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ABSTRACT 42 

Self-injurious behavior (SIB) is commonly observed in patients with neuropsychiatric 43 

disorders, as well as nonclinical populations with stress related mental health problems. 44 

However, the exact circuitry mechanisms underlying SIB have remained unclear. Here we 45 

established a rat model of SIB with bilateral injection of muscimol into entopeduncular 46 

nucleus (EP). Following the muscimol injection, the male rats exhibited stereotypic 47 

self-biting behavior that lasted for hours and often resulted in wounds of various severities, in 48 

a dose-dependent manner. The SIB was associated with elevated level of serum 49 

corticosterone, and could be exacerbated or alleviated by enhancing or inhibiting the 50 

corticosterone signaling, respectively. Activity mapping using c-fos immunostaining, 51 

combined with connectivity mapping using herpes simplex virus-based anterograde tracing 52 

from the EP and pseudorabies virus-based retrograde tracing from the masseter muscle, 53 

revealed the potential involvement of many brain areas in SIB. In particular, the lateral 54 

habenula (LHb) and the ventral tegmental area (VTA), the two connected brain areas 55 

involved in stress response and reward processing, showed significant increase in neuronal 56 

activation during SIB. Furthermore, suppressing the LHb activity or modulating the 57 

GABAergic transmission in the VTA could significantly reduce the occurrence of SIB. These 58 

results demonstrate the importance of the stress hormone signaling and the LHb-VTA circuit 59 

in modulating SIB resulted from EP malfunction, and suggest potential targets for therapeutic 60 

intervention of SIB and related disorders.  61 

 62 

SIGNIFICANCE STATEMENT 63 

Self-injurious behavior (SIB) occurs in about 4% of the general population, with substantially 64 

higher occurrence among adolescents and patients of neuropsychiatric disorders. Stress has 65 

been linked to the occurrence of SIB, yet the underlying mechanisms have remained unclear. 66 
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Using a rat model of SIB induced by disruption of activity in the entopeduncular nucleus 67 

(EP), we found that the behavior is regulated by stress and linked to corticosterone signaling. 68 

Viral tracing and c-fos immunostaining revealed the involvement of various subcortical areas, 69 

especially the EP-lateral habenula (LHb)-ventral tegmental area (VTA) circuit, in SIB. 70 

Furthermore, regulating activity in the LHb or the VTA alleviates SIB. These results may 71 

have implications in the development of new strategies to treat SIB. 72 
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INTRODUCTION 73 

Self-injurious behavior (SIB) often occurs in humans as a repetitive or compulsive action to 74 

harm one’s own body (Schroeder et al., 2001). The prevalence of SIB is about 4% in the 75 

general population, and up to 50% in patients with neuropsychiatric disorders (Briere and Gil, 76 

1998; Devine, 2014; Bentley et al., 2015). Various risk factors for SIB have been identified, 77 

including neurodevelopmental defects as in patients with autism spectrum disorders (ASD), 78 

psychological conditions such as abuse in childhood, and genetic disorders such as 79 

Lesch-Nyhan syndrome (Anderson and Ernst, 1994; Favaro et al., 2007; Devine, 2014). 80 

Previous studies suggest that SIB is associated with dysfunctions in neuromodulatory systems, 81 

especially the monoamine systems (Schroeder et al., 2001). 82 

Environmental stress has been indicated as a strong factor affecting the occurrence of SIB 83 

(Beckett et al., 2002; Davenport et al., 2008). Increased severity of tissue injury was found 84 

after social defeat stress in rats (Muehlmann et al., 2012). Although the underlying 85 

mechanisms are unclear, it has been hypothesized that SIB may serve as a means of relieving 86 

negative feelings (Klonsky, 2007). On the other hand, clinical studies showed seemingly 87 

contradictory results on the change in stress hormone level in patients with neuropsychiatric 88 

disorders and SIB. Increased blood cortisol level was found in adults with developmental 89 

disabilities and chronic self-injury (Symons et al., 2003), whereas no change or decrease in 90 

cortisol level was found in individuals with autism (Sandman et al., 1991; Curin et al., 2003). 91 

Nonetheless, it is generally believed that SIB is linked to stress related response, but exactly 92 

how it is regulated by stress is still elusive.  93 

It is also known that SIB may involve repetitive and stereotypic behavior, especially in 94 

some neuropsychiatric patients (Bodfish, 2007). Severe tissue damage is caused by abnormal 95 

repetitive movements, such as self-biting in mental retardation patients or excessive 96 

grooming in a mouse model of ASD with altered basal ganglia function (Peca et al., 2011; 97 
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Muehlmann and Lewis, 2012). Impaired functional activity in basal ganglia structures have 98 

also been implicated in SIB. For example, bilateral injection of muscimol into the substantia 99 

nigra (SN) of rats could induce stereotyped self-biting behavior (Baumeister and Frye, 1984). 100 

Lesions in the globus pallidus of the basal ganglia have been reported in some patients of 101 

depression, schizophrenia and obsessive-compulsive disorder (Laplane et al., 1989), 102 

psychiatric conditions with high SIB occurrence (Klonsky, 2007). Notably, deep brain 103 

stimulation at internal globus pallidus (GPi) could result in mood changes (Okun et al., 2003) 104 

and suicide behavior (Foncke et al., 2006), implying that this area commonly known for 105 

movement-control may also be involved in emotion modulation.  106 

As SIB is often triggered by negative emotions that lead to stereotypic self-harming 107 

movements, it is possible that GPi, which is involved in both movement control and emotion 108 

regulation, plays an important role in the process of SIB. It has been shown that the 109 

entopeduncular nucleus (EP), the rodent homolog of GPi, sends reward-related signals to the 110 

lateral habenula (LHb) (Shabel et al., 2012), which is associated with various mental 111 

disorders (Li et al., 2013; Chan et al., 2017). LHb is an important circuitry hub regulating 112 

monoamine nuclei such as the ventral tegmental area (VTA) (Proulx et al., 2014). Both LHb 113 

and VTA are parts of a complex emotion circuitry involved in responses to stress (Hikosaka, 114 

2010; Holly and Miczek, 2016), which is known to affect various brain functions (Xu et al., 115 

1998; Park et al., 2017) and to exacerbate SIB (Devine, 2012).  116 

It is thus conceivable that the above brain circuits play important roles in the induction and 117 

regulation of SIB. In the current study, we have established a rat model of SIB by impairing 118 

neural activity in the EP. With this model, we are able to systematically examine which brain 119 

areas that involved in SIB, and to investigate how this behavior is modulated by stress. 120 

 121 

MATERIALS AND METHODS  122 
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Animals 123 

All animal experiments were conducted following protocols approved by the Animal 124 

Experiments Committees at the University of Science and Technology of China, Wuhan 125 

Institute of Physics and Mathematics, Kunming Institute of Zoology, the Chinese Academy of 126 

Sciences, and Kunming University of Science and Technology. Male adult (8-10 weeks of 127 

age) Sprague Dawley rats (Vital River or Wuhan Centers for Disease Prevention & Control) 128 

were used for all experiments. The rats were housed under a 12-hour light/dark cycle, with ad 129 

libitum access to food and water. 130 

 131 

Stereotaxic surgery 132 

Rats were anesthetized with pentobarbital sodium salt (60 mg/kg, Merck) and placed in a 133 

stereotactic apparatus (RWD Life Science). For drug injections, small holes were drilled on 134 

the skull for the implantation of stainless steel guiding cannulae (500 μm outer diameters, 350 135 

μm inner diameters) positioned 1.0 mm above the target brain areas (EP: 2.5 mm posterior, 136 

3.0 mm lateral, 6.7 mm ventral to bregma; LHb: 3.8 mm posterior, 0.8 mm lateral, 4.0 mm 137 

ventral to bregma; VTA: 5.8 mm posterior, 0.7 mm lateral, 7.4 mm ventral to bregma). The 138 

location of injection site was examined using Nissl staining. Animals with off-target 139 

injections were excluded from further analysis unless otherwise stated explicitly. 140 

For viral tracing experiments, pseudorabies virus (PRV) carrying gene for enhanced green 141 

fluorescent protein (PRV-152-EGFP) was injected into left or right masseter muscle around 142 

marginal mandibular branch (5×109 unit/ml, 3 sites, 1.5 μl per site) (Stanek et al., 2014; Wei 143 

et al., 2015). Since it takes at least 48 hours for PRV to infect neurons in brain from muscles 144 

(Fay and Norgren, 1997), we injected herpes simplex virus (HSV) carrying tdTomato gene 145 

(HSV-tdTomato) into EP (5×1010 unit/ml, 300 nl) (Tang et al., 2016) ipsilateral to the PRV 146 

injection site two days later. Animals were then housed in home-cages for 60 hours before 147 
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sacrifice.  148 

 149 

Behavioral experiments and analyses 150 

After surgery, each rat was allowed to recover in individual home-cage for 7 days before 151 

being transferred to a black plastic recording box (30×30×30 cm) with an infrared transparent 152 

floor and two infrared cameras installed above and below the box. The rat was habituated in 153 

the recording box for 3 days (8 hours per day) prior to intracranial injections. For intracranial 154 

injection, the rat was anesthetized with isoflurane (3% for induction and 1.5% for 155 

maintenance, RWD Life Science). For SIB induction, 1.0 μl muscimol (Sigma-Aldrich) 156 

solution of various concentrations was injected bilaterally into EP using a syringe pump at 157 

0.25 μl/min. After injection, the cannula was left in place for an additional minute to allow 158 

diffusion of the drug away from the cannula tip. In other experiments, 1.0 μl muscimol (1.0 159 

μg/μl) or bicuculline methiodide (BMI, 200 μM, Tocris) was injected into target brain areas 160 

(e.g. LHb or VTA) bilaterally 20-30 minutes before SIB induction. RU38486 (60 mg/kg; 161 

Sigma-Aldrich) or corticosterone (60 mg/kg; TCI) was intraperitoneally injected 15 minutes 162 

before SIB induction. Metyrapone (100 mg/kg; Sigma-Aldrich) was intraperitoneally injected 163 

for 5 consecutive days; on the fifth day, metyrapone was injected 15 minutes before SIB 164 

induction. For restraint stress experiments, the rat received acute restraint in a restraint box 165 

for 3 hours before intracranial injection. Immediately after injection, the animal was 166 

transferred to the recording box, allowed 5-10 minutes to recover from anesthesia and 167 

recorded for up to 7 hours. After recording, each rat was visually examined and photographed 168 

for wounds on different body regions, including forepaws, chest, belly, legs, hindpaws and 169 

tail. Severity of wounds was quantified using criteria similar to previous studies (Turner et al., 170 

1999).  171 

Custom software was developed to quantitatively analyze repetitive movements in rats. 172 
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The algorithm is based on the analysis of the image difference value (IDV) between two 173 

video frames, defined as the sum of the absolute values of all pixel intensities in one frame 174 

subtracting those of corresponding pixels in the other frame: 175 

IDV (| | )A B
ij ijij

H F F t  176 

A
ijF  and B

ijF  represent pixel matrices of frame A and B, respectively. H is a step function. H(x) 177 

= 1 when x ≥ 0 and H(x) = 0 otherwise. A threshold parameter t was chosen (usually around 178 

60) depending on the quality of video images. 179 

For each 1-second long video segment (25 fps), a time series of 24 non-negative IDVs were 180 

generated by comparing the first frame with each of the rest 24 frames in the segment. Three 181 

different types of animal movement could be classified based on pattern of the IDV time 182 

series (Figure 1E). When the rat stayed still, all values in the time series were close to zero. 183 

When the rat moved naturally, the time series often showed monotonic increase. When the rat 184 

was in repetitive movements, the time series was near rhythmic, usually around 6 Hz. Such 185 

stereotypic movements identified and quantified by the program were confirmed by manual 186 

analysis of video clips. Codes and executable programs are available upon request. 187 

 188 

Measurement of serum corticosterone 189 

Rats were anesthetized with isoflurane (5%) for blood collection via tail vein (0.2 ml each 190 

time, for measuring serum corticosterone changes over time), or by cardiac puncture (0.3 ml 191 

per animal, for acute restraint stress experiments). Serum was extracted and stored at -20 or 192 

-80oC until assayed. Corticosterone level was measured using an enzyme-linked 193 

immunosorbent assay (ELISA) kit for corticosterone (Enzo Life Science). 194 

 195 

Immunostaining, fluorescence imaging and image analysis 196 
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Rats were sacrificed by an overdose of pentobarbital sodium salt, followed by intracardiac 197 

perfusion with 4% paraformaldehyde (PFA) in phosphate buffer saline. Brains were extracted 198 

from the skulls and kept in 4% PFA at 4oC for 24 hours. After cryoprotection in 30% sucrose, 199 

coronal slices (30-μm thick for c-fos immunofluorescence staining, and 50-μm for all other 200 

experiments) were immunostained using one or a combination of primary antibodies, 201 

including rabbit anti-c-fos (1:500; Santa Cruz Biotechnology, Cat# sc-52, RRID: 202 

AB_2106783), mouse anti-tyrosine hydroxylase (TH, 1:1000; Millipore, Cat# MAB318, 203 

RRID: AB_2201528), rabbit anti-DsRED (1:1000; Clontech Laboratories, Cat# 632496, 204 

RRID: AB_10013483), rabbit anti-GFP conjugated with Alexa 647 (1:1000; Molecular 205 

Probes (Invitrogen), Cat# A31852, RRID: AB_162553) and amplified with appropriate 206 

secondary antibodies, including Alexa Fluor488-labeled goat anti-rabbit (1:500; Cat# 207 

111-545-144, RRID: AB_2338052), Cy3-labeled donkey anti-mouse (1:500, Cat# 208 

715-165-151, RRID: AB_2315777) and Cy3-labeled goat anti-rabbit (1:500; Cat# 209 

111-165-144, RRID: AB_2338006) (all from Jackson ImmunoResearch Labs). Fully stained 210 

samples were imaged using a fluorescence stereomicroscope (Olympus MVX10) with a 2× 211 

objective (NA 0.5), at 2–4× zoom. Tyrosine hydroxylase (TH) and c-fos confocal images 212 

were captured on a confocal microscope (Zeiss LSM710) with a 20× water-immersion 213 

objective (NA 1.0).  214 

Semi-quantitative analyses of c-fos expression and viral tracing signals were performed 215 

for all brain areas by visual inspection. For each given area, the c-fos expression was 216 

considered substantially increased if the number of c-fos positive neurons in the mus-1.0-4h 217 

group was more than 30, and was at least 3 times the number of c-fos positive neurons in the 218 

sal-4h group. For viral tracing data, a brain area was considered to have strong co-infection of 219 

HSV and PRV if the density of both type of infected neurons were higher than 40 per square 220 

millimeter. 221 
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Quantitative analysis of c-fos expression in selected brain areas was performed using a 222 

custom python program. After image smoothing, c-fos positive cells were identified by visual 223 

inspection, with coordinates of all identified cells marked manually. The program then 224 

measured the signal (defined as the maximal pixel intensity within a 14×14 μm2 patch 225 

surrounding an artificial mark) and the background (defined as the median intensity of the 226 

pixels on the border a 42×42 μm2 patch surrounding the peak intensity point) of the cell. Only 227 

cells with the signal/noise ratio greater than 1.2 were counted as true c-fos positive cells. This 228 

procedure eliminates human biases influenced by different imaging conditions. 229 

 230 

Experimental design and Statistical tests 231 

For SIB induction/glucocorticoid modulation/restraint/c-fos expression/viral 232 

tracing/LHb-VTA modulation experiment, 63/145/79/28/4/95 rats with correct injection loci 233 

were used. For systematic survey of whole brain c-fos or viral tracing signal, 6 consecutive 234 

sections were examined for each brain area, and the section with the highest density of 235 

positive neurons was selected for semi-quantitative analysis. For quantitative analysis of c-fos 236 

expression in selected brain areas, the number of c-fos positive cells on 6 sections was 237 

counted for each area (3 consecutive sections from each hemisphere; except for VTA, where 238 

total of 3 consecutive sections were counted as both hemispheres can be counted together in 239 

the same brain section). Wound occurrence ratio for each group was determined as the ratio 240 

of the number of rats with wounds to the total number of rats. Changes in corticosterone 241 

following bilateral muscimol or saline injection were compared using two-way repeated 242 

measures analysis of variance (ANOVA) for determination of main effects and interactions, 243 

followed by least significant difference (LSD) post hoc tests for pair-wise comparisons 244 

among groups. Data of c-fos positive cell counting, except for those from unilateral muscimol 245 

injection experiments, were analyzed using two-way ANOVA followed by LSD’s post hoc 246 
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test to compare the effect of different drugs at different times. All other data were analyzed 247 

using either one-way ANOVA followed by LSD’s post hoc test (for tests with more than two 248 

groups) or two-sample Student’s t-test (for tests with two groups), and expressed as mean ± 249 

SEM. Test results were considered statistically significant when p < 0.05.  250 

 251 

RESULTS 252 

Self-injurious Behavior in Rats Induced by Muscimol Injection at EP  253 

Rats were injected bilaterally with muscimol into EP to disrupt local neural activity after 254 

habituation in the recording box for 3 days (Figure 1A). Immediately after injection, the rats 255 

exhibited agitated movements for about 10 minutes, and then gradually quieted down as their 256 

limb muscles started to show stiffness and stopped locomotor activity. About 40-60 minutes 257 

following the muscimol injection, most rats curled up and began to show repetitive 258 

movements including stereotypic sniffing, head nodding and self-biting. Such stereotypic 259 

self-biting behaviors were always accompanied by other stereotypic movements and lasted 2 260 

to 5 hours, which usually led to skin and tissue damage in one or more body areas of the rats 261 

(Figure 1B). We considered it a form of self-injurious behavior and called these animals with 262 

wounds “SIB rats”. For the group with bilateral injection of 1.0 μg muscimol each side 263 

(mus-1.0), wounds occurred in about 90% of the rats. Wound occurrence ratio reduced to 264 

about 40% in the low dose group (mus-0.2), whereas no wounds were found in the control 265 

groups with bilateral saline injection or unilateral muscimol injection (F(3,59) = 24.827, p < 266 

0.001; sal vs. mus-0.2: p = 0.003; sal vs. mus-1.0: p < 0.001; mus-0.2 vs. mus-1.0: p < 0.001; 267 

mus-1.0-uni vs. mus-1.0: p < 0.001; Figure 1C). Wound severity was also scored for each 268 

group of rats (F(3,59) = 27.042, p < 0.001; sal vs. mus-0.2: p = 0.019; sal vs. mus-1.0: p < 269 

0.001; mus-0.2 vs. mus-1.0: p < 0.001; mus-1.0-uni vs. mus-1.0: p < 0.001; Figure 1D, Table 270 

1). 271 
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We have further analyzed and quantified the repetitive movements in rats using a custom 272 

software (see Materials and Methods, Figure 1E), the SIB animals in general showed more 273 

repetitive movements and higher repetition frequency than the non-SIB (those with 274 

stereotypic movements but no wounds) or control rats (F(3,59) = 18.093, p < 0.001; sal vs. 275 

mus-0.2: p = 0.007; sal vs. mus-1.0: p < 0.001; mus-0.2 vs. mus-1.0: p < 0.001; mus-1.0-uni 276 

vs. mus-1.0: p < 0.001; Figure 1F, 1G, 1H), as well as longer duration of repetitive 277 

movements (mus-0.2 vs. mus-1.0, t(41) = 5.013, p < 0.001; Figure 1I). Notably, rats with 278 

unilateral muscimol injection exhibited moderate head movements but no stereotypic 279 

self-biting behavior, whereas rats with saline injection showed normal behavior with 280 

occasional grooming (Figure 1F). A positive correlation was found between the score of 281 

wound severity and the counts of total movements in the bilateral muscimol injection groups 282 

(R2=0.64; Figure 1J). The EP injection sites in all the animals used in Figure 1 were mapped 283 

out (Figure 2). These results suggest that the occurrence of SIB is linked to the level of 284 

stereotypic movements in a dose-dependent manner. 285 

To determine if EP is indeed the induction site of such SIB, we mapped out the muscimol 286 

injection loci of all SIB and non-SIB rats, and further included cases of deliberately deviated 287 

injection about 0.8-1.0 mm away from the edge of EP in dorsal-ventral or medial-lateral 288 

direction (Figure 3A). Along the rostral-caudal axis, the wound occurrence ratio in the 289 

mus-0.2 group was relatively higher at loci closer to the target location of our EP injection 290 

site (2.50 mm posterior to bregma) (Figure 3B). We further analyzed the wound occurrence 291 

ratio around the EP area near the target injection site (from 2.40 to 2.64 mm posterior to 292 

bregma), and found that the ratio decreased rapidly as the injection sites deviating from the 293 

EP (Figure 3D). Similar trend was observed in the mus-1.0 group (Figure 3C, 3E). These 294 

results suggest that the disruption of neural activity in EP rather than its adjacent areas is 295 

responsible for the stereotypic movements and subsequent self-injury in rats. 296 
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 297 

Modulation of SIB by glucocorticoid signaling 298 

Previous studies have shown that SIB is accompanied by changes in the level of stress 299 

hormone (Symons et al., 2003). We measured the serum levels of corticosterone (the main 300 

glucocorticoid in rodents) in rats following muscimol injection at EP. As shown in Figure 4A, 301 

the corticosterone levels in the muscimol injected groups (mus-1.0 and mus-0.2) increased 302 

rapidly and were significantly higher than the control group (sal) 1 hour after the injection. In 303 

the mus-1.0 group, corticosterone kept rising steadily and reached the maximal level at about 304 

4 hours after injection, and started to decay afterwards. In the mus-0.2 group, corticosterone 305 

began to show minor decrease 2 to 4 hours after injection but was still significantly higher 306 

than that in the control group, before decaying to baseline level by 4 to 6 hours. In contrast, 307 

corticosterone in the control group remained at a low level and only rose moderately in the 308 

afternoon due to the normal daily cycle of the hormone. Two way repeated measures ANOVA 309 

of this data set showed a significant effect of drug injection (F(2,24) = 19.164, p < 0.001), 310 

time (F(2.909,69.825) = 20.490, p < 0.001) and drug × time interaction (F(5.819,69.825) = 311 

11.643, p < 0.001). LSD’s post hoc test showed a significant difference of drug injection 312 

among the three groups (sal vs. mus-0.2, p = 0.018; sal vs. mus-1.0, p < 0.001; mus-0.2 vs. 313 

mus-1.0, p < 0.001; Figure 4A). All 8 rats in the mus-1.0 group and 5 out of 11 rats in the 314 

mus-0.2 group exhibited biting wounds. We further compared corticosterone levels in rats 315 

(with and without SIB) of mus-0.2 group and found that there was a significant effect of SIB 316 

(F(1,9) = 6.605, p = 0.030), time (F(2.055,18.494) = 33.929, p < 0.001) but no significant 317 

effect of SIB × time interaction (F(2.055,18.494) = 1.687, p = 0.212), indicating that 318 

corticosterone levels in SIB rats were significantly higher than that in non-SIB rats (Figure 319 

4B). These results demonstrate that elevated corticosterone level is associated with the 320 

induction and maintenance of SIB. 321 
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To examine whether changes in stress hormone might modulate SIB, we altered the levels 322 

of corticosterone in muscimol injected rats using pharmacological and behavioral 323 

manipulations. In the group intraperitoneally injected (i.p.) with glucocorticoid receptor 324 

blocker RU38486 (60 mg/kg) or steroid β-hydroxylase inhibitor metyrapone (100 mg/kg), 325 

animals showed significant reduction in wound occurrence ratio (F(10,107) = 15.911, p < 326 

0.001; Veh + mus-1.0 vs. RU + mus-1.0: p < 0.001, Veh2 + mus-1.0 vs. Met + mus-1.0: p = 327 

0.001; Figure 5A) and severity (F(10,107) = 14.116, p < 0.001; Veh + mus-1.0 vs. RU + 328 

mus-1.0: p < 0.001, Veh2 + mus-1.0 vs. Met + mus-1.0: p = 0.005; Figure 5B), as well as the 329 

total counts (F(10,107) = 11.270, p < 0.001; Veh + mus-1.0 vs. RU + mus-1.0: p = 0.001, 330 

Veh2 + mus-1.0 vs. Met + mus-1.0: p = 0.030; Figure 5C, 5D, 5E) and the duration (F(6,73) 331 

= 12.079, p < 0.001; Veh + mus-1.0 vs. RU + mus-1.0: p = 0.004, Veh2 + mus-1.0 vs. Met + 332 

mus-1.0: p =0.016; Figure 5F) of the stereotypic movements compared with rats in the 333 

control groups. To elevate the levels of corticosterone, we injected corticosterone (60 mg/kg, 334 

i.p.) in the lower dose group (mus-0.2) to avoid the ceiling effect. The rats exhibited 335 

significantly higher wound occurrence ratio (F(10,107) = 15.911, p < 0.001; Veh + mus-0.2 336 

vs. Cort + mus-0.2: p = 0.001, Figure 5A) and severity (F(10,107) = 14.116, p < 0.001; Veh + 337 

mus-0.2 vs. Cort + mus-0.2: p = 0.012; Figure 5B) with more severe stereotypic movements 338 

compared with the control group (total counts: F(10,107) = 11.270, p < 0.001; Veh + mus-0.2 339 

vs. Cort + mus-0.2: p = 0.002; duration: F(6,73) = 12.079, p < 0.001; Veh + mus-0.2 vs. Cort 340 

+ mus-0.2: p = 0.005; Figure 5C-F). No SIB occurred in rats injected with saline in the EP 341 

and intraperitoneally injected with RU38486, metyrapone or corticosterone (Figure 5A, 5B).  342 

To evaluate the effects of physiological stress on SIB, rats were exposed to acute restraint 343 

stress, which is known to activate the hypothalamic-pituitary-adrenal (HPA) axis and to 344 

elevate system-wide glucocorticoid level (Kirby et al., 2013). Three hours of restraint led to 345 

significant enhancement in both neuronal activity in the paraventricular nucleus of 346 
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hypothalamus (PVN) as reflected by the increase in c-fos expression (t(34) =12.978, p < 347 

0.001; Figure 6A, 6B) and serum corticosterone (t(23) = 4.178, p < 0.001; Figure 6C). 348 

Injection of 0.2 μg muscimol (mus-0.2) into the EP right after restraint resulted in significant 349 

increase in wound occurrence ratio (F(4,49) = 16.734, p < 0.001; no restraint + i.p.(mus-0.2) 350 

vs. restraint + i.p.(mus-0.2): p = 0.003; restraint + i.p.(sal) vs. restraint + i.p.(mus-0.2): p < 351 

0.001; Figure 6D) and severity (F(4,49) = 12.973, p < 0.001; no restraint + i.p.(mus-0.2) vs. 352 

restraint + i.p.(mus-0.2): p = 0.018; restraint + i.p.(sal) vs. restraint + i.p.(mus-0.2): p < 0.001; 353 

Figure 6E) compared with the non-restraint group. In additional controls, we found no SIB in 354 

saline injected or naïve animals with the same stereotaxic surgery (Figure 6D, 6E). These 355 

results indicate that SIB is modulated by stress, worsened with elevation of corticosterone 356 

and ameliorated with reduction of corticosterone. 357 

 358 

SIB-Related Brain Areas Revealed by Activity and Connectivity Mapping 359 

To identify the brain areas participated in the process of SIB, we first compared the neuronal 360 

activation in the muscimol injected rats with that in the saline injected ones using c-fos 361 

immunofluorescence staining. The levels of c-fos signal were examined at 1 hour, 2 hours 362 

and 4 hours after injection, which reflected neuronal activities about an hour before each time 363 

points (Krukoff, 1999). Thus the c-fos expression in the 1h groups reflected the neural 364 

activity associated with the handling and immediate response to the injection, whereas the 365 

mus-1.0-2h and the mus-1.0-4h groups reflected the activities during the initial and sustained 366 

phases of the stereotypic movements, respectively. A systematic semi-quantitative analysis of 367 

all brain areas (see Materials and Methods) revealed that c-fos signals were substantially 368 

enhanced in 36 areas in the mus-1.0-4h group compared with the saline controls (Figure 7A).  369 

Because SIB in our rat model was initially induced by disrupting neural activity in EP, and 370 

was eventually expressed as stereotypic self-biting involving contractions of masseter muscle, 371 
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it is likely that this behavior involves brain areas along the multi-synaptic neural signaling 372 

pathway from the EP to masseter muscle. Comparing the brain areas located along this 373 

EP-masseter muscle pathway with the above 36 activated brain areas identified by c-fos 374 

expression could help narrow down key circuits involved in SIB. To trace the EP-masseter 375 

muscle pathway, retrograde pseudorabies virus carrying EGFP gene (PRV-EGFP) was 376 

injected into the masseter muscle, and anterograde herpesvirus expressing tdTomato 377 

(HSV-tdTomato) was injected into EP (Zemanick et al., 1991; Dum and Strick, 2013) (Figure 378 

7B, see Materials and Methods). Sixty hours after infection, the two viruses could have 379 

crossed a few synapses from the two ends of the EP-masseter muscle pathways. We identified 380 

59 brain areas that were infected by at least one type of viral tracers, and 18 of them exhibited 381 

relatively strong co-infection of both viruses (Figure 7A). In addition, 7 brain areas showed 382 

both strong co-infection of two viruses and considerable increase of c-fos expression in the 383 

mus-1.0-4h group, including PVN, LHb, central amygdala (CeA), locus coeruleus (LC), 384 

subthalamic nucleus (STN), pedunculopontine tegmental nucleus (PPTg) and dorsomedial 385 

hypothalamic nucleus (DMH) (Figure 7A, 7C). 386 

From the 7 identified areas that were on the EP-masseter muscle pathways and were 387 

activated during SIB, we first chose 2 brain areas for further quantitative analysis: the PVN 388 

that is activated by stress and plays a central role in corticosterone release (Herman and 389 

Cullinan, 1997), and the LHb that is a direct target of EP (Shabel et al., 2012) and is also an 390 

important player in stress response (Hikosaka, 2010). Indeed, the PVN showed near 3-fold 391 

more activated neurons in the mus-1.0-4h groups as compared with the sal-4h groups (drug: 392 

F(1,144) = 28.562, p < 0.001; time: F(2,144) = 10.779, p < 0.001; drug × time interaction: 393 

F(2,144) = 43.981, p < 0.001; sal vs. mus-1.0, 1h: p = 0.007; 2h: p = 0.276; 4h: p < 0.001; 394 

Figure 8A, 8C), consistent with the observed role of stress and corticosterone in SIB (Figure 395 

6). Furthermore, the LHb showed even more dramatic change, with over 10-fold higher 396 
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neuronal activation in the mus-1.0-4h groups than the sal-4h control (drug: F(1,132) = 397 

201.404, p < 0.001; time: F(2,132) = 3.333, p = 0.039; drug × time interaction: F(2,132) = 398 

24.133, p < 0.001; sal vs. mus-1.0, 1h: p = 0.002; 2h: p < 0.001; 4h: p < 0.001; Figure 8B, 399 

8D), suggesting that the activation of LHb neurons may be involved in SIB. As an additional 400 

control, we also examined the c-fos expression 4 hours after unilateral muscimol injection 401 

into the EP of one hemisphere with saline injection to the other, a manipulation that did not 402 

lead to biting wound (Figure 1C, 1D). Both sides of PVN (ipsi and contra) showed similar 403 

elevated c-fos expression, but significantly lower than that of the mus-1.0-4h group (F(3,59) 404 

= 18.198, p < 0.001; ipsi vs. contra: p = 0.822; mus-1.0-4h vs. ipsi: p = 0.013; sal-4h vs. 405 

contra: p < 0.001; Figure 8A, 8C). Meanwhile, the ipsilateral LHb (ipsi) exhibited higher 406 

c-fos expression than the contralateral LHb (contra), but still significantly lower than that in 407 

the mus-1.0-4h group (F(3,74) = 81.872, p < 0.001; ipsi vs. contra: p < 0.001; mus-1.0-4h vs. 408 

ipsi: p < 0.001; sal-4h vs. contra: p = 0.297; Figure 8B, 8D), supporting a role of LHb 409 

activation in SIB.  410 

 411 

Modulation of SIB by the LHb-VTA Circuit 412 

Previous studies have found that the LHb receives direct excitatory and inhibitory inputs 413 

from EP (Shabel et al., 2012; Shabel et al., 2014; Wallace et al., 2017), and our results 414 

showed that c-fos expression in LHb exhibited significant increase at 4 hours after muscimol 415 

injection into EP (Figure 8B, 8D). To further investigate the role of LHb in SIB, we injected 416 

muscimol into LHb 20 minutes prior to the EP injection. The animals showed significantly 417 

lower wound occurrence ratio (F(2,32) = 15.722, p < 0.001; i.lhb.(sal) + i.ep.(mus-1.0) vs. 418 

i.lhb.(mus-1.0) + i.ep.(mus-1.0): p = 0.001; i.lhb.(mus-1.0) + i.ep.(sal) vs. i.lhb.(mus-1.0) + 419 

i.ep.(mus-1.0): p = 0.049; Figure 9A) and severity score (F(2,32) = 10.521, p < 0.001; 420 

i.lhb.(sal) + i.ep.(mus-1.0) vs. i.lhb.(mus-1.0) + i.ep.(mus-1.0): p = 0.005; i.lhb.(mus-1.0) + 421 
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i.ep.(sal) vs. i.lhb.(mus-1.0) + i.ep.(mus-1.0): p = 0.117; Figure 9B) compared to EP injected 422 

animals with saline injection into LHb, indicating that LHb is indeed an important node 423 

downstream of EP in the induction of SIB. 424 

LHb sends glutamatergic projections to the VTA, innervation primarily GABAergic 425 

neurons, which in turn inhibit the dopaminergic neurons in the VTA (Figure 9C) (Brinschwitz 426 

et al., 2010; Russo and Nestler, 2013). Previous studies have shown that dopaminergic 427 

modulation plays an important role in synaptic plasticity and reward responses (Zhang et al., 428 

2009; Bromberg-Martin et al., 2010). In addition, dysregulation of dopamine system can 429 

induce SIB in patients and animal models (Schroeder et al., 2001). When examining neural 430 

activity in the VTA in muscimol injected rats, we found that the number of c-fos positive cells 431 

was significantly increased at 4h after the injection (drug: F(1,37) = 37.026, p < 0.001; time: 432 

F(1,37) = 6.242, p = 0.017; drug × time interaction: F(1,37) = 11.860, p = 0.001; sal vs. 433 

mus-1.0, 1h: p = 0.065; 4h: p < 0.001; 1h vs. 4h, sal: p = 0.541; mus-1.0: p < 0.001; Figure 434 

9D, 9E). Combined with immunostaining of tyrosine hydroxylase (TH), we found that the 435 

c-fos expression of both TH-positive dopaminergic neurons and TH-negative neurons, most 436 

of which are known to be GABAergic (Yamaguchi et al., 2007; Nair-Roberts et al., 2008; 437 

Margolis et al., 2012), increased significantly at 4h after muscimol injection (cell type: F(2,75) 438 

= 143.986, p < 0.001; time: F(1,75) = 19.849, p < 0.001, cell type × time interaction: F(2,75) 439 

= 5.272, p = 0.007; mus-1.0-1h vs. mus-1.0-4h: c-fos+-TH+: p = 0.018; c-fos+-TH-: p < 0.001; 440 

total TH+: p = 0.721; Figure 9F, 9G). We also noticed that the ratio between the number of 441 

c-fos+-TH+ cells and that of c-fos+-TH-cells in the VTA decreased at 4h (t(25) = 2.099, p = 442 

0.023; Figure 9H).  443 

To evaluate the possible involvement of VTA activity in SIB, we first blocked the 444 

GABAergic inhibition by injecting GABA-A receptor antagonist bicuculline into the VTA 30 445 

minutes before the EP injection. The treatment significantly reduced wound occurrence ratio 446 



 

20 
 

(F(4,55) = 16.053, p < 0.001; i.vta.(sal) + i.ep.(mus-1.0) vs. i.vta.(BMI) + i.ep.(mus-1.0): p < 447 

0.001; i.vta.(BMI) + i.ep.(sal) vs. i.vta.(BMI) + i.ep.(mus-1.0): p = 0.005; Figure 9I) and 448 

severity score (F(4,55) = 16.141, p < 0.001; i.vta.(sal) + i.ep.(mus-1.0) vs. i.vta.(BMI) + 449 

i.ep.(mus-1.0): p < 0.001; i.vta.(BMI) + i.ep.(sal) vs. i.vta.(BMI) + i.ep.(mus-1.0): p = 0.011; 450 

Figure 9J). Intriguingly, muscimol injection into the VTA also caused significantly decrease 451 

in the wound occurrence ratio (F(4,55) = 16.053, p < 0.001; i.vta.(sal) + i.ep.(mus-1.0) vs. 452 

i.vta.(mus-1.0) + i.ep.(mus-1.0): p < 0.001; i.vta.(mus-1.0) + i.ep.(sal) vs. i.vta.(mus-1.0) + 453 

i.ep.(mus-1.0): p = 0.069; Figure 9I) and severity score (F(4,55) = 16.141, p < 0.001; 454 

i.vta.(sal) + i.ep.(mus-1.0) vs. i.vta.(mus-1.0) + i.ep.(mus-1.0): p < 0.001; i.vta.(mus-1.0) + 455 

i.ep.(sal) vs. i.vta.(mus-1.0) + i.ep.(mus-1.0): p = 0.309; Figure 9J). Figure 10-11 showed EP, 456 

LHb and VTA injection sites in all the animals used in Figure 9. These results indicate that 457 

the LHb-VTA circuit plays a key role in the induction and regulation of SIB. 458 

 459 

DISCUSSION 460 

Synergistic effects of motor and emotional dysfunctions in SIB 461 

We have established a rat model of SIB by disrupting the neural activity in EP. Such SIB 462 

could be modulated by the level of corticosterone and activity in the LHb-VTA circuit. 463 

Thalamus and LHb, two major output targets of EP, play critical roles in motor and emotional 464 

functions (Kha et al., 2000; Li et al., 2013). Previous studies have shown that GPi, the 465 

primate homolog of EP, is associated with movement disorders, such as dystonia and OCD 466 

(Zhuang et al., 2004; Nair et al., 2014). Moreover, EP or GPi participates in aversion 467 

encoding (Hong and Hikosaka, 2008; Shabel et al., 2012) and is involved in emotional 468 

disorders, such as major depression disorder, schizophrenia and suicide (Laplane et al., 1989; 469 

Burkhard et al., 2004; Foncke et al., 2006). Therefore, the SIB induced by the disruption of 470 

activity in EP could be due to the synergistic effects of motor and emotional dysfunctions. 471 
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Indeed, rats with EP impairment showed both stereotypic movements and enhanced 472 

corticosterone levels, together with increased neural activity in several stress-related brain 473 

areas, such as PVN, LHb, CeA and LC. By altering the corticosterone signaling or the 474 

activity of the LHb-VTA circuit, we found that the wound occurrence could be significantly 475 

reduced but never fully blocked, which also indicates the existence of parallel pathways 476 

besides the stress-response system contributes to SIB. Thus, whereas these emotion-related 477 

circuits and signaling systems are potential targets for the intervention of this behavior, it is 478 

possible that total rescue of SIB in this model will require coordinated regulation of both the 479 

stress-response systems and the thalamus-cortex-striatum pathway.  480 

 481 

Delayed onset of SIB 482 

Intriguingly, after muscimol injection into EP, there was always a 40-60 minutes delay before 483 

the onset of stereotypic head movements (Figure 1F), a phenomenon also observed in rats 484 

with SIB induced by muscimol injection into SN (Baumeister and Frye, 1984). Because 485 

off-target injections near EP generally failed to induce SIB (Figure 3), it is unlikely that the 486 

delay is due to diffusion of muscimol to these surrounding areas. Instead, we suspect that the 487 

slow development of behavioral abnormality reflects changes in dynamic interactions among 488 

complex circuitry and hormonal systems. This complexity may also underlie the observed 489 

individual variability among animals in their susceptibility to similar SIB-inducing treatments, 490 

e.g. bilateral injection of 0.2 μg muscimol into EP (Figure 4B). The many brain areas 491 

identified by our SIB activity and connectivity maps provide potential candidates for future 492 

investigation of this complexity. 493 

 494 

Activity in the LHb-VTA pathway during SIB 495 

Previous studies reported that EP sends GABAergic projections to the thalamus, whereas 496 
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glutamate/GABA co-releasing neurons and a rare population of purely glutamatergic neurons 497 

in EP send projections to LHb (Wallace et al., 2017). LHb-projecting EP neurons showed 498 

similar encoding properties as LHb neurons in expecting “antireward” signals (Hong and 499 

Hikosaka, 2008; Shabel et al., 2012; Stephenson-Jones et al., 2016), and the balance of 500 

glutamate/GABA co-release was changed in the depression and cocaine withdrawal rodents 501 

(Shabel et al., 2014; Meye et al., 2016). It is thus possible that muscimol injection into EP 502 

would silence its neural activity and therefore remove the inhibition to LHb from the 503 

glutamate/GABA co-releasing neurons in EP, leaving LHb neurons more readily activated by 504 

other inputs. This scenario is consistent with the increase of c-fos expression in LHb 505 

following the muscimol injection into EP (Figure 8B, 8D).  506 

Driven by the excitatory inputs from the LHb (Russo and Nestler, 2013), neural activity 507 

in the VTA also increased in rats showing SIB, both in the TH-positive dopaminergic neurons 508 

and in the TH-negative, most likely GABAergic neurons (Figure 9G, 9H). Interestingly, the 509 

GABAergic neurons in the VTA are also known to receive direct inputs from the PVN (Beier 510 

et al., 2015), thus the increased activity in the PVN could also contribute to the enhanced 511 

activation of GABAergic neurons in the VTA during SIB (Figure 8A, 8C, 9G, 9H). Notably, 512 

both activity inhibition by muscimol and disinhibition by bicuculline injected into the VTA 513 

partially rescued SIB (Figure 9I, 9J), suggesting that an “optimal” activation level of VTA 514 

dopaminergic neurons might be required to positively modulate the behavior. This is 515 

reminiscent of the inverted-U shape curve of dopaminergic modulation of other functional 516 

circuits such as the prefrontal cortex during working memory tasks (Vijayraghavan et al., 517 

2007). In any case, our results suggest that the LHb-VTA pathway may be potential 518 

therapeutic targets for treating SIB and related behavioral abnormalities, for example, in 519 

patients or animal models with autism or Lesch-Nyhan disease who were found to have 520 

decreased concentrations of dopamine and metabolites in various brain areas, including the 521 
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frontal cortex, basal ganglia and ventral tegmental complex (Jinnah et al., 1994; Ernst et al., 522 

1996; Ernst et al., 1997; Liu et al., 2014).  523 

In conclusion, we have established a circuit-specific rat model of self-injurious behavior 524 

that is acutely induced by disruption of EP activity. With this model, we demonstrate that SIB 525 

can be modulated by stress and glucocorticoid system. Furthermore, we have identified brain 526 

areas by screening the relevant activity and connectivity maps in our SIB model, especially 527 

the LHb-VTA circuit, in the induction and modulation of SIB. Further studies on more brain 528 

areas, perhaps with other methods of induction, should reveal new insights into the complex 529 

circuit mechanisms underlying SIB, and could lead to new therapeutic approaches for the 530 

treatment of related disorders. 531 

532 
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FIGURE LEGENDS  695 

Figure 1. Stereotypic self-injurious behavior (SIB) induced by disruption of activity in the 696 

entopeduncular nucleus (EP). (A) Experimental paradigm. Saline or muscimol was injected 697 

into EP bilaterally. EP injection was performed 10 days after surgery, following 3 days of 698 

habituation. i.ep., EP injection. (B) Schematic diagram and example photos of SIB rats, 699 

showing wounds on chest (1), forepaws (2), belly (3), legs (4), hindpaws (5) and tail (6). (C) 700 

Self-injurious behavior was induced by muscimol injection into EP, with wound occurrence 701 

ratio of the mus-1.0 group significantly higher than that of the mus-0.2 group. No wound 702 

occurred in the sal and mus-1.0-uni groups. (D) Average score of wound severity for each 703 

group. (E) Examples of image difference value (IDV) curves corresponding to different types 704 

of animal movement. Three IDV curves each based on a 1-sec video segment when the rat 705 

was at rest (upper), undergoing natural movement (middle) or repetitive movement (lower). 706 

Scale bar, 500 IDVs in the upper and lower, and 1000 IDVs in the middle graph. (F) 707 

Quantification of repetitive movements of four individual animals after EP injections. The 708 

movements included self-biting, grooming and head nodding. (G) Total counts of movements 709 

in 400 minutes after EP injection versus the maximal counts of movements per minute for 710 

different groups of animals. Color symbols indicate rats with wounds, while black symbols 711 

indicate rats without wound. (H) The total counts of movements over the 400 minutes of the 712 

mus-1.0 group were significantly more than those of the mus-0.2 group, mus-1.0-uni group 713 

and the saline group. (I) Duration of the repetitive movements of the mus-1.0 group was 714 

significantly longer than that of the mus-0.2 group. (J) Correlation of total repetitive 715 

movements and wound severity score. Each point indicates a muscimol injected rat. The red 716 

line represents the best fit with linear regression between the repetitive movements and the 717 

wound score. *p < 0.05, **p < 0.01, ***p < 0.001 for all figures. mus-0.2 and mus-1.0, rats 718 

bilaterally injected with 0.2 and 1.0 μg muscimol per site; mus-1.0-uni, rats unilaterally 719 
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injected with 1.0 μg muscimol in one site and saline in the other; sal, rats bilaterally injected 720 

with saline; w and nw, rats with and without wounds. Number of animals used: sal, n = 12; 721 

mus-0.2, n = 18; mus-1.0, n = 25; mus-1.0-uni, n = 8. 722 

 723 

Figure 2. Entopeduncular nucleus (EP) injection sites in all the animals used in Figure 1. (A) 724 

An example brain slice with Nissl staining showing cannulae locations of EP. (B) Summary of 725 

verified injection sites shown on a brain atlas (red: rats with wounds; green: rats without 726 

wound).  727 

 728 

Figure 3. Occurrence of SIB sharply decreased as the muscimol injection sites deviated from 729 

the EP. (A) Summary of EP injection sites in all SIB and non-SIB rats shown on a brain atlas 730 

(red: rats with wounds; green: rats without wound). (B) Wound ratio along the sagittal axis in 731 

the mus-0.2 group. The gray zone indicates the range of EP. (C) Wound ratio along the 732 

sagittal axis in the mus-1.0 group. (D) Wound ratio vs. the distance from the edge of EP to the 733 

center of injection sites in the mus-0.2 group (from 2.40 mm to 2.64 mm posterior to bregma). 734 

(E) Wound ratio vs. the distance from the edge of EP to the center of injection sites in the 735 

mus-1.0 group (from 2.40 mm to 2.64 mm posterior to bregma). 736 

 737 

Figure 4. The elevated corticosterone level was associated with the induction and 738 

maintenance of SIB. (A) The corticosterone levels in the mus-0.2 and mus-1.0 groups 739 

increased rapidly following the muscimol injection into EP and remained significantly higher 740 

than that in the control group in the 4-6 hours after the injection (sal, n = 8; mus-0.2, n = 11; 741 

mus-1.0, n = 8). (B) Corticosterone levels in the SIB rats were significantly higher than those 742 

in the non-SIB rats. The dashed lines represent the corticosterone levels for each individual 743 

animal, and the black and red solid lines show the average corticosterone levels for the 744 
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mus-0.2-nw and mus-0.2-w groups, respectively. *p < 0.05, **p < 0.01, ***p < 0.001 for all 745 

figures. 746 

 747 

Figure 5. Modulation of SIB by corticosterone level. (A and B) Intraperitoneal injection of 748 

the glucocorticoid receptor antagonist RU38486, or metyrapone for 5 consecutive days, 749 

before EP injection in the mus-1.0 group significantly decreased the wound occurrence ratio 750 

(A) and the wound severity (B), whereas intraperitoneal injection of corticosterone before EP 751 

injection in the mus-0.2 group significantly increased the wound occurrence ratio (A) and the 752 

wound severity (B) (sal + sal, n = 8; RU + sal, n = 10; Met + sal, n =10; Cort + sal, n = 10; 753 

sal + mus-1.0, n = 8; Veh + mus-1.0, n = 12; RU + mus-1.0, n = 10; Veh2 + mus-1.0, n = 9; 754 

Met + mus-1.0, n = 12; Veh + mus-0.2, n = 13; Cort + mus-0.2, n = 16). (C) Quantification of 755 

repetitive movements of nine individual animals after intraperitoneal injection of vehicles, 756 

RU38486, metyrapone or corticosterone with EP injection. (D) Total counts of movements in 757 

400 minutes after EP injection versus the maximal counts of movements per minute for 758 

different groups of animals. Color symbols indicate rats with wounds, while black symbols 759 

indicate rats without wound. (E and F) The total counts (E) and duration (F) of repetitive 760 

movements of the RU or metyrapone injected group were significantly lower, whereas those 761 

of the corticosterone injected group were significantly higher than the vehicle control groups. 762 

Veh, 98% polyethylene glycol 400 and 2% ethanol (vehicle); RU, RU38486; Veh2, propylene 763 

glycol (vehicle2); Met, metyrapone; Cort, corticosterone. *p < 0.05, **p < 0.01, ***p < 0.001 764 

for all figures. 765 

 766 

Figure 6. Acute restraint stress before EP injection significantly enhanced both neuronal 767 

activity in the paraventricular nucleus of hypothalamus (PVN) and serum level of 768 

corticosterone, resulted in the increase of wound occurrence ratio and severity. (A) 769 
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Representative c-fos expression in the PVN of a restraint and a no restraint control rat. Scale 770 

bar is 300 μm. (B) The density of c-fos positive cells in PVN (n = 3 animals for each group, 771 

six slices for each animal). (C) Serum corticosterone significantly increased after 3 hours 772 

restraint. The black dot indicates the serum corticosterone level of each individual rat (no 773 

restraint, n = 13; restraint, n = 12). (D and E) Acute restraint stress before muscimol injection 774 

into EP significantly increased the wound occurrence ratio (D) and the wound severity (E) 775 

(naïve, n = 9; no restraint + i.ep.(sal), n = 9; restraint + i.ep.(sal), n = 10; no restraint + 776 

i.ep.(mus-0.2), n = 13; restraint + i.ep.(mus-0.2), n = 13). *p < 0.05, **p < 0.01, ***p < 0.001 777 

for all figures. 778 

 779 

Figure 7. Brain areas showed strong co-infection of pseudorabies virus (PRV) and herpes 780 

simplex virus (HSV) and increased c-fos expression during SIB. (A) Activity and 781 

connectivity maps of SIB related brain areas. Green, brain areas with relatively strong 782 

increase in c-fos signals in the mus-1.0-4h group compared to the sal-4h groups; blue, brain 783 

areas with relatively strong co-infection of herpes simplex virus (HSV) and pseudorabies 784 

virus (PRV) signals; red, brain areas with both relatively strong increase in c-fos signals and 785 

viral co-infection signals. (B) Schematic diagram of HSV and PRV injection. (C) 786 

Representative of viral tracing signals in paraventricular nucleus of hypothalamus (PVN) and 787 

lateral habenula nucleus (LHb). Green, PRV signals; red, HSV signals; yellow, merge of 788 

PRV and HSV signals. ARC, arcuate hypothalamic nucleus; BNST, bed nucleus of the stria 789 

terminalis; CeA, central amygdala nucleus; CGA, central gray, alpha part; CLi, caudal linear 790 

nucleus of the raphe; Cu, cuneate nucleus; DMH, dorsomedial hypothalamic nucleus; DR, 791 

dorsal raphe nucleus; LC, locus coeruleus; LDTg, laterodorsal tegmental nucleus; LHb, 792 

lateral habenula nucleus; LPGi, lateral paragigantocellular nucleus; M2, secondary motor 793 

cortex; MCLH, magnocellular nucleus of lateral hypothalamus; MeA, medial amygdala 794 
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nucleus; MGD, medial geniculate nucleus, dorsal part; MiTg, microcellular tegmental 795 

nucleus; MO, medial orbital cortex; MVe, medial vestibular nucleus; NAc, nucleus 796 

accumbens; OT, olfactory tubercle; PAG, periaqueductal gray; PCRt, parvocellular reticular 797 

nucleus; PIL, posterior intralaminar thalamic nuclei; PLH, peduncular part of lateral 798 

hypothalamus; PMV, ventral part of premammillary nucleus; PN, pontine nuclei; PPT, 799 

posterior pretectal nucleus; PPTg, pedunculopontine tegmental nucleus; PrC, precommissural 800 

nucleus; PVN, paraventricular nucleus of hypothalamus; RCA, retrochiasmatic area; RMTg, 801 

rostromedial tegmental nucleus; RPa, raphe pallidus nucleus; SC, superior colliculus; SG, 802 

suprageniculate thalamic nucleus; SN, substantia nigra; Sp5I, interpolar part of spinal 803 

trigeminal nucleus; SpVe, spinal vestibular nucleus; STN, subthalamic nucleus; SubB, 804 

subbrachial nucleus; SubC, subcoeruleus nucleus; tth, trigeminothalamic tract; VMH, 805 

ventromedial hypothalamic nucleus; VP, ventral pallidum; VTA, ventral tegmental area; 806 

VTM, ventral tuberomammillary nucleus. 807 

 808 

Figure 8. The paraventricular nucleus of hypothalamus (PVN) and the lateral habenula 809 

nucleus (LHb) showed increased c-fos expression during SIB. (A and B) Representative c-fos 810 

immunostaining in the PVN (A) and the LHb (B) at 1, 2, and 4 hours after muscimol 811 

injection and 4 hours after unilateral muscimol injection (ipsi: the side ipsilateral to the 812 

muscimol injection side; contra: the side contralateral to the muscimol injection site). (C and 813 

D) The density of c-fos positive cells in the PVN (C) and the LHb (D). n = 3-5 animals per 814 

group, six slices for each animal. Scale bars, 300 μm. *p < 0.05, **p < 0.01, ***p < 0.001 for 815 

all figures. 816 

 817 

Figure 9. Modulation of SIB by regulating the activity of the lateral habenula nucleus (LHb) 818 

and the ventral tegmental area (VTA) associated circuits. (A and B) The wound occurrence 819 
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ratio (A) and the severity (B) were significantly decreased by injection of muscimol into LHb 820 

(i.lhb.(mus-1.0) + i.ep.(sal), n = 9; i.lhb.(sal) + i.ep.(mus-1.0), n = 14; i.lhb.(mus-1.0) + 821 

i.ep.(mus-1.0), n = 12). i.lhb., LHb injection. (C) Schematic diagram of the direct projections 822 

from the LHb to the VTA. Red circle, glutamatergic neurons, black circle, GABAergic 823 

neurons, green circle, dopaminergic neurons. (D) Representative images of c-fos 824 

immunostaining in the VTA. Scale bar, 300 μm. Green, c-fos signals. sal-1h and sal-4h, 1 and 825 

4 hours after bilateral injection with saline; mus-1.0-1h and mus-1.0-4h, 1 and 4 hours after 826 

bilateral injection with 1.0 μg muscimol per site. (E) The density of c-fos positive cells in the 827 

VTA (n = 3-4 animals per group, three slices for each animal). c-fos expression in VTA 4 828 

hours after the muscimol injection was significantly higher than that 1 hour after the 829 

muscimol injection or 4 hours after the saline injection. (F) Representative c-fos and tyrosine 830 

hydroxylase (TH) immunostaining in the VTA. Green, c-fos signals; red, TH signals; yellow, 831 

merge of c-fos and TH signals. Scale bar, 100 μm. (G) Both c-fos positive, TH positive 832 

(c-fos+-TH+) and c-fos positive, TH negative (c-fos+-TH-) VTA neurons increased 833 

significantly at 4 hours after muscimol injection (n = 4-5 animals per group, three slices for 834 

each animal). (H) The ratio between the number of c-fos+-TH+ cells and c-fos+-TH- cells in 835 

the mus-1.0-4h group was significantly lower than that in the mus-1.0-1h group. (I and J) 836 

Blockade or excitation of GABAergic transmission in the VTA by GABA-A receptor 837 

antagonist bicuculline methiodide (BMI) or muscimol significantly decreased the wound 838 

occurrence ratio (I) and the severity (J) (i.vta.(BMI) + i.ep.(sal), n = 9; i.vta.(mus-1.0) + 839 

i.ep.(sal), n = 11; i.vta. (sal) + i.ep.(mus-1.0), n = 15; i.vta.(BMI) + i.ep.(mus-1.0), n = 14; 840 

i.vta.(mus-1.0) + i.ep.(mus-1.0), n=11. i.vta., VTA injection). *p < 0.05, **p < 0.01, ***p < 841 

0.001 for all figures. 842 

 843 
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Figure 10. Locations of entopeduncular nucleus (EP) and lateral habenula nucleus (LHb) 844 

injection sites in the animals used in Figure 9A and 9B. (A) An example brain slice with Nissl 845 

staining showing cannulae locations of LHb. (B) Summary of verified injection sites shown 846 

on a brain atlas (red: rats with wounds; green: rats without wound).  847 

 848 

Figure 11. Locations of entopeduncular nucleus (EP) and ventral tegmental area (VTA) 849 

injection sites in the animals used in Figure 9I and 9J. (A) An example brain slice with Nissl 850 

staining showing cannulae locations of VTA. (B) Summary of verified injection sites shown 851 

on a brain atlas (red: rats with wounds; green: rats without wound). 852 
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Table 1 Severity of self-injurious behavior 853 

 854 

Score Severity Description 

0 No injury No tissue damage 

1 Very mild 

injury 

Slight edema, pink moist skin, denuded skin (< 20 mm2), 

involves multiple sites 

2 Mild injury Obvious edema, obvious erythema, denuded skin involves 

large area (≥ 20 mm2), skin damage involves medium area 

(< 10 mm2), involves multiple sites  

3 Moderate injury Substantial skin damage involved large area (≥ 10 mm2), 

tissue loss 

4 Severe injury Amputation of digit, clear lesions, requires euthanasia 
























