not in the control group after viral 195 

injection (Fig. 6B and C). Furthermore, intergroup comparison revealed that 196 

plasma cortisol levels were higher in the KO marmosets than in the controls 197 

(Fig. 6D). 198 

These results indicate that CB1R knockout in the amygdala induces 199 

anxiety-like behaviors in marmosets accompanied by increasing plasma 200 

cortisol levels. 201 

Discussion 202 

Using in vivo gene editing, immunohistochemical analysis, behavioral 203 

testing, and biochemical measurement, we studied the function of CB1R in the 204 

amygdala of adult marmosets. Results showed that AAV-mediated delivery of 205 

the CRISPR/Cas9 system successfully knocked out CB1R expression in the 206 

amygdala of adult marmosets and induced anxiety-like phenotypes (Park and 207 

Kim, 2020; Penninx et al., 2021), including disrupted night sleep, agitated 208 

psychomotor activity in new environments, decreased desire for vocal 209 

communication, and increased plasma cortisol levels. Applying gene editing to 210 

study the region-specific functions of CB1R in adult marmosets should help 211 

improve our understanding of the eCB system in the amygdala of NHPs and 212 
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advance the clinical application of eCB for the diagnosis and treatment of 213 

psychiatric disorders, such as anxiety. 214 

Although rodents are useful models in neuroscience, they differ from 215 

humans in multiple aspects, which may hinder our understanding of the 216 

mechanisms underlying human emotion, cognition, and mental disorders 217 

(Camus et al., 2015; Feng et al., 2020; Izpisua Belmonte et al., 2015). As such, 218 

studying the brains of NHPs is critical for translational research due to their 219 

homogeneity to humans (Jennings et al., 2016). Electrolytic lesions and 220 

pharmacological manipulations via cannulas are commonly used to explore the 221 

general function of the amygdala in NHPs (Braesicke et al., 2005; Dal Monte et 222 

al., 2015; Wellman et al., 2016), but cause non-negligible side effects and lack 223 

molecular marker specificity. At present, gene editing techniques widely used 224 

in rodents are not well established in NHPs, which greatly impedes our 225 

understanding of the brain mechanisms that underpin mental disorders in 226 

humans. Here, for the first time, we established an in vivo gene editing method 227 

to study the function of CB1R in the amygdala of marmosets. We successfully 228 

demonstrated the feasibility of virus-mediated gene editing in adult NHPs, thus 229 

providing a novel strategy to develop transgenic NHP models in a rapid and 230 

cost-effective manner (Marx, 2016). 231 

Following CB1R knockout in the amygdala, marmosets showed various 232 

anxiety-related behaviors, consistent with previous reports indicating that the 233 

amygdala and CB1R are involved in the onset and development of anxiety 234 
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(Janak and Tye, 2015; Lutz et al., 2015; Ramikie and Patel, 2012). Of note, we 235 

detected sleep disturbance and agitation in the marmosets with anxiety-like 236 

behaviors, which are rarely detected in anxiety model rodents but are key 237 

pathological manifestations of anxiety in humans (Park and Kim, 2020). We 238 

also detected increased plasma cortisol levels in the KO marmosets, consistent 239 

with previous study (Akirav, 2013) and a representative biomarker of anxiety in 240 

humans (Chida and Steptoe, 2009), but which is less noted in rodent 241 

experiments (Calhoon and Tye, 2015; Tovote et al., 2015). Notwithstanding, the 242 

causal relationship between the change in cortisol level and behavior remains 243 

unclear and deserves further investigation. However, our results suggest that 244 

NHP models are crucial for studying human-relevant diseases and exhibit 245 

considerable potential in identifying specific molecular biomarkers for the 246 

diagnosis and treatment of psychiatric disorders. 247 

As CB1R exerts its function through synaptic modulation, and not all 248 

neurons in the amygdala express CB1R (Shen et al., 2019), a potential 249 

explanation for our findings may be that neurons that regulate anxiety state may 250 

express higher levels of CB1R. Thus, knockout of CB1R may disrupt the 251 

anxiogenic-anxiolytic balance, thereby potentiating anxiety transmission by 252 

enhancing amygdala-related anxiogenic circuit activity. However, further circuit-253 

based studies are required to confirm this hypothesis. 254 

In contrast to previous studies in rodents (Roche et al., 2007; Shen et al., 255 

2019), we found that CB1R knockout in marmosets did not result in depression-256 
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like behaviors or altered fear response, which may be explained by species 257 

differences. In addition, the previous rodent-based CB1R knockout studies 258 

were circuit specific, cell-type specific, or amygdala-subregion specific, 259 

whereas we targeted the entire amygdala region regardless of circuit or cell 260 

type. Furthermore, as CB1R is mainly distributed in the presynaptic membrane 261 

(Lutz et al., 2015), the intra-amygdala infusion of CB1R agonist and antagonist 262 

in previous research may have affected CB1R in the amygdala-projecting 263 

terminals rather than the amygdala itself, which may complicate the effects. As 264 

such, the underlying mechanism still awaits further investigation. 265 

There are some limitations in the current study. As mentioned above, we 266 

treated the amygdala as a whole and different types of cells and subregions in 267 

the amygdala may compensate in function, leading to less dramatic changes in 268 

marmoset behavior. Thus, future studies on the different subregions and types 269 

of neurons in the NHP amygdala are needed. The use of Cre-expressing 270 

marmosets may also be insightful (Okano, 2021). The small sample size in our 271 

study due to animal number limitations during the COVID-19 pandemic may 272 

explain why some behavioral trends did not reach significance. However, the 273 

significant behavioral changes in the KO group were considered prominent and 274 

robust.  275 

In conclusion, we established a novel gene editing method in adult 276 

marmosets and highlighted the function of CB1R in the marmoset amygdala in 277 

the regulation of anxiety-like phenotypes, thus paving the way for further use of 278 
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NHPs in basic research. 279 

Materials and Methods 280 

Animal ethics 281 

Male and female marmosets (350–450 g, 2–4 years old) were purchased 282 

from Johnbio (Jiangsu, China) and kept in the Non-Human Primate Center of 283 

Zhejiang University (ZJU) in pairs. All experiment protocols were conducted 284 

under the guidelines for the care and use of laboratory animals of ZJU and were 285 

approved by the Animal Advisory Committee at ZJU following the National 286 

Institutes of Health (NIH) guidelines. Animal details are provided in Table 1. 287 

Viruses 288 

All viruses were constructed and purchased from Taitool Bioscience 289 

(Shanghai, China). AAV2/9-hSyn-saCas9-hU6-gRNA(cjCB1R) (1.21 × 1013 290 

viral genomes (vg)/ml) was used to knockout the Cnr1 gene, AAV2/9-hSyn-291 

saCas9-pA-hU6-gRNA(empty) (1.58 × 1013 vg/mL) was used as the control 292 

virus, and AAV2/9-hSyn-EGFP-WPRE-pA (1.42 × 1013 vg/mL) was co-injected 293 

with the above viruses (1:9) to display injection location. 294 

Magnetic resonance imaging (MRI)-guided amygdala location 295 

MRI data were acquired on a 7-T research scanner (Siemens Healthcare, 296 

Erlangen, Germany) with a single loop coil (RAPID MR International, Columbus, 297 

OH, USA) for signal reception and transmission. Structural images were 298 
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obtained at an isotropic voxel size of 0.3 mm. Briefly, animals were anesthetized 299 

with alfaxalone (intramuscular (i.m.), 0.1 mg/kg, Jurox, North Kansas City, USA) 300 

and maintained by sustained isoflurane (0.5%–1.2%, Yipin Pharmacology, 301 

Hebei, China). Two glass tubes (OD: 1.0 mm, ID: 0.58 mm; Sutter Instrument, 302 

USA) filled with gel were placed interaurally as markers. After the animal was 303 

fixed in a home-made MRI compatible stereotaxic apparatus, the scan 304 

procedure was started. The MRI data were analyzed using MRIcron v1.0 305 

(NITRC, USA) to calculate coordinates of the amygdala to guide virus injection. 306 

Virus injection 307 

The surgery and virus injection were performed under aseptic conditions. 308 

The animals were initially anesthetized with alfaxalone (i.m., 0.1 mg/kg, Jurox, 309 

North Kansas City, USA) and maintained by isoflurane (0.5%–1.2%, Yipin 310 

Pharmacology, Hebei, China). The head was fixed in a stereotaxic frame (RWD, 311 

Shenzhen, China) and a craniotomy was carried out using a dental drill 312 

according to the coordinates. A cocktail of viruses was infused through a 313 

Hamilton syringe (Hamilton, USA) placed in a syringe pump (KD Scientific, USA) 314 

at a speed of 80 nL/min for a total of 1 μL at each injection site. After infusion, 315 

the syringe was left in place for 5 min. The same operation was repeated until 316 

all coordinates were injected. After injection, the wound was carefully cleaned 317 

and sutured. The animals were given special care for two weeks with additional 318 

nutritional supplements and physiological examination. Post-injection 319 
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measurements were performed two months after injection. 320 

Histological analysis and imaging 321 

Animals were first euthanized by administering an overdose of sodium 322 

pentobarbitone (100 mg/kg) and then transcardially perfused with phosphate-323 

buffered saline (PBS), followed by 4% paraformaldehyde. Brains were removed 324 

and post-fixed in 4% paraformaldehyde overnight at 4 °C, and then immersed 325 

in 30% sucrose in PBS for 72 h. The brains were embedded in Optimal Cutting 326 

Temperature compound (Sakura Finetek, USA) and 20-μm cryosections were 327 

cut using a cryostat (Leica Microsystems, Germany), then washed with PBS (5 328 

min/time). 329 

RNAscope in-situ hybridization was performed using a RNAscope Multiplex 330 

Fluorescent Reagent Kit v2 (ACDbio, USA) and RNAscope Probe-cj-Cnr1 (Cat 331 

No. 565041) (ACDbio, USA) according to the manufacturer’s standard 332 

protocols. 333 

For immunofluorescence staining, sections first underwent target retrieval 334 

pretreatment, and were then blocked with 3% bovine serum albumin in PBST 335 

(0.3% Triton X-100 in PBS) for 1 h and incubated with primary antibodies 336 

overnight at 4 °C. The sections were then incubated with fluorescent secondary 337 

antibodies (1:400, Invitrogen, USA) for 2 h at room temperature. The primary 338 

antibodies were anti-GFAP (1:800, BioLegend, SMI-21R, USA) and anti-Iba1 339 

(1:800, Wako, 019-19741, Japan). Anti-GFP was used to better show EGFP 340 
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expression in the amygdala. Sections were mounted after 4′,6-diamidino-2-341 

phenylindole (DAPI) staining (1:5 000, Sigma-Aldrich, USA). 342 

Confocal images were captured under 20× objective using A-1R Confocal 343 

Microscope (Nikon, Japan). Cell counts were performed with ImageJ v1.52 344 

(NIH, USA). 345 

Daily activity and sleep measurement in home cages 346 

Daily activity and sleep patterns were assessed using an ActiWatch Mini 347 

(CamNtech, UK) worn on the neck of each animal. Animals were allowed to 348 

habituate to the device for 2 days followed by 7-day data collection. Daytime 349 

was defined as 07:00 am to 19:00 pm and night-time was defined as 19:00 pm 350 

to 07:00 am according to light/dark cycle (lights on at 07:00 am and off at 19:00 351 

pm). Activity data were analyzed in 1-min epochs using Sleep Analysis v7 352 

(CamNtech, UK) off-line. Sleep latency was defined by the timepoint of the 353 

animal falling asleep relative to 19:00 pm. Sleep duration was defined as the 354 

time difference between light off and the time the animal fell asleep. Sleep 355 

efficiency was defined as the percentage of sleep time minus waking time. 356 

Sleep fragment index was determined by the percentage of waking time plus 357 

the percentage of immobile time. Calculation details are provided in the Sleep 358 

Analysis v7 software guidelines. 359 

New environment activity examination 360 

The marmosets were transferred to a new cage (1 × 1 × 1 m) and their 361 
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activity was recorded with a camera for 10 min. Trajectories and moving 362 

distances were analyzed using a custom Matlab 2017b (MathWorks, USA) 363 

program (provided by Prof. Xinjian Li). Average velocity was defined as moving 364 

distance divided by recording time. Stationary time was defined as total duration 365 

of immobile phases of more than 1 s.  366 

Three-chamber social test 367 

The three-chamber social test was modified from that used for mice and 368 

behavior was recorded by camera. Briefly, marmosets were first habituated to 369 

the three-chamber test apparatus for 20 min. A non-cage-mate stranger 370 

marmoset (opposite sex) was then introduced to the left or right chamber for 20 371 

min (stranger introduced session), followed by a cage-mate introduction to the 372 

chamber on the other side (not the central chamber) for 20 min (cage-mate 373 

introduced session). Every day, the positions of the stranger and cage-mate 374 

were counterbalanced in limit place preference. Time spent in each chamber in 375 

the two sessions was analyzed manually. 376 

Vocal test 377 

The animals were separated from their home cage-mates and colony and 378 

transferred to the testing room. A microphone was placed in front of the transfer 379 

cage for vocal recording for 20 min. Phee calls were manually analyzed using 380 

Adobe Audition CS6 v5.0 (Adobe, USA). 381 

Sucrose preference test 382 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 25, 2022. ; https://doi.org/10.1101/2022.05.24.493231doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493231
http://creativecommons.org/licenses/by/4.0/


20 

 

Sucrose preference tests were performed in the home cages in the morning. 383 

Before testing, cage-mates were transferred to an adjacent cage, after which, 384 

each marmoset was provided with two bottles containing 100 mL of 10% 385 

sucrose solution and 100 mL of water, respectively. The sucrose preference test 386 

lasted for 2 h. The weights of the sucrose and water were measured and the 387 

positions of the two bottles were exchanged every 30 min. Sucrose preference 388 

index was Vsucrose consumed / (Vsucrose consumed + Vwater consumed). 389 

Snake intruder test 390 

Animals were first habituated to the test apparatus for 10 min. A rubber 391 

snake was then introduced in the corner and monkey behavior was recorded 392 

by video. Snake-paired corner time was determined as the time spent in the 393 

same corner as the snake. Snake inspection time was determined as the time 394 

spent staring at the snake. Immobile time was determined as the time spent 395 

immobile for more than 1 s. 396 

Blood sample collection and cortisol test 397 

Blood samples (0.5 mL) were collected intravenously in EDTA-coated tubes 398 

at 10:00 am for two continuous days. The blood samples were immediately 399 

centrifuged at 1 000 ×g for 10 min at room temperature. The plasma was 400 

collected and stored at −80 °C until use. Plasma cortisol levels were measured 401 

using an ELISA toolkit (Enzo, ADI-901-071, USA) according to the standard 402 

protocols provided. 403 
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Quantification and statistical analysis 404 

Sample size for statistical comparisons were referred to previous research 405 

(Li et al., 2021; Wu et al., 2021). All data were analyzed with GraphPad Prism 406 

v6.01 (GraphPad Software, USA). Differences in individuals before and after 407 

virus injection were tested using two-tailed paired t-test and differences 408 

between groups were tested using two-tailed unpaired t-test. Repeated two-409 

way analysis of variance (ANOVA) was used to test differences in the three-410 

chamber test. Data are shown as mean ± standard error of the mean (SEM). 411 

Differences were considered statistically significant at * P < 0.05, ** P < 0.01, 412 

*** P < 0.001, and **** P < 0.0001. 413 

All data generated or analyzed during this study are included in the 414 

manuscript and supporting file; Source Data files have been provided. 415 
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 580 

Table 1. Detailed information on marmosets used in study 581 

Group ID Age Sex Virus injected 

Control Ctrl1 5 Male gRNA(empty) 

Control Ctrl2 3 Male gRNA(empty) 

Control Ctrl3 3 Female None 

KO KO1 4 Male gRNA(cjCB1R) 

KO KO2 3 Male gRNA(cjCB1R) 

KO KO3 3 Female gRNA(cjCB1R) 

KO S 3 Male gRNA(cjCB1R) 

 582 
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Figures and legends 584 

 585 

Fig. 1: Construction, injection, and validation of AAV-mediated SaCas9 586 

viruses in amygdala of adult marmosets. 587 

A, Targeting sites of gRNA for marmoset Cnr1 gene (red). PAM sequences 588 

are indicated in blue. B, Top, schematic of KO virus; Middle, atlas of marmoset 589 

brain with injection sites in amygdala; Bottom, examples of MRI images with 590 

amygdala injection sites (indicated with blue cross). C, D, Left, RNAscope 591 
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staining of CB1R mRNA (indicated by white arrows) in the amygdala of control 592 

(C) and KO (D) marmoset; Right, magnified view of rectangle on left. Scale bar, 593 

100 μm (left); 50 μm (right). E, Density of CB1R mRNA-expressing cells in 594 

amygdala. n = 6 slices, two-tailed unpaired t-test, t(10) = 7.209, P < 0.0001. F, 595 

Workflow of experiments. **** P < 0.0001; data are mean ± SEM. 596 

 Figure 1—figure supplement 1 was related. Source data were provided in 597 

figure 1- source data 1 and 2.  598 
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 599 

Fig. 2: Disrupted night sleep in CB1R knockout marmosets. 600 

A, F, Representation of sleep patterns at night (19 PM to 7 AM) before virus 601 
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injection (top) and after virus injection (bottom) in a control (A) and a KO (F) 602 

marmoset. Sleep phase is indicated by black box, awake phase is indicated by 603 

white box. B, G, Sleep latency in a control (B) and a KO (G) marmoset. Mann-604 

Whitney U test, U = 21, P = 0.7104 (B); U = 4, P = 0.0064 (G). C, H, Night sleep 605 

duration in a control (C) and a KO (H) marmoset. Mann-Whitney U test, U = 22, 606 

P = 0.8048 (C); U = 7, P = 0.0239 (H). D, I, Comparison of 7-day average sleep 607 

latency before and after virus injection for individuals in control (D) and KO (I) 608 

groups. n = 3, two-tailed paired t-test, t(2) = 2.858, P = 0.1037 (D); t(2) = 2.104, 609 

P = 0.1700 (I). E, J, Comparison of 7-day average night sleep duration for 610 

individuals in control (E) and KO (J) groups. n = 3, two-tailed paired t-test, t(2) 611 

= 1.529, P = 0.2659 (E); t(2) = 2.387, P = 0.1396 (J). K, Comparison of changes 612 

in sleep latency between control and KO groups. n = 3, two-tailed unpaired t-613 

test, t(4) = 3.116, P = 0.0357. L, Comparison of changes in night sleep duration 614 

between control and KO groups. n = 3, two-tailed unpaired t-test, t(4) = 2.832, 615 

P = 0.0472. * P < 0.05; data are mean ± SEM. 616 

Figure 2—figure supplement 1 and 2 were related. Source data were 617 

provided in figure 2- source data 1 to 3. 618 

  619 
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 620 

Fig. 3: Agitated psychomotor activity in new environment for CB1R 621 

knockout marmosets. 622 

A, E, Representation of moving trajectories in new environment before virus 623 

injection (left) and after virus injection (right) in a control (A) and a KO (E) 624 

marmoset. Start and end positions are indicated by green and blue asterisks, 625 

respectively. Scale bar, 10 cm. B, F, Seven-day average travel distance in new 626 

environment before and after virus injection in control (B) and KO (F) groups. n 627 

= 3, two-tailed paired t-test, t(2) = 2.227, P = 0.1558 (B); t(2) = 4.577, P = 0.0446 628 
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(F). C, G, Seven-day average velocity in new environment before and after virus 629 

injection in control (C) and KO (G) groups. n = 3, two-tailed paired t-test, t(2) = 630 

2.227, P = 0.1558 (C); t(2) = 4.577, P = 0.0446 (G). D, H, Seven-day average 631 

stationary time in new environment before and after virus injection in control (D) 632 

and KO (H) groups. n = 3, two-tailed paired t-test, t(2) = 1.703, P = 0.2307 (D); 633 

t(2) = 6.078, P = 0.0260 (H). I-K, Comparison of changes in travel distance (I), 634 

average velocity (J), and stationary time (K) in new environment between 635 

control and KO groups. n = 3 marmosets in each group, two-tailed unpaired t-636 

test, t(4) = 5.080, P = 0.0071 (I); t(4) = 5.080, P = 0.0071 (J); t(4) = 3.379, P = 637 

0.0278 (K). * P < 0.05; ** P < 0.01; n.s., not significant; data are mean ± SEM. 638 

Figure 3—figure supplement 1 was related. Source data were provided in 639 

figure 3- source data 1 and 2. 640 

  641 
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 642 

Fig. 4: Decreased social desire for vocal communication in CB1R 643 

knockout marmosets. 644 

A, C, Example raster plots of phee calls during vocal recordings before 645 

virus injection and after virus injection in a control (A) and a KO (C) marmoset. 646 

B, D, Five-day average number of phee calls before and after virus injection in 647 

control (B) and KO (D) groups. n = 3, two-tailed paired t-test, t(2) = 3.058, P = 648 

0.0923 (B); t(2) = 0.1793, P = 2.031 (D). E, Comparison of changes in phee 649 

calls between control and KO groups. n = 3 marmosets in each group, two-650 

tailed unpaired t-test, t(4) = 3.598, P = 0.0228. * P < 0.05; data are mean ± 651 

SEM. 652 

Figure 4—figure supplement 1 was related. Source data were provided in 653 

figure 4- source data 1 and 2. 654 

  655 
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 656 

Fig. 5: Unaltered hedonic state and fear response in CB1R knockout 657 

marmosets. 658 
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A, Paradigm of sucrose preference test. B, C, Individual sucrose 659 

preference in first 30 min (left) and 120 min (right) before and after virus 660 

injection in control (B) and KO (C) groups. n = 3, two-tailed paired t-test, t(2) = 661 

0.2001, P = 0.8599 (B, left); t(2) = 0.1724, P = 0.8790 (B, right); t(2) = 0.1042, 662 

P = 0.9265 (C, left); t(2) = 0.2166, P = 0.8486 (C, right). D, Comparison of 663 

changes in sucrose preference in first 30 min (left) and 120 min (right) between 664 

control and KO groups. n = 3, two-tailed unpaired t-test, t(4) = 0.0057, P = 665 

0.9957 (left); t(4) = 0.2760, P = 0.7962 (left). E, Paradigm of snake intruder test. 666 

F, G, Individual time spent in snake corner (left), time spent inspecting snake 667 

(middle), and immobile time (right) before and after virus injection in control (F) 668 

and KO (G) groups. n = 3, two-tailed paired t-test, t(2) = 1.000, P = 0.4226 (F, 669 

left); t(2) = 1.527, P = 0.2662 (F, middle); t(2) = 1.273, P = 0.3309 (F, right); t(2) 670 

= 0.7155, P = 0.5486 (G, left); t(2) = 1.492, P = 0.2742 (G, middle); t(2) = 0.5324, 671 

P = 0.6476 (G, right). H, Comparison of changes in time spent in snake corner 672 

(left), time spent inspecting snake (middle) and immobile time (right) between 673 

control and KO groups. n = 3, two-tailed unpaired t-test, t(4) = 0.5368, P = 674 

0.6198 (left); t(4) = 0.7391, P = 0.5009 (middle); t(4) = 1.222, P = 0.2889 (left). 675 

n.s., not significant; data are mean ± SEM. 676 

Figure 5—figure supplement 1 was related. Source data were provided in 677 

figure 5- source data 1. 678 
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 680 

Fig. 6: Increased plasma cortisol level in CB1R knockout marmosets. 681 

A, Paradigm of plasma cortisol level evaluation. B, C, Individual plasma 682 

cortisol level before and after virus injection in control (B) and KO (C) groups. 683 

n = 3, two-tailed paired t-test, t(2) = 1.346, P = 0.3106 (B); t(2) = 2.990, P = 684 

0.0960 (C). D, Comparison of changes in plasma cortisol level between control 685 

and KO groups. n = 3, two-tailed unpaired t-test, t(4) = 2.933, P = 0.0427. * P < 686 

0.05; data are mean ± SEM.  687 

Source data were provided in figure 6- source data 1. 688 

 689 
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Figure Supplements   1 
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 2 

Figure 1—figure supplement 1. Immunohistochemical analysis of 3 

astrocytes and microglial cells in the amygdala of marmosets. 4 

A, B, Left, GFAP-positive astrocytes (red, indicated by arrows) in the 5 

amygdala of control (A) and KO (B) marmosets. Right, magnified view of 6 

rectangle on left. Scale bar, 100 μm (left); 50 μm (right). C, Density of astrocytes 7 

in the amygdala of marmosets. n = 6 slices, two-tailed unpaired t-test, t(10) = 8 

0.8672, P = 0.4062;. D, E, Ibal1-positive microglial cells (magenta, indicated by 9 

triangles) in the amygdala of control (D) and KO (E) marmosets. Right, 10 

magnified view of rectangle on left. Scale bar, 100 μm (left); 50 μm (right). F, 11 

Density of microglial cells in the amygdala of marmosets. n = 6 slices, two-tailed 12 

unpaired t-test, t(10) = 0.7853, P = 0.2799. n.s., not significant; data are mean 13 

± SEM. 14 

  Source data were provided in figure 1-source data 2.  15 
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 16 

Figure 2—figure supplement 1. Unaffected daytime nap time after CB1R 17 

knockout in the amygdala of adult marmosets. 18 

A, B, Five-day average daytime nap time in control (A) and KO (B) groups. 19 

n = 3, two-tailed paired t-test, t(2) = 0.1251, P = 0.9119 (A); t(2) = 0.7951, P = 20 

0.5099 (B). C, Comparison of changes in daytime nap time between control 21 

and KO groups. n = 3, two-tailed unpaired t-test, t(4) = 0.7517, P = 0.4940. n.s., 22 

not significant; data are mean ± SEM. 23 

Source data were provided in figure 2-source data 2. 24 
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 26 

Figure 2—figure supplement 2. Decreased sleep quality after CB1R 27 

knockout in the amygdala of adult marmosets. 28 

A, C, Seven-day average sleep efficiency in control (A) and KO (C) groups. 29 

n = 3, two-tailed paired t-test, t(2) = 4.255, P = 0.0510 (A); t(2) = 1.900, P = 30 

0.1978 (C). B, D, Seven-day average sleep fragment index in control (B) and 31 

KO (D) groups. n = 3, two-tailed paired t-test, t(2) = 0.3714, P = 0.7460 (B); t(2) 32 

= 0.6975, P = 0.5577 (D). E, F, Comparison of changes in sleep efficiency (E) 33 

and fragment index (F) between control and KO groups. n = 3, two-tailed 34 

unpaired t-test, t(4) = 2.751, P = 0.0513 (E); t(4) = 0.7624, P = 0.4883 (F). Data 35 

are mean ± SEM. 36 

Source data were provided in figure 2-source data 3. 37 

 38 
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 40 

Figure 3—figure supplement 1. Intact activity in home cage after CB1R 41 

knockout in the amygdala of adult marmosets. 42 

A, Left, representative marmoset wearing ActiWatch Mini. Right, magnified 43 

view of ActiWatch Mini in left rectangle. B, D, Activity counts in home cage 44 
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before virus injection (left) and after virus injection (right) in a control (B) and a 45 

KO (D) marmoset. C, E, Seven-day average diurnal activity counts per min in 46 

home cage in control (C) and KO (E) groups. n = 3, two-tailed paired t-test, t(2) 47 

= 1.006, P = 0.4203 (C); t(2) = 0.6041, P = 0.6072 (E). F, Comparison of 48 

changes in diurnal activity counts per min in home cage between control and 49 

KO groups. n = 3, two-tailed unpaired t-test, t(4) = 1.041, P = 0.3568. n.s., not 50 

significant; data are mean ± SEM. 51 

Source data were provided in figure 3-source data 2. 52 

  53 
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 54 

Figure 4—figure supplement 1. Unaffected social behavior in three-55 

chamber social test after CB1R knockout in the amygdala of adult 56 

marmosets. 57 

A, Paradigm of three-chamber social test in marmosets. B, Three-day 58 

average of time spent in different chambers during stranger introduced period 59 

(left) and cage-mate introduced period (right) in control group. n = 3, Two-way 60 

ANOVA, F(2,6) = 0.7025, P = 0.5320 (left); F(2,6) = 0.8705, P = 0.4657 (right). 61 

C, Three-day average of time spent in different chambers during stranger 62 

introduced period (left) and cage-mate introduced period (right) in KO group. n 63 

= 3, Two-way ANOVA, F(2,6) = 0.6798, P = 0.5419 (left); F(2,6) = 3.123, P = 64 

0.1176 (right). D, Comparison of changes in social behavior during stranger 65 

introduced period (left) and cage-mate introduced period (right) between control 66 
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and KO groups. n = 3, Two-way ANOVA, F(2,6) = 0.2880, P = 0.7596 (left); 67 

F(2,6) = 2.211, P = 0.1908 (right). n.s., not significant; data are mean ± SEM. 68 

Source data were provided in figure 4-source data 2 69 
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 71 

Figure 5—figure supplement 1. Sucrose preference test. 72 

A, B, Consumption of water and sucrose across 2-h sucrose preference 73 

test in control (A) and KO groups (B). Sucrose consumption is shown on left y-74 

axis and water consumption is shown on right y-axis. 75 

 76 
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