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ABSTRACT 24 

Psychiatric disorders, such as anxiety, are frequently associated with 25 

inflammatory bowel diseases (IBD), however, the neural mechanisms are unknown. 26 

Here, we showed that hypothalamic agouti-related protein (AgRP) neuronal activity 27 

was suppressed under chronic restraint stress (CRS), a condition known to induce 28 

anxiety-like behaviors and increase colitis susceptibility. Consistently, chemogenic 29 

activation (inhibition) of AgRP neurons reversed (mimicked) CRS-induced anxiety-30 

like behaviors and colitis susceptibility. Furthermore, CRS inhibited AgRP neuronal 31 

activity by suppressing the expression of c-Jun. As expected, overexpression of c-Jun 32 

in these neurons protected against the CRS-induced these effects and knockdown of c-33 

Jun in AgRP neurons (c-Jun∆AgRP) promoted anxiety-like behaviors and colitis. 34 

Moreover, relieving the anxiety with cyamemazine (an anxiolytic drug) alleviated 35 

colitis susceptibility in c-Jun∆AgRP mice. Finally, according to a proteomic analysis, the 36 

levels of the secreted protein thrombospondin 1 (THBS1) were negatively associated 37 

with the increased anxiety-like behaviors and colitis susceptibility, supplementing 38 

recombinant THBS1 rescued colitis in c-Jun∆AgRP mice. Taken together, these results 39 

reveal a critical role of hypothalamic AgRP neuron-derived c-Jun in orchestrating 40 

chronic stress-induced anxiety-like behaviors and colitis susceptibility. These results 41 

provide a new perspective for understanding the neuronal mechanisms and potential 42 

therapeutic target for the comorbidity of psychiatric disorders, such as anxiety, and 43 

IBD. 44 

Keywords: AgRP neurons; Anxiety; Brain-gut axis; c-Jun; Inflammatory bowel 45 
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disease. 46 

 47 

48 
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Introduction 49 

Psychological disorders, such as anxiety and depression, severely influence 50 

human health (Kalin, 2020). What makes it even worse is that they are frequently 51 

associated with the occurrence of many other diseases, including inflammatory bowel 52 

diseases (IBD) (Kurina et al., 2001; Wang et al., 2020; Xia et al., 2021). Stress is a 53 

common cause of psychiatric disorders (de Kloet et al., 2005) and intestinal 54 

inflammation (Gao et al., 2018; Qiu et al., 1999). Accumulating lines of evidence has 55 

illustrated that brain-gut interactions play an important role in the outcome of 56 

psychological disorders and IBD under stress conditions (Bonaz and Bernstein, 2013; 57 

Gracie et al., 2019). Although gut signals and microbiota are proposed to play roles in 58 

the comorbidity of psychological disorders and intestinal inflammation (Gao et al., 59 

2018), the neural mechanisms behind stress-induced anxiety and colitis susceptibility 60 

are unknown.  61 

The hypothalamus is an important neural control center in the regulation of the 62 

stress response (Bains et al., 2015), consisting of a series of important nuclei. The 63 

hypothalamic arcuate nucleus (ARC) is critical to the regulation of energy metabolism 64 

(Sohn et al., 2013) and recently reported to be engaged in emotional regulation (Fang 65 

et al., 2021; Qu et al., 2020; Xia et al., 2021). There are two specific populations of 66 

neurons in the ARC: neurons co-expressing the orexigenic neuropeptide agouti-67 

related protein (AgRP) and neuropeptide Y, and neurons co-expressing the 68 

anorexigenic pro-opiomelanocortin (POMC) precursor and the cocaine- and 69 

amphetamine-related transcript, whereas the AGRP/NPY neurons have an inhibitory 70 

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

The copyright holder for this preprint (whichthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490271doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490271
http://creativecommons.org/licenses/by/4.0/


 

5 
 

effect on the POMC/CART neurons (Bell et al., 2005). Unlike the POMC that is 71 

widely produced in addition to ARC (Harno et al., 2018), neurons expressing AgRP 72 

are localized exclusively in the hypothalamic ARC (Broberger et al., 1998). AgRP 73 

neuronal activity is influenced by stress (Fang et al., 2021), and controls diverse 74 

physiological processes, including feeding (Bell et al., 2005), pain sensation (Alhadeff 75 

et al., 2018) and food-seeking behavior (Dietrich et al., 2015). Studies shows that 76 

AgRP neurons are involved in the regulation of peripheral tissue homeostasis (Joly-77 

Amado et al., 2012; Kim et al., 2015), suggesting that it may play an important role in 78 

stress-induced anxiety and colitis.  79 

c-Jun is a component of the activator protein-1 transcription factor family, which 80 

forms either a homodimer or heterodimer with other members of the family (c-Fos or 81 

ATF) and plays a role in the activation of downstream target genes (Wisdom et al., 82 

1999). It is expressed in many tissues, including brain (Sakai et al., 1989). c-Jun is 83 

shown to be involved in the regulation of many functions in peripheral tissues (Fuest 84 

et al., 2012; Nateri et al., 2005). By contrast, the role of c-Jun in the brain is poorly 85 

understood, except for some biological processes such as axonal injury (Raivich et al., 86 

2004) and neurodegeneration (Raivich and Behrens, 2006). Because c-Jun is an 87 

immediate-early gene that is dynamically regulated in response to neuronal activity 88 

(McNeill and Robinson, 2015), it is commonly used as a marker reflecting neuronal 89 

activity (Hoffman et al., 1993). However, it is also induced under stress conditions 90 

(Filipovic et al., 2012) and highly expressed in the hypothalamus arcuate nucleus 91 

(Herdegen et al., 1995), suggesting that it may additionally be involved in the 92 
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regulation of some important functions in the arcuate nucleus.  93 

Based on the above knowledge, we hypothesize that c-Jun in AgRP neurons 94 

plays an important role in the stress-induced comorbidity of anxiety and IBD. This 95 

study investigates such a possibility and explores the likely mechanisms.  96 

 97 

 98 

Results 99 

Chronic Restraint Stress (CRS) Induces Anxiety-Like Behaviors and Increases 100 

Susceptibility to Colitis 101 

To induce anxiety and colitis, we employed a CRS mouse model (Supplementary 102 

information Fig. S1A) as described previously (Gao et al., 2018; Liu et al., 2020; 103 

McGill et al., 2006), which significantly reduced body weight, elevated adrenal gland 104 

weight and serum corticosterone levels compared with control treatment 105 

(Supplementary information Fig. S1B-D). As shown previously (Liu et al., 2020), 106 

CRS induced anxiety-like behaviors, as demonstrated by the significantly reduced 107 

time and travel distance in the central region in the open field (OF) test, and the 108 

shorter time and fewer entries to the open arms in the elevated plus maze (EPM) test 109 

(Supplementary information Fig. S1E and F). In addition, the CRS mice exhibited a 110 

greater extent of dextran sodium sulfate (DSS)-induced colitis, as evaluated by the 111 

loss of body weight, gross bleeding, and shortening of colon length, as well as 112 

histological analysis revealing epithelial damage and lymphocyte infiltration of the 113 

distal colon (Supplementary information Fig. S1G-J). Consistently, the mRNA levels 114 
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of proinflammatory cytokines (interleukin (IL) 6 (Il6), Il1b, Il12, and transforming 115 

growth factor beta (Tgfb) (Tian et al., 2019) were significantly increased in the colon 116 

tissues of CRS mice (Supplementary information Fig. S1K). These results suggest 117 

that CRS could induce anxiety-related behaviors and colitis. 118 

 119 

Activation of AgRP Neurons Reverses CRS-increased Anxiety-like behaviors and 120 

Colitis Susceptibility 121 

To investigate the involvement of AgRP neurons in CRS-induced effects, we 122 

conducted immunofluorescence (IF) staining for c-Fos, a signal reflecting neuronal 123 

activity (Krashes et al., 2011), in the AgRP-Cre-Ai9 mice. IF staining of tdTomato 124 

(reflecting AgRP neurons) and c-Fos revealed decreased c-Fos levels in the AgRP 125 

neurons of CRS mice (Supplementary information Fig. S2A), suggesting inhibited 126 

AgRP neuronal activity. If the inhibited AgRP neurons were important in this case, 127 

stimulating AgRP neurons by an excitatory DREADD receptor hM3Dq (Krashes et al., 128 

2013), should reverse the CRS-increased susceptibility to anxiety and colitis. As 129 

predicted, stimulation of AgRP neurons (as shown by the increased c-Fos staining, 130 

Supplementary information Fig. S2B and C) reversed CRS-induced anxiety-like 131 

behaviors with an increase in both center time duration and center distance in the OF 132 

test (Fig. 1A), and an increase in time and entries into the open arms in the EPM test 133 

(Fig. 1B). Furthermore, the activation of AgRP neurons also reversed chronic stress-134 

increased susceptibility to DSS-induced colitis, as demonstrated by its blocking 135 

effects on the CRS-induced loss of body weight, increased bleeding score, shortened 136 
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colon length, higher histological scores, and increased expression of proinflammatory 137 

factors (Il6, Il1b, Il12, and Tgfb) (Fig. 1C-G, Supplementary information Fig. S2D). 138 

Although activation of AgRP neuron has a significant impact on feeding behavior 139 

(Krashes et al., 2011), the effect of colitis-related findings was not due to food intake 140 

as shown by pair-fed experiments (Supplementary information Fig. S3A-E). These 141 

results suggest that activation of AgRP neurons enables to reverse anxiety-related 142 

behaviors and colitis induced by CRS. 143 

 144 

Inhibition of AgRP Neurons Promotes Anxiety-Like Behaviors and Colitis  145 

To further confirm the role of AgRP neurons in anxiety and colitis, we 146 

investigated the phenotypes in mice with inhibition of AgRP neurons, using an 147 

inhibitory hM4Di designer receptor exclusively activated by designer drugs 148 

(DREADDs) (Krashes et al., 2011), as reflected by the reduced c-Fos 149 

immunoreactivity in AgRP neurons (Supplementary information Fig. S4A and B). 150 

Interestingly, inhibition of AgRP neurons decreased the center distance and center 151 

time in the OF test, and the number of entries and time spent in the open arms in the 152 

EPM test, indicating increased anxiety-like behaviors (Fig. 2A and B). Moreover, 153 

mice with inhibited neuronal activity of the AgRP were more sensitive to DSS-154 

induced colitis, characterized by a more severe weight loss, gross bleeding, shortened 155 

colon length, higher histological scores, and increased pro-inflammatory cytokine 156 

levels (Il6, Il1b, Il12, and Tgfb), compared with control mice (Fig. 2C–G, 157 

Supplementary information Fig. S4C). Collectively, these results indicate that 158 
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inhibition of AgRP neurons mimics stress-induced anxiety-like behaviors and colitis. 159 

 160 

Overexpression of c-Jun in AgRP Neurons Confers Resistance to CRS-Induced 161 

Anxiety-Like Behaviors and Colitis Susceptibility 162 

We then explored the possible involvement of c-Jun in the CRS-induced effects 163 

and found that the activity of AgRP neurons decreased through c-Jun ablation and 164 

increased through c-Jun overexpression both in vivo and in vitro (Supplementary 165 

information Fig. S5A-D). IF staining confirmed a decrease in c-Jun protein levels in 166 

the AgRP neurons of stressed mice (Supplementary information Fig. S6A). If the 167 

reduced c-Jun expression was important under stress, the activation of c-Jun in AgRP 168 

neurons should be expected to ameliorate CRS-induced effects. To test this possibility, 169 

we overexpressed c-Jun in AgRP neurons by injecting AAVs expressing c-Jun into the 170 

AgRP-irs-Cre mice (Supplementary information Fig. S6B and C). As predicted, mice 171 

with c-Jun overexpression were resistant to CRS-induced weight loss and colon 172 

shortening (Supplementary information Fig. S6D and E). Consistently, overexpressed 173 

groups spent more time and distance in the center as evaluated in the OF test 174 

compared with the control group after CRS (Supplementary information Fig. S6F). 175 

Similarly, in the EPM test, groups with overexpressed c-Jun had more entries to the 176 

open arm (Supplementary information Fig. S6G). Stressed c-Jun-overexpressing mice 177 

were more resistant to DSS-induced body weight loss compared with stressed control 178 

mice (Supplementary information Fig. S6H and I). The diarrhea scores and colon 179 

length were also relieved in the overexpressed group (Supplementary information Fig. 180 
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S6J and K). Furthermore, signs of colon colitis were markedly ameliorated in mice 181 

with overexpressed c-Jun, as evidenced by the decreased epithelial damage and 182 

lymphocyte infiltration, as well as reduced mRNA expression of inflammatory 183 

cytokines (Supplementary information Fig. S6L and M). These data indicate that 184 

overexpression of c-Jun in AgRP neurons protected the mice from CRS-induced 185 

anxiety and colitis. 186 

 187 

Deletion of c-Jun in AgRP Neurons Facilitates Anxiety-Like Behaviors and 188 

Colitis  189 

To further confirm the role of c-Jun in AgRP neurons, we generated mice with c-190 

Jun knockdown in AgRP neurons (c-Jun∆AgRP), as confirmed by the reduced c-Jun 191 

expression in AgRP neurons (Supplementary information Fig. S7A). The 192 

corticosterone concentration was significantly higher in the sera of c-Jun∆AgRP mice 193 

than in control mice, suggesting increased stress (Supplementary information Fig. 194 

S7B). Moreover, the body weight of c-Jun∆AgRP mice was slightly lower than that of 195 

control mice (Supplementary information Fig. S7C). Although the classic function of 196 

AgRP neurons is to regulate food intake, we did not detect any difference in the 197 

change of food intake in c-Jun∆AgRP mice (Supplementary information Fig. S7D).  198 

The c-Jun∆AgRP mice displayed obvious anxiety-like behaviors, reflected as a 199 

shorter time and less distance in the center in the OF test (Fig. 3A), and fewer entries 200 

and time in the open arms as evaluated in the EPM test (Fig. 3B). The clinical signs of 201 

colitis, including weight loss, rectal bleeding and colon shortening, were more severe 202 
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in c-Jun∆AgRP mice than in controls after DSS treatment (Fig. 3C-E). The epithelial 203 

damage, including mucosal erosion, crypt loss, lymphocyte infiltration, and the 204 

mRNA expression of proinflammatory cytokines were also significantly increased in 205 

the colons of c-Jun∆AgRP mice compared with controls (Fig. 3F and G). These data 206 

indicate that deletion of c-Jun in AgRP neurons is sufficient to induce anxiety-like 207 

behaviors and colitis susceptibility in the absence of stress. 208 

 209 

Relieving Anxiety with Cyamemazine (CYA) Reverses Colitis in c-Jun∆AgRP Mice 210 

To investigate whether stimulated anxiety-like behaviors contributed to the 211 

increased colitis susceptibility, a typical antipsychotic drug CYA has been shown to 212 

block anxiety (Benyamina et al., 2012), was infused into the third ventricle of c-213 

Jun∆AgRP mice for 7 days. The efficacy of the drug was elevated by the changed 5-HT 214 

receptor expression in the ARC (Supplementary information Fig. S8), as CYA is a 215 

potent 5-HT receptors antagonist (Benyamina et al., 2012). Interestingly, we found 216 

that treatment with CYA largely alleviated anxiety-like behaviors in c-Jun∆AgRP mice 217 

as demonstrated by the OF and EPM tests (Fig. 4A and B). The signs of colitis 218 

susceptibility were also alleviated in c-Jun∆AgRP mice, following evaluation of the 219 

examined parameters (Fig. 4C-G). These data indicate that antipsychotic drug may 220 

influence the development of colitis in mice with co-existing anxiety.  221 

 222 

The Increased Colitis Susceptibility in c-Jun∆AgRP mice is Mediated by THBS1  223 

Because the brain conveys the neural, endocrine, and circulatory messages to the 224 
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gut (Bonaz and Bernstein, 2013; Gracie et al., 2019; Mawdsley and Rampton, 2005), 225 

to elucidate the underlying mechanisms of the observed effects, we conducted mass 226 

spectrometry to explore the possible secreted proteins in the sera of the mice with c-227 

Jun overexpression and control groups with or without CRS under colitis conditions. 228 

We identified 22 secreted proteins that significantly differed in abundance between 229 

the three groups (Fig. 5A and B; Supplementary information Table S2-3). Among 230 

these proteins, we focused on thrombospondin 1 (THBS1), which showed the most 231 

dramatic change and is well known for its anti-angiogenic and anti-inflammatory 232 

properties (Adams and Lawler, 2011). The secreted levels of THBS1 were 233 

significantly reduced after CRS and notably increased after c-Jun rescue in AgRP 234 

neurons (Supplementary information Fig. S9A-C). Moreover, the serum levels of 235 

THBS1 were reduced in c-Jun∆AgRP mice (Fig. 5C) and increased by treatment with 236 

CYA (Supplementary information Fig. S9D), indicating it may have potential role in 237 

linking anxiety and colitis. To test this hypothesis, we treated c-Jun∆AgRP mice with 238 

THBS1 (Bai et al., 2020) and found that it markedly alleviated colitis, as shown by 239 

the resistant effects on the corresponding changes in the body weight loss, bleeding 240 

score, colon length, colon histochemical analysis, and the expression of pro-241 

inflammatory factors (Fig. 5D-H). These results suggest that THBS1 suppresses 242 

intestinal mucosal inflammation and may serve as a potential biomarker for stress-243 

induced colitis. 244 

 245 

 246 
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Discussion 247 

The brain-gut axis serves as a circuit that incorporates the state of mind and gut 248 

signals that ultimately determine the intestinal function (Bonaz and Bernstein, 2013; 249 

Gracie et al., 2019; Mawdsley and Rampton, 2005; Wu et al., 2014). Therefore, the 250 

changes of brain functions are closely related to gut metabolism abnormalities (Bonaz 251 

and Bernstein, 2013; Lee et al., 2021; Mawdsley and Rampton, 2005). Accumulating 252 

evidence indicates that mood disorders, such as anxiety or depression, often co-occur 253 

with IBD (Blackwell et al., 2021; Gracie et al., 2018; Koloski et al., 2012; Kurina et 254 

al., 2001). Several brain areas, including the hypothalamus, hippocampus and 255 

amygdala, are involved in anxiety-related behaviors (Adhikari et al., 2010; Bains et al., 256 

2015; Liu et al., 2020). The AgRP neurons in the hypothalamic ARC particularly have 257 

gained much attention since more important functions of this neuron were discovered, 258 

such as feeding, pain sensation and depression-related behaviors (Alhadeff et al., 2018; 259 

Bell et al., 2005; Fang et al., 2021). However, a role of AgRP neurons in the 260 

comorbidity of anxiety and colitis has not been reported. 261 

In current study, we used CRS model and chemogenic strategy to investigate the 262 

possible involvement of AgRP neurons in stress-induced anxiety and colitis. We found 263 

that AgRP neuronal activity was inhibited by CRS. However, in another study under 264 

stressed model, AgRP neurons were not affected (Qu et al., 2020). The different 265 

response may be attributable to the variation in the duration of treating the mice (4 266 

hours per day in our work versus 1 hour per day in their study), which is likely to 267 

result in different levels of stress. The significance of the inhibited AgRP neurons in 268 
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CRS was further confirmed by gain- and loss-of AgRP neuron function experiments. 269 

To our knowledge, this is the first to demonstrate that convergent regulation of colitis 270 

and stress is integrated in the AgRP neurons in the ARC, providing important 271 

evidence that psychiatric disorders, such as anxiety, may influence colitis through 272 

central neuronal activity in the ARC. Moreover, though some mechanisms are 273 

proposed for IBD (Molodecky et al., 2012), the neuronal signals are largely unknown. 274 

Our results provide new perspective for understanding the neuronal regulation for 275 

IBD. In addition, another study shows that inhibition of AgRP neuron causes 276 

depression (Fang et al., 2021), another type of psychiatric disorder (de Kloet et al., 277 

2005), suggesting that AgRP neurons might also play an important role in other 278 

psychiatric disorders, as well as diseases related to them. As a number of studies have 279 

shown that AgRP neurons facilitate food-seeking behavior (Aponte et al., 2011; 280 

Krashes et al., 2011), it remains to be tested whether the role of Agrp neurons in 281 

anxiety-like behaviors is influenced by the behaviors driven by feeding. However, the 282 

increased food intake did not contribute to the improvement of colitis as evaluated by 283 

pair-fed experiments in current study.  284 

We then explored the specific neural molecules regulating stress-induced anxiety 285 

and colitis. We found that the expression of the stress-related gene c-Jun was 286 

decreased in AgRP neurons under CRS conditions and that knockdown of c-Jun in 287 

AgRP neurons mimicked the effect of CRS but reversed these after overexpression of 288 

c-Jun. These results demonstrate a novel regulatory role of the central c-Jun in stress-289 

induced anxiety and colitis and provide a potential therapeutic approach for the 290 
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treatment of these diseases. However, it is unclear how c-Jun inhibited neuronal 291 

activity under stress. Considering that c-Jun plays a role in the regulation of neuron 292 

injury and in the promotion of axon regeneration (Raivich et al., 2004), we speculated 293 

that stress may lead to the damage of AgRP neurons, thus leading to a change in 294 

neuronal activity. However, this possibility requires further investigation. 295 

Moreover, we provided important evidence that anxiety may influence colitis 296 

susceptibility by using anxiolytic drug, as well as the possibility for the treatment of 297 

IBD with co-existing anxiety. To gain further insights into how anxiety influences 298 

colitis, we performed proteomic analysis and serum measurement and found that the 299 

levels of secreted protein THBS1 were decreased by CRS in a c-Jun dependent 300 

manner, suggesting that it may function as downstream in linking c-Jun regulated 301 

anxiety and colitis. Thrombospondins are a family of extracellular matrix proteins, 302 

which were first identified in platelets stimulated with thrombin (Baenziger et al., 303 

1971). After treatment with DSS, THBS1-deficient mice show a higher level of crypt 304 

damage and deeper lesions, which are reversed by treatment with a THBS1 mimetic 305 

peptide (Punekar et al., 2008). The importance of THBS1 in mediating anxiety-306 

associated colitis was confirmed by the reversal effect of recombinant THBS1 on 307 

colitis in c-Jun∆AgRP mice. Because THBS1 levels were correspondingly changed with 308 

the status of anxiety and colitis, suggesting that it might be used as a biomarker for 309 

the comorbidity of these diseases. However, it remains unclear for the source of 310 

secreted THSB1 protein in the sera, as THBS1 can be produced and secreted into the 311 

extracellular space of many cell types, including the activated endothelium, intestinal 312 
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epithelial cells, and astrocytes (Adams and Lawler, 2011; Christopherson et al., 2005; 313 

Fang et al., 2015). In addition, the sympathetic nerve and the vagus nerve, which have 314 

been shown to be important mediators of central nervous system outputs to the 315 

peripheral tissues (Bonaz and Bernstein, 2013; Ghia et al., 2008), may also be 316 

involved in the regulation of anxiety-promoted colitis susceptibility. These questions 317 

remain for future investigation.  318 

Interestingly, we found that chemogenic manipulation or c-Jun knockdown-319 

induced inhibition of AgRP neurons promotes anxiety-like behaviors and colitis in the 320 

absence of stressor, suggesting that signals inhibited AgRP neurons may be potential 321 

target for the treatment of anxiety and/or colitis. Therefore, our results are also 322 

important for understanding the mechanisms for those without obvious stress but 323 

present with the comorbidity of psychiatric disorders and IBD. 324 

In summary, our present findings revealed that AgRP neuronal activity in the 325 

ARC is an important link between anxiety-like behavior and intestinal inflammation 326 

(Fig. 5I). The importance of these findings is that we have uncovered the specific 327 

neurons and signals in the brain underlying the regulation of the anxiety and colitis 328 

comorbidity. Our results provide evidence that CRS-induced anxiety and colitis is 329 

mediated through an unexpected neurons AgRP neurons. Moreover, we demonstrated 330 

c-Jun as a target in AgRP neuron for stress-induced anxiety and colitis. Furthermore, 331 

we identified the secreted protein Thbs1 function in linking anxiety and colitis and as 332 

a biomarker for anxiety-colitis comorbidity. These results provide a new perspective 333 

for exploring the brain in the regulation of intestinal inflammation homeostasis, and 334 
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further provide a new central target for the therapeutic intervention of stress-induced 335 

psychiatric disorders and intestinal metabolism dysfunction.  336 

 337 

 338 

Materials and Methods 339 

Mice and Treatment 340 

Adult male C57BL/6 wild-type (WT) mice were purchased from Shanghai 341 

Laboratory Animal Co., Ltd. (Shanghai, China). c-Junloxp/loxp mice (generously 342 

provided by Dr. Erwin F. Wagner, Cancer Cell Biology Program, Spanish National 343 

Cancer Research Center) were crossed with mice expressing Cre recombinase under 344 

control of the AgRP promoter to generate c-Jun∆AgRP mice. The efficiency of AgRP-345 

specific c-Jun deletion was evaluated by mating Ai9 (tdTomato) reporter mice 346 

(Madisen et al., 2010) with transgenic mice expressing Cre under control of the AgRP 347 

promoter (AgRP-irs-Cre mice), both obtained from Jackson Laboratory (Bar Harbor, 348 

ME, USA). Transgenic mice and their littermates were used in experiments at the 349 

indicated ages. Mice were subcutaneously injected with recombinant human 350 

thrombospondin 1 (THBS1) protein (0.5 mg/kg per day; Novoprotein Scientific Inc., 351 

Shanghai, China) (Bai et al., 2020) or vehicle (phosphate-buffered saline) for the 352 

indicated period. To study the effect of anxiolytic drug on anxiety and colitis, 353 

cyamemazine (0.25 ug/side, MCE) (Xia et al., 2021) were i.c.v. administrated. 354 

Mice were maintained under controlled temperature (23℃), humidity (50–60%), 355 

and illumination (12-h light/12-h dark cycle), and provided ad libitum access to food 356 
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and water. All animal experiments were conducted in accordance with the guidelines 357 

of the Institutional Animal Care and Use Committee of Shanghai Institute for 358 

Nutritional Sciences, Chinese Academy of Sciences. 359 

 360 

Chronic Restraint Stress (CRS) Model 361 

The CRS mouse model was performed as described previously (Gao et al., 2018; 362 

Liu et al., 2020). In brief, the mice were individually placed in a 50-mL 363 

polypropylene conical tube with multiple holes for ventilation and were restrained to 364 

prevent back-and-forth movement. Restraint was applied for 4 h per day from 10:00 365 

a.m. to 2:00 p.m. for the number of days indicated.  366 

 367 

Colitis Model Establishment 368 

To establish the dextran sulfate sodium (DSS)-induced colitis model, the 369 

drinking water of the mice was supplemented with 3% (w/v) DSS (40 kDa; Aladdin, 370 

Shanghai, China) as described previously (Tian et al., 2019), and the colon length was 371 

determined at the end of the experiments. Diarrhea scores were assessed as described 372 

previously (Rachmilewitz et al., 2002).  373 

 374 

Stereotaxic Surgery and Viral Injections 375 

Surgery was performed as reported previously (Yuan et al., 2020) with a 376 

stereotaxic frame (Stoelting, Wood Dale, IL, USA). Viral injection coordinates (in mm, 377 

midline, bregma, dorsal surface) are as follows: for ARC (± 0.3, 1.5, 5.9), for the third 378 
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ventricle (0, 1.5, 5.6) (Deng et al., 2017; Xia et al., 2021). To rescue the expression of 379 

c-Jun specifically localized in AgRP neurons, AgRP-irs-Cre mice were bilaterally 380 

injected with 300 nL of a Cre-dependent adeno-associated virus (AAV) vector 381 

containing c-Jun in the opposite orientation flanked by two inverted loxP sites 382 

[AAV9-EF1a-DIO-c-Jun-mCherry, 2.5 × 1012 particle-forming units (PFU)/mL] into 383 

the ARC, or with an AAV vector containing only mCherry in the opposite orientation 384 

flanked by two inverted loxP sites (AAV9-EF1a-DIO-mCherry, 2.5 × 1012 PFU/mL) 385 

as controls. 386 

 387 

Designer Receptor Exclusively Activated by Designer Drugs (DREADDs) 388 

To inhibit AgRP neuronal activity, AgRP-irs-Cre mice were stereotaxically 389 

injected with 300 nL of a Cre-dependent AAV encoding an inhibitory DREADD 390 

GPCR (hM4Di) (AAV9-EF1a-DIO-hM4Di-mCherry, 8 × 1012 PFU/mL) or an AAV 391 

encoding only mCherry (AAV9-EF1a-DIO-mCherry, 7 × 1012 Pfu/mL) as controls, 392 

bilaterally into the ARC.  393 

For chemogenetic activation of AgRP neurons, AgRP-irs-Cre mice were 394 

stereotaxically injected with 300 nL of a Cre-dependent AAV encoding an excitatory 395 

DREADD GPCR (hM3Dq) (AAV9-EF1a-DIO-hM3D(Gq)-mCherry, 3 × 1012 396 

PFU/mL) or an AAV encoding only mCherry (AAV9-EF1a-DIO-mCherry, 3 × 1012 397 

PFU/mL) as controls, bilaterally into the ARC. After 3 weeks of recovery, all mice 398 

were then intraperitoneally injected with clozapine N-oxide (CNO) 399 

(MedChemExpress, NJ, USA) at 0.3 mg/kg of body weight for hM4Di (Krashes et al., 400 
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2011) silencing and for hM3Dq activation (Krashes et al., 2013) every 12 h for 401 

indicated days. 402 

 403 

Isolation and Treatment of Primary Hypothalamic Neurons 404 

The mouse primary cultures of hypothalamic neurons were referred as previously 405 

described (Deng et al., 2018). sh-c-Jun and c-Jun over-expressed (pCMV-c-Jun) 406 

plasmid were transfected into cells using lipofectamine 3000 reagent (Invitrogen; 407 

Carlsbad, CA, USA) according to the manufacturer’s recommendation. The shRNA 408 

sequence for mouse c-Jun was 5’-GCTAACGCAGCAGTTGCAAAC-3’. 409 

 410 

Open Field (OF) Test  411 

The OF test was performed as in previous studies (Fan et al., 2019; Liu et al., 412 

2020). In brief, a white open field box (50 × 50 × 50 cm; length × width × height) was 413 

divided into a center field (25 × 25 cm) and a periphery field for analysis purposes. 414 

The track was analyzed using LabState (AniLab) by recognizing the central body 415 

point of the mouse throughout a 10-min session. Less time and locomotion spent in 416 

the center of the box were interpreted as anxiety-like behaviors.  417 

 418 

Elevated Plus Maze (EPM) Test  419 

The EPM test was performed as previously described (Fan et al., 2019; Liu et al., 420 

2020). The elevated plus maze made of plastic and consisted of two white open arms 421 

without walls and two white enclosed arms with walls (25-cm long, 5-cm wide, 15-422 
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cm high). The maze was placed 60 cm above the floor. Mice were introduced into the 423 

center quadrant with their back facing an open arm. The ANY-maze video tracking 424 

system (Anilab) was used to track and analyze the time of mice spent in the open arms 425 

and their entries into the open arms throughout a 10-min session. Anxiety was 426 

evaluated by fewer movements into the open arms and less time spent there.  427 

 428 

RNA Isolation and Quantitative Real-time (qRT)-PCR 429 

RNA extraction and qRT-PCR were performed as described previously (Deng et 430 

al., 2018). The primer sequences used in this study are provided in Supplementary 431 

information, Table S1 432 

 433 

Histological Scoring 434 

Histological scoring was performed as described previously (Hu et al., 2019). 435 

Hematoxylin and eosin (H&E)-staining of colonic tissue sections were scored in a 436 

blinded fashion for determining the degree of inflammation and tissue damage on 437 

separate scales from 0 to 6. 438 

 439 

Serum Measurements 440 

The proteomics was performed by the serum after removing common high-abundance441 

 protein through using a Thermo Fisher's serum High Abundance protein removal reag442 

ent (High Select™ Top14 Abundant Protein Depletion Mini Spin Columns, A36370, 443 

Thermo fisher, US). The mass spectrometer Thermo Scientific Q Exactive was perfor444 
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med for Label-free quantification detection and data was analyzed by Proteome Disco445 

verer 2.2. The secreted proteins with fold change (FC) ≥1.5 and p-value < 0.05 were 446 

considered to be differential proteins. Volcano plots were used to filter the proteins of 447 

interest which based on log2(FC) and -log10(P-value) of the secreted proteins (Zhu et a448 

l., 2011). The raw data is available in the link: https://datadryad.org/stash/share/20xm449 

GKT2z--QNG0ebHfHU8FR8Vy96LuKXe4AhPwHWc4. Serum corticosterone levels 450 

were measured with an enzyme-linked immunosorbent assay (ELISA) kit (ADI-901-0451 

97; Enzo Life Science, Farmingdale, NY, USA) as described previously (Lee et al., 20452 

20).  The THBS1 levels were measured using an ELISA kit (mlbio, Shanghai, China) 453 

according to the manufacturer’s recommendations.  454 

 455 

Immunofluorescence (IF) Staining 456 

Immunofluorescence staining was performed as described previously (Yuan et al., 457 

2020) with primary antibodies to c-Jun (1:1000, Cell Signaling Technology, Danvers, 458 

MA, USA) and c-Fos (1:1000, Cell Signaling Technology, mAb2250 or 1:500, Santa 459 

Cruz Biotechnology, Santa Cruz, CA, USA). c-Fos staining was coupled with a TSA 460 

Plus Fluorescein KIT (NEL741001KT, Perkinelmer, Waltham, MA, USA). 461 

 462 

Statistical Analysis 463 

Experimental data are expressed as the mean ± standard error of the mean (SEM) 464 

of the number of tests stated for each experiment. Statistical comparisons were made 465 

using either two-tailed Student’s t test or two-way analysis of variance, followed by 466 
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Tukey’s multiple comparisons test, as indicated in the figure legends. All statistical 467 

tests were performed using GraphPad Prism, version 8.0 (GraphPad Software, San 468 

Diego, CA, USA). In addition, the individual data points on each graph were shown in 469 

order to reflect the individual variability of the measures. *P <0.05, **P <0.01.  470 

 471 
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 683 

Figure legends 684 

Figure 1. Activation of AgRP neurons reverses CRS-induced anxiety behaviors and 685 

colitis. (A) Representative tracks and statistical results in OF test. (B) Representative 686 

tracks and statistics in EPM test. (C) Percentage of body weight loss. (D) Scores of 687 

diarrhea. (E) Gross morphology and length of the colon. (F) H&E staining and 688 

histological scores of the colon tissues. Scale bar, 110 μm. (G) qRT-PCR analysis of 689 

mRNA expression of inflammatory cytokines (Il6, Il1b, Il12, and Tgfb) in the distal 690 

colon tissues. Studies for A-B were conducted using 10- to 12-week-old AgRP-Cre 691 

mice receiving AAV expressing mCherry (- hM3Dq) or hM3Dq (+ hM3Dq), all mice 692 

experienced unstressed (- CRS) or stressed (+ CRS) treatment for 14 days. Behavioral 693 

tests were performed 30 min after single CNO injection on day 15 (A) and day 16 (B). 694 

C-G were performed using - hM3Dq mice and + hM3Dq mice under treatment of 3% 695 

DSS in drinking water for 7 days to induce acute colitis with (+ CRS) or without (- 696 

CRS) stress, simultaneously receiving CNO injections every 12 hours per day. Values 697 

are expressed as means ± SEM (n = 5-8 per group), with individual data points. Data 698 

were analyzed using two-way analysis of variance, followed by Tukey’s multiple 699 

comparisons test. - hM3Dq + CRS versus - hM3Dq - CRS, *P <0.05, **P <0.01; + 700 

hM3Dq + CRS versus - hM3Dq + CRS, #P <0.05, ##P <0.01 (C-D). 701 

 702 

Figure 2. Inhibition of AgRP neurons mimics CRS-increased susceptibility to anxiety 703 

and colitis. (A) Representative tracks and statistical results in OF test. (B) 704 
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Representative tracks and statistics in EPM test. (C) Percentage of body weight loss. 705 

(D) Scores of diarrhea. (E) Gross morphology and length of the colon. (F) H&E 706 

staining and histological scores of the colon tissues. Scale bar, 110 μm. (G) qRT-PCR 707 

analysis of mRNA expression of inflammatory cytokines (Il6, Il1b, Il12, and Tgfb) in 708 

the distal colon tissues. Studies for A-B were conducted using 10- to 12-week-old 709 

AgRP-Cre mice receiving AAV expressing mCherry (- hM4Di) or hM4Di (+ hM4Di), 710 

all mice received CNO injections every 12 h per day. Behavioral tests were performed 711 

30 min after single CNO injection on day 22 (A) and day 23 (B). C-G were performed 712 

using - hM4Di mice and + hM4Di mice with 3% DSS in drinking water for 7 days to 713 

induce acute colitis after 21 days of CNO injections. Values are expressed as means ± 714 

SEM (n = 8-10 per group), with individual data points. Data were analyzed using two-715 

tailed unpaired Student’s t test.  716 

 717 

Figure 3. Deletion of c-Jun in AgRP neurons facilitates anxiety-like behaviors and 718 

colitis. (A) Representative tracks and statistical results in OF test. (B) Representative 719 

tracks and statistics in EPM test. (C) Percentage of body weight loss. (D) Scores of 720 

diarrhea. (E) Gross morphology and length of the colon. (F) H&E staining and 721 

histological scores of the colon tissues. Scale bar, 110 μm. (G) qRT-PCR analysis of 722 

mRNA expression of inflammatory cytokines (Il6, Il1b, Il12, and Tgfb) in the distal 723 

colonic tissues. Studies for A-B were conducted using 20- to 22-week-old control 724 

mice (c-Junloxp/loxp) or mice with c-Jun deletion in AgRP neurons (c-Jun∆AgRP). C-G 725 

were performed in c-Junloxp/loxp and c-Jun∆AgRP mice administrated with (+ DSS) or 726 
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without (- DSS) 3% DSS for 6 days to induce acute colitis. Values are expressed as 727 

means ± SEM (n = 4-12 per group), with individual data points. Data were analyzed 728 

using two-way analysis of variance, followed by Tukey’s multiple comparisons test. 729 

c-Junloxp/loxp + DSS versus c-Junloxp/loxp - DSS, *P <0.05, **P <0.01. c-Jun∆AgRP + DSS 730 

versus c-Junloxp/loxp + DSS, #P <0.05, ##P <0.01 (C-D). 731 

 732 

Figure 4. Relieving anxiety with cyamemazine (CYA) reverses colitis in c-Jun∆AgRP 733 

mice. (A) Representative tracks and statistical results in OF test. (B) Representative 734 

tracks and statistics in EPM test. (C) Percentage of body weight loss. (D) Scores of 735 

diarrhea. (E) Gross morphology and length of the colon. (F) H&E staining and 736 

histological scores of the colon tissues. Scale bar, 110 μm. (G) qRT-PCR analysis of 737 

mRNA expression of inflammatory cytokines (Il6, Il1b, Il12, and Tgfb) in the distal 738 

colonic tissues. Studies for A-B were conducted using 18- to 20-week-old c-Junloxp/loxp 739 

mice and c-Jun∆AgRP mice treated with (+ CYA) or without (- CYA) CYA for 7 days. 740 

Behavioral tests were performed 30 min after single CYA injection on day 8 (A) and 741 

day 9 (B). C-G were performed in c-Junloxp/loxp and c-Jun∆AgRP mice administrated 742 

with 3% DSS for 5 days to induce acute colitis with (+ CYA) or without (- CYA) CYA. 743 

Values are expressed as means ± SEM (n = 6-10 per group), with individual data 744 

points. Data were analyzed using two-way analysis of variance, followed by Tukey’s 745 

multiple comparisons test. c-Jun∆AgRP - CYA versus c-Junloxp/loxp - CYA, *P <0.05, **P 746 

<0.01. c-Jun∆AgRP + CYA versus c-Jun∆AgRP- CYA, #P <0.05, ##P <0.01 (C-D). 747 

 748 
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Figure 5. The increased colitis susceptibility in c-Jun∆AgRP mice is mediated by 749 

THBS1. (A) Partial least-squares discriminant analysis of protein composition. (B) 750 

Spearman’s correlation analysis of serum proteome. (C) Serum thbs1 levels. (D) 751 

Percentage of body weight loss. (E) Scores of diarrhea. (F) Gross morphology and 752 

length of the colon. (G) H&E staining and histological scores of the colon tissues. 753 

Scale bar, 110 μm. Scale bar, 110 μm. (H) qRT-PCR analysis of mRNA expression of 754 

inflammatory cytokines (Il6, Il1b, Il12, and Tgfb) in the distal colonic tissues. (I) 755 

Summary Diagram. Chronic restraint stress induces anxiety-like behaviors and colitis 756 

susceptibility, which is mediated by c-Jun in AgRP neurons. Knockdown of c-Jun in 757 

AgRP neurons decreases AgRP neurons activity and increases anxiety-like behaviors 758 

and colitis susceptibility through reducing serum THBS1 levels. Studies for A-B were 759 

conducted using - c-Jun - CRS mice, - c-Jun + CRS mice and + c-Jun + CRS mice 760 

with 3% DSS for 7 days. Serum was collected after DSS stimulation for proteomics 761 

profiling. C was conducted using 24- to 26-week-old c-Junloxp/loxp mice and c-Jun∆AgRP 762 

mice with DSS administration. D-H were conducted using 22- to 24-week-old c-763 

Junloxp/loxp mice and c-Jun∆AgRP mice with (+ thbs1) or without (- thbs1) thbs1 764 

supplementary, simultaneously receiving 3% DSS treatment for 6 days to induce acute 765 

colitis. Values are expressed as means ± SEM (n=3-9 per group), with individual data 766 

points. Data were analyzed using two-way analysis of variance, followed by Tukey’s 767 

multiple comparisons test. c-Jun∆AgRP - thbs1 versus c-Junloxp/loxp - thbs1, *P <0.05, 768 

**P <0.01; c-Jun∆AgRP + thbs1 versus c-Jun∆AgRP - thbs1, #P <0.05, ##P <0.01 (D-E). 769 

 770 
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Supplementary Figures and Figure Legends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. Chronic restraint stress (CRS) induces anxiety-like 

behaviors and increases the susceptibility to colitis. (A) Schematic showing the CRS 

experimental protocol. (B) Changes of body weight. (C) Adrenal gland weights. (D) 

Serum corticosterone levels. (E) Representative tracks and statistical results in OF test. 

(F) Representative tracks and statistics in EPM test. (G) Percentage of body weight 

loss. (H) Scores of diarrhea. (I) Gross morphology and length of the colon. (J) H&E 

staining and histological scores of the colon tissues. Scale bar, 110 μm. (K) qRT-PCR 
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analysis of mRNA expression of inflammatory cytokines (Il6, Il1b, Il12, and Tgfb) in 

the distal colon tissues. Studies for A-F were conducted using 12-week-old WT mice 

with unstress (- CRS) or stressed (+ CRS) treatment for 14 days. Behavioral tests 

were performed on day 15 (E) and day 16 (F). G-K were conducted using - CRS mice 

and + CRS mice with 3% DSS in drinking water for 6 days to induce acute colitis; 

Values are expressed as means ± SEM (n = 3–8 per group), with individual data points. 

Data were analyzed using two-tailed unpaired Student’s t test. 

 

 

 

 

 

 

 

Supplementary Figure 2. Parameters related to mice with activation of AgRP 

neuronal activity. (A) Immunofluorescence (IF) staining for tdTomato (red), c-Fos 

(green), and merge (yellow) in the ARC sections (left), and quantification of c-Fos 

and tdTomato co-localized cell numbers (right). Scale bar, 50 μm. c-Fos staining was 

coupled with a TSA Plus Fluorescein KIT. (B) Experimental timeline for CRS. (C) IF 

staining for mCherry (red), c-Fos (green) and merge (yellow) in ARC sections (left), 

and quantification of c-Fos and mCherry colocalized cell numbers (right). (D) 

Experimental timeline for DSS administration. Study for A was conducted using 

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

The copyright holder for this preprint (whichthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490271doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490271
http://creativecommons.org/licenses/by/4.0/


 

14-week-old AgRP-Cre-Ai9 mice with (+ CRS) or without (- CRS) 14 days of stress. 

C was conducted using 10- to 12-week-old AgRP-Cre mice receiving AAV expressing 

mCherry (- hM3Dq) or hM3Dq (+ hM3Dq), both treated with one injection of CNO 

and 30 min later for immunofluorescence analysis. Values are expressed as means ± 

SEM (n = 3-4 per group), with individual data points. Data were analyzed using 

two-tailed unpaired Student’s t test.  

 

 

 

 

 

 

 

 

Supplementary Figure 3 Pair-feeding has no beneficial effect on the improvement of 

colitis. (A) Percentage of body weight loss. (B) Scores of diarrhea. (C) Gross 

morphology and length of the colon. (D) H&E staining and histological scores of the 

colon tissues. Scale bar, 110 μm. (E) qRT-PCR analysis of mRNA expression of 

inflammatory cytokines (Il16, Il1b, Il12, and Tgfb) in the distal colonic tissues. 

Studies were conducted using 10- to 12-week-old AgRP-Cre mice receiving AAV 

expressing mCherry (- hM3Dq) or hM3Dq (+ hM3Dq), all mice experienced 

unstressed (- CRS) or stressed (+ CRS) treatment for 14 days, after that was under 
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treatment of 3% DSS in drinking water for 7 days to induce acute colitis, 

simultaneously receiving CNO injections every 12 hours per day. Pair-fed (PF) 

experiment was administered during CNO injection. For pair-fed groups (+ hM3Dq + 

CRS + PF), mice were given the same diet as the - hM3Dq + CRS groups. Values are 

expressed as means ± SEM (n=6-11 per group), with individual data points. Data were 

analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test. - 

hM3Dq + CRS versus - hM3Dq – CRS, *P <0.05, **P <0.01; + hM3Dq + CRS versus 

- hM3Dq + CRS, #P <0.05, ##P <0.01; + hM3Dq + CRS + PF versus - hM3Dq + 

CRS, %P <0.05, %%P <0.01 (A-B).  

 

 

 

 

 

 

 

Supplementary Figure 4. Parameters related to mice with inhibition of AgRP 

neuronal activity. (A) Experimental timeline for CRS. (B) Immunofluorescence (IF) 

staining for mCherry (red), c-Fos (green) and merge (yellow) in ARC sections (left), 

and quantification of c-Fos and mCherry colocalized cell numbers (right). (C) 

Experimental timeline for DSS administration. Study for B was conducted using 10- 

to 12-week-old AgRP-Cre mice receiving AAV expressing mCherry (- hM4Di) or 
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hM4Di (+ hM4Di) both treated with one injection of CNO and 30 min later for 

immunofluorescence analysis. Values are expressed as means ± SEM (n = 3 per 

group), with individual data points. Data were analyzed using two-tailed unpaired 

Student’s t test.  

 

 

 

 

 

 

 

Supplementary Figure 5. The changes of c-Fos after c-Jun deletion and 

overexpression in vitro and in vivo. (A) IF staining for tdTomato (red), c-Fos (green) 

and merge (yellow) in ARC sections (left), and quantification of c-Fos and tdTomato 

colocalized cell numbers (right). (B) IF staining for mCherry (red), c-Fos (green) and 

merge (yellow) in ARC sections (left), and quantification of c-Fos and mCherry 

colocalized cell numbers (right). (C-D) C-Fos mRNA levels. Study for A was 

conducted by mating Ai9 (tdTomato) mice with AgRP-irs-Cre mice to obtain 

AgRP-Ai9 mice as controls, mating Ai9 (tdTomato) mice with mice with c-Jun 

deletion in AgRP neurons (c-Jun∆AgRP) to obtain c-Jun∆AgRP-Ai9 mice. B was 

conducted using 12- to 14-week-old AgRP-Cre mice receiving AAV expressing 

mCherry (- c-Jun) or c-Jun (+ c-Jun). C was conducted on primary hypothalamus 
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isolated from newborn mice, receiving control (-sh-cJun) or sh-cJun (+ sh-cJun) 

transfected with Lipo 3000. D was conducted on primary hypothalamus isolated from 

newborn mice, receiving control (- pcmv-c-Jun) or c-Jun (+ pcmv-c-Jun) transfected 

with Lipo 3000. Values are expressed as means ± SEM (n=3-6 per group), with 

individual data points. Data were analyzed using two-tailed unpaired Student’s t test. 
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Supplementary Figure 6. Overexpression of c-Jun in AgRP neurons leads to 

resistance to CRS-induced anxiety-like behaviors and colitis. (A) IF staining for 

tdTomato (red), c-Jun (green) and merge (yellow) in ARC sections (left), and 

quantification of c-Jun and tdTomato colocalized cell numbers (right). (B) 

Experimental timeline for CRS. (C) IF staining for mCherry (red), c-Jun (green) and 

merge (yellow) in ARC sections (left), and quantification of c-Jun and mCherry 

colocalized cell numbers (right). (D) Body weight. (E) Colon length. (F) 

Representative tracks and statistical results in OF test. (G) Representative tracks and 

statistics in EPM test. (H) Experimental timeline for DSS administration. (I) 

Percentage of body weight loss. (J) Scores of diarrhea. (K) Gross morphology and 

length of the colon. (L) H&E staining and histological scores of the colon tissues. 

Scale bar, 110 μm. (M) qRT-PCR analysis of mRNA expression of inflammatory 

cytokines (Il16, Il1b, Il12, and Tgfb) in the distal colonic tissues. Study for A was 

conducted using 14-week-old AgRP-Cre-Ai9 mice with (+ CRS) or without (- CRS) 

14 days of stress. C was conducted using 12- to 14-week-old AgRP-Cre mice 

receiving AAV expressing mCherry (- c-Jun) or c-Jun (+ c-Jun), IF staining performed 

after 3 weeks from AAV recovery. D-G were conducted using – c-Jun mice and + 

c-Jun mice, both experienced unstressed (- CRS) or stressed (+ CRS) treatment for 14 

days. Behavioral tests were performed on day 15 (F) and day 16 (G). H-M were 

conducted using - c-Jun mice and + c-Jun mice receiving 3% DSS in drinking water 

for 7 days to induce acute colitis, after stress (+ CRS) or unstress (- CRS). Values are 

expressed as means ± SEM (n=3-8 per group), with individual data points. Data were 
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analyzed using two-tailed unpaired Student’s t test (A, C). Data were analyzed using 

two-way ANOVA, followed by Tukey’s multiple comparisons test (D-M). - c-Jun + 

CRS versus - c-Jun - CRS *P <0.05, **P <0.01. + c-Jun + CRS versus - c-Jun + CRS, 

#P <0.05, ##P <0.01 (D, I-J). 

 

 

 

 

 

Supplementary Figure 7. Biochemical parameters related to c-Jun∆AgRP mice. (A) IF 

staining of tdTomato (red), c-Jun (green) and merge (yellow) in ARC sections (left), 

and quantification of c-Jun and tdTomato colocalized cell numbers (right). (B) Serum 

corticosterone levels. (C) Body weight. (D) Food intake. Study for A was conducted 

using AgRP-Cre-Ai9 mice and c-Jun∆AgRP-Ai9 mice. B-D were conducted using 

c-Junloxp/loxp mice or c-Jun∆AgRP mice. Values are expressed as means ± SEM (n=4-20 

per group), with individual data points. Data were analyzed using two-tailed unpaired 

Student’s t test.  

 

 

 

 

Supplementary Figure 8. The efficacy of anxiolytic drug cyamemazine (CYA). 
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mRNA levels of 5-HT2a and 5-HT2c. Study was conducted using 18- to 20-week-old 

c-Junloxp/loxp mice and c-Jun∆AgRP mice treated with (+ CYA) or without (- CYA) 

followed by DSS administration. Values are expressed as means ± SEM (n=6-9 per 

group), with individual data points. Data were analyzed using two-way ANOVA, 

followed by Tukey’s multiple comparisons test. 

 

 

 

  

 

 

 

 

 

Supplementary Figure 9. Parameters related to c-Jun∆AgRP mice with thbs1 

supplementary. (A) Volcano plot of detected proteins between - c-Jun + CRS mice and 

- c-Jun - CRS after DSS insults; THBS1 is indicated. (B) Volcano plot of detected 

proteins between + c-Jun + CRS and - c-Jun + CRS after DSS insults; THBS1 is 

indicated. (C-D) Serum thbs1 levels. Studies for A-B were conducted using - c-Jun - 

CRS mice, - c-Jun + CRS mice and + c-Jun + CRS mice to analyze of serum secreted 

proteins. C was conducted using - c-Jun mice and + c-Jun mice receiving 3% DSS in 

drinking water for 7 days to induce acute colitis, after stress (+ CRS) or unstress (- 
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CRS). D was conducted using c-Junloxp/loxp and c-Jun∆AgRP mice administrated with 

3% DSS for 5 days to induce acute colitis with (+ CYA) or without (- CYA) CYA. 

Values are expressed as means ± SEM (n=3-7 per group), with individual data points. 

Data were analyzed using two-tailed unpaired Student’s t test (A-B). Data were 

analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test 

(C-D). 
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