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Abstract 24 

Generalization formation and extinction of aversion are associated with affective disorders, but little 25 

is known about underlying mechanisms. Here, we established a novel procedure for induction of visual 26 

aversion by dynamic stripe images on digital screens in mice. We found that decreased activity of 27 

medial septum (MS) cholinergic neurons led to generalization aversion loss, but didn’t affect its 28 

extinction. We identified a new projection from MS cholinergic neurons to medial habenula (MHb), 29 

and found that inhibiting MS→MHb cholinergic circuit disrupted generalization formation, while 30 

activating this circuit damaged extinction. The further studies showed that blockade of M1 mAChRs 31 

rather than α4β2 and α7 nAChRs on downstream glutamatergic neurons that corelease glutamate and 32 

acetylcholine blunted generalization enhancement and extinction deficit caused by activation of 33 

MS→MHb circuits. These findings reveal that MS→MHb cholinergic circuit modulates generalization 34 

formation and extinction of aversion, providing new insights on affective disorders such as PTSD and 35 

anxiety disorders. 36 
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Introduction 47 

When we are exposed to an aversive situation, which may be life threatening, fear or avoidance is the 48 

normal adaptive response, indispensable to prevent harmful situations1. Acquisition and storage of 49 

aversive memories is one of the basic principles of central nervous systems (CNS)2. In the absence of 50 

reinforcement, the resulting behavioural response will gradually diminish to be finally extinct. 51 

Extinction of aversive memories is thought to be an active mnemonic process3. Generalization is often 52 

described as an inability to discriminate different stimuli4. Overgeneralization or extinction deficit may 53 

lead to inadequate physiological and behavioral responses that affect daily life5. Facilitating the 54 

extinction of aversive memory and/or attenuating its generalization could have therapeutic implication 55 

in the treatment of some diseases such as post-traumatic stress disorder (PTSD), anxiety disorders, and 56 

etc6, 7.  57 

Great progress has been made in studies using a form of aversive associative learning termed fear 58 

conditioning. It has been demonstrated that fear learning is engaged through multiple, parallel aversive 59 

signaling pathways to hippocampus and amygdala8, 9, 10. Some studies indicate that aversive taste 60 

memories are established and sustained by parabrachial nucleus calcitonin-gene-related peptide 61 

neurons11, and the memory of conditioned taste aversion may be regulated by PI3K in the insular 62 

cortex12. However, there are few reports on visual aversion memory. It is well known that cholinergic 63 

neurons are involved in various memories13, 14, 15, 16. Most of the cholinergic projections to cerebral 64 

cortex, hippocampus, and amygdala with established roles in memory, fear and anxiety, originate from 65 

the basal forebrain, a collection of heterogeneous structures that includes the medial septum (MS)17, 18. 66 

Previous studies have shown that cholinergic neurons in the MS maintain anxiety-like behaviors 67 

induced by chronic inflammatory pain19 and inhibiting these neurons with DREADD (designer 68 

receptors exclusively activated by designer drugs) alleviates anxiety-like behaviors in mice20. 69 
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Moreover, disruption of the MS and diagonal bands of Broca cholinergic projections to the ventral 70 

hippocampus damages auditory fear memory21. The medial habenula (MHb) is a brain center known 71 

to regulate negative states22, 23, 24. Previous studies have shown that mu opioid receptors in the MHb 72 

contribute to naloxone aversion25, and endocannabinoid control of MHb cholinergic neurotransmission 73 

exerts a critical role in the expression of aversive memories26. We are curious whether or how the 74 

neurons in MS and MHb modulate visual aversion memory. To address these questions, we established 75 

a novel procedure for induction of visual aversion by a dynamic stripe image on digital screens in mice 76 

and used apoptotic, optogenetic, chemogenetic and whole-cell patch-recording approaches to 77 

investigate the roles of neurons in these two regions in generalization formation and extinction of 78 

visual aversion. 79 

Results 80 

MS provides strong cholinergic projections to the MHb 81 

MS, an important part of basal forebrain cholinergic system, is the major source of cholinergic (as well 82 

as non-cholinergic) projections to cingulate cortex, entorhinal cortex and hippocampus27. To track MS 83 

novel cholinergic projections, we stereotaxically injected AAV-chat-cre-EGFP vector into the MS (Fig. 84 

1a, b). Staining with anti-choline acetyltransferase (ChAT) revealed that 96.3 ± 0.7% of EGFP-labeled 85 

cells were ChAT+ neurons, and 92.5 ± 1.2% of ChAT-stained neurons were EGFP-labeled cells (Fig. 86 

1c, d). The cholinergic neurons were also identified by their response to intracellular current injection 87 

during whole-cell patch-clamp recordings (Fig. 1e, f). Injection of a negative current pulse produced 88 

an initial hyperpolarization followed by a cation conductance Ih-dependent sag in the membrane 89 

potential while depolarizing current induced regular spiking and resulted in a long-lasting 90 

afterhyperpolarization after cessation of current injection (Fig. 1f). Additionally, in the absence of 91 

applied current, spontaneous spiking was observed in this particular neuron. Using virus tracing, dense 92 
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networks of MS cholinergic projections were observed in the whole MHb (Fig. 1g). These data reveal 93 

that MS provides strong cholinergic projections to the MHb in addition to the projections reported 94 

previously. 95 

MS cholinergic neuron supports rapid generalization formation and extinction of visual aversion 96 

Visual aversive images are often used in aversive learning which modulates perceptual thresholds on 97 

overgeneralization28. To determine whether an image was aversive in mice, we firstly employed real-98 

time place preference (RTPP) caused by vision. In brief, mice were allowed to freely explore a two-99 

chamber apparatus in which each chamber contained four digital screens that displayed one of three 100 

images: a blank image, a static stripe image, or the same stripe image that was moving (named as 101 

dynamic stripe image), respectively. We found that mice spent significantly less time in the chamber 102 

displaying the dynamic stripe image relative to those displaying either the static stripe or blank images, 103 

suggesting dynamic stripe images are aversive images. The time exploring the chamber with static 104 

stripe images was the same as one with the blank, showing the static images are neutral images (Fig. 105 

2a-c and Supplementary Fig. 1). We also submitted those mice to open field test (OFT) and elevated 106 

plus-maze (EPM) (Supplementary Fig. 2a). The data showed that mice exposed to the dynamic image 107 

exhibited significant reductions in exploration time of center part in OFT and open arms in EPM while 108 

no obvious change in freezing time (Supplementary Fig. 2b-e), suggesting that visual stimulations of 109 

dynamic images lead to generalized anxiety in mice. 110 

Similar with fear, aversion is involved in generalization and extinction29, 30, 31. To explore 111 

generalization formation and extinction processes in visual aversion, we designed a task using the 112 

highly similar dynamic and static stripe images referring to previous studies32, 33, 34, 35 (Fig. 2d). In brief, 113 

after two habituation phases of the apparatus, mice were aversively stimulated for 10 min using the 114 

dynamic stripe image, and after 1 h, aversion generalization formation was examined using the 115 
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corresponding static stripe image in one chamber of the apparatus. After a 4 h-delay, we performed an 116 

aversion generalization extinction test with the same approach. During habituation phase 1 and 2, mice 117 

did not exhibit any differences in the time spent exploring chambers, suggesting that there was no side 118 

preference (phase 1) and the static image served as a neutral stimulus (phase 2). After exposure to 119 

dynamic images in training phase, mice spent only 34.8 ± 1.5% of the whole time in the chamber with 120 

static stripe images in test phase 1 (Fig. 2e), suggesting that the static image, which was a visual neutral 121 

image before, now elicited a significant aversion avoidance response in mice, indicating an aversion 122 

generalization formation. After a 4 h-delay, 48.7 ± 1.0% of the whole time spent by mice in the stripe 123 

image chamber showed that mice no longer exhibited aversion for the static image during test phase 2 124 

(Fig. 2f), revealing a generalization extinction of visual aversion. However, if mice were tested without 125 

dynamic image stimulations in training phase, the static image could not cause generalized aversion 126 

behaviors during test phases (Fig. 2g-i). Moreover, we also used a new two-chamber apparatus with a 127 

white floor in test phases, and found this modified context did not affect aversion generalization 128 

processes (Supplementary Fig. 3). Altogether, these data reveal that there are rapid generalization 129 

formation and extinction of visual aversion for the dynamic stripe image. 130 

Using c-Fos as a proxy for neuronal activity, we found much higher c-Fos expression in MS 131 

cholinergic neurons in aversion generalization formation phase (test phase 1) than both in the 132 

extinction phase (test phase 2) and the test phases without aversive stimulations of dynamic images 133 

(Fig. 2j, k). We also measured the Ca2+ signals of MS cholinergic neurons with fiber photometry in 134 

freely moving mice after stereotaxic virus injection of AAV-chat-cre and the cre-dependent AAV-135 

Ef1α-DIO-GCaMP6m into the MS (Fig. 2l-n). Real-time recording of GCaMP fluorescence signals of 136 

MS cholinergic neurons revealed a rapid increase in Ca2+ signal when the moving mouse first entered 137 

the chamber containing static stripe images during the generalization formation phase (test phase 1; 138 
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Fig. 3o, left), and Ca2+ signals did not significantly change upon entry into the chamber containing 139 

static images during the generalization extinction phase (test phase 2; Fig. 2o, right). In addition, the 140 

mice unexposed to dynamic images in training phase had a mild increase in fluorescence signal in test 141 

phase 1 (Fig. 2p, left) while no change in test phase 2 (Fig. 2p, right). Altogether, these data suggest 142 

that MS cholinergic neurons might be involved in generalization formation and extinction of visual 143 

aversion. 144 

MS cholinergic neuron activity is necessary for generalization formation and extinction of visual 145 

aversion 146 

To test whether MS is necessary for generalization formation and extinction, we manipulated MS 147 

cholinergic neurons with apoptosis, chemogenetic, and optogenetic approaches. Firstly, after 148 

stereotaxic virus injection of AAV-chat-cre-EGFP into the MS, we promoted MS apoptosis with a cre-149 

dependent AAV-CAG-DIO-taCaspase3 (Fig. 3a). The apoptotic approach resulted in a 72% reduction 150 

of EGFP-labeled cholinergic neurons in the MS in taCaspase3-expressing mice (Fig. 3b, c). In aversion 151 

generalization task, taCaspase3-expressing mice had no aversion avoidance response to the stripe 152 

image chamber in the generalization formation phase compared with the control mice (Fig. 3d, e), 153 

suggesting that the taCaspase3-expressing mice failed to form a generalized aversion to the static stripe 154 

image. To explore whether chemogenetic and optogenetic inhibitions of MS cholinergic neurons 155 

disrupt formation of aversion generalization, cre-dependent AAV-Ef1α-DIO-hM4D(Gi)-mCherry 156 

(Supplementary Fig. 4a) or AAV-Ef1α-DIO-NpHR-mCherry (Fig. 3g) was injected into the MS, 157 

respectively. 92.6 ± 1.3% of EGFP-labeled MS cholinergic neurons expressed hM4D(Gi)-mCherry for 158 

chemogenetic inhibition (Supplementary Fig. 5a, b), while 89.8 ± 1.6% of EGFP-labeled MS 159 

cholinergic neurons expressed NpHR-mCherry for optogenetic inhibition (Supplementary Fig. 5c, d). 160 

Acute MS slices containing NpHR-mCherry-expressing were prepared, and brief yellow-light (589 161 
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nm) photostimulation elicited obvious decreases in spontaneous firing on the neurons. (Fig. 3h). As 162 

observed with the apoptotic approach, clozapine N-oxide (CNO)-induced chemogenetic inhibition or 163 

yellow-light-induced optogenetic inhibition during test phase 1 (Fig. 3f) led to similar exploration in 164 

two chambers (Fig. 3i, j and Supplementary Fig. 4b, c). These data revealed that apoptosis, 165 

chemogenetic and optogenetic inhibitions of MS cholinergic neurons disrupted generalization 166 

formation of visual aversion.  167 

To activate MS cholinergic neurons, cre-dependent AAV-Ef1α-DIO-hM3D(Gq)-mCherry (Fig. 168 

3k) or AAV-Ef1α-DIO-ChR2-mCherry (Supplementary Fig. 4e) was injected into the MS, respectively. 169 

We found 88.2 ± 1.6% of EGFP-labeled MS cholinergic neurons expressed hM3D(Gq)-mCherry 170 

(Supplementary Fig. 5e, f), 91.5 ± 2.1% of EGFP-labeled MS cholinergic neurons expressed ChR2-171 

mCherry (Supplementary Fig. 5g, h), and 95.6 ± 1.1% of EGFP-labeled MS cholinergic neurons 172 

expressed mCherry alone (Supplementary Fig. 5i, j). Moreover, increased spontaneous firing of 173 

hM3D(Gq)-mCherry-expressing neurons after CNO application to MS slices was also observed (Fig. 174 

3l). In aversion generalization task, mice were intraperitoneally injected CNO (2.5 mg/kg) to activate 175 

MS cholinergic neurons after generalization formation phase. The data of test phase 2 showed that the 176 

chemogenetic activation of MS cholinergic neurons resulted in a significant aversion response to the 177 

stripe image chamber in hM3D(Gq)-expressing mice (Fig. 3m, n). Similar results were obtained in 178 

optogenetic manipulation (Supplementary Fig. 4d, f, g). These data revealed that continuous 179 

activations of MS cholinergic neurons disrupted generalization extinction of visual aversion. 180 

In addition, to further evaluate whether apoptosis or chemogenetic inhibition/activation of MS 181 

cholinergic neurons lead to gross behavioural abnormality in mice, we conducted OFT, EPM-test, grip 182 

strength test (GST), and novel object recognition test (NORT). The results showed that manipulations 183 

of MS cholinergic neurons did not change gross behaviors (Supplementary Fig. 6). 184 
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MS→MHb cholinergic circuit drives generalization formation and extinction of visual aversion 185 

To dissect the role of the MS→MHb cholinergic circuit in visual aversion generalization, we specially 186 

inhibited or activated this circuit with chemogenetic or optogenetic manipulations. For inhibition of 187 

the MS→MHb circuit, AAV2/9-chat-cre-EGFP vector was injected into the MS, whereas cre-188 

dependent, monosynaptic retrograde tracing virus AAV2/Retro-Ef1α-DIO-hM4D(Gi)-mCherry or 189 

AAV2/Retro-Ef1α-DIO-NpHR-mCherry was bilaterally injected into the MHb, respectively (Fig. 4a, 190 

b and Supplementary Fig. 7a, b). After three weeks, aversion generalization tasks were submitted to 191 

the treated or control mice. Both wild-type and hM4D(Gi)-expressing mice were injected with CNO 192 

(2.5 mg/kg) intraperitoneally 30 min before generalization formation test. Additionally, the cannulas 193 

were bilaterally implanted in the MHb of wild-type and NpHR-expressing mice one week before tasks, 194 

and yellow-light photoinhibition was delivered during generalization formation test. The data showed 195 

that the hM4D(Gi)- or NpHR-expressing mice had no aversion avoidance response to the stripe image 196 

chamber in the aversion generalization formation phase (Fig. 4c, d and Supplementary Fig. 7c, d), 197 

indicating that inhibition of the MS→MHb cholinergic circuit disrupted generalization formation of 198 

visual aversion.  199 

For activation of MS→MHb circuits, AAV2/9-chat-cre-EGFP vector was injected into the MS, 200 

whereas cre-dependent, monosynaptic retrograde tracing virus AAV2/Retro-Ef1α-DIO-hM3D(Gq)-201 

mCherry (Supplementary Fig. 7e) or AAV2/Retro-Ef1α-DIO-ChR2-mCherry (Fig. 4f) was bilaterally 202 

injected into the MHb, respectively. After 3-week virus expressions (Fig. 4g and Supplementary Fig. 203 

7f), CNO intraperitoneal injection after generalization formation phase or blue-light photostimulation 204 

during generalization and extinction phases was performed to activate this circuit (Fig. 4e). We found 205 

that continuous activations of the MS→MHb cholinergic circuit disrupted aversion generalization 206 

extinction (Fig. 4h, i and Supplementary Fig. 7g, h). Moreover, we also showed that chemogenetic 207 
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manipulations of the MS→MHb circuit showed no significant alterations in behaviors in Morris water 208 

maze (MWM) and Y-maze tests (Supplementary Fig. 8), suggesting the MS→MHb cholinergic circuit 209 

mainly regulates visual aversion generalization rather than spatial working memory. Figure 1 have 210 

showed that hippocampus CA3, as a key memory center in brain, received cholinergic projections from 211 

the MS. To explore whether the MS→CA3 cholinergic circuit is involved in visual aversion 212 

generalization, we inhibited this circuit with optogenetic approach. The results showed that inhibition 213 

of MS→CA3 projections did not disrupt movement, object recognition and visual aversion 214 

generalization in mice (Supplementary Fig. 9). Altogether, the data reveal that MS→MHb cholinergic 215 

circuit drives generalization formation and extinction of visual aversion. 216 

M1 mAChRs mediate regulatory effects of the MS→MHb circuit on visual aversion 217 

generalization 218 

The most commonly expressed mAChRs in the CNS are M1, M2 and M4 receptors36 and the most 219 

common nAChR subtypes in the brain are α4β2 and α7 receptors37. Because MHb contains M1, α4, 220 

α7 and β2 polypeptides (Supplementary Fig. 10a), it is likely that M1, α4β2 and α7 AChRs mediate 221 

regulatory effects of the MS→MHb circuit on visual aversion generalization. We bilaterally injected 222 

α4β2 and α7 AChRs antagonist benzethonium chloride (2 μg/0.1 μl/side) and M1 mAChRs antagonist 223 

pirenzepine dihydrochloride (1.5 μg/0.1 μl/side) into the MHb, respectively. The data showed that 224 

inhibition of α4β2 and α7 nAChRs in the MHb did not influence aversion generalization formation 225 

and extinction, whereas inhibition of M1 mAChRs disrupted generalization formation (Supplementary 226 

Fig. 10b-d), suggesting M1 mAChRs rather than α4β2 and α7 nAChRs mediate regulatory effects of 227 

MHb neurons on generalization process of visual aversion.  228 

Because MHb acetylcholine signaling transmission is instrumental for the MS→MHb circuit. To 229 

further confirm role of acetylcholine signals, after virus AAV2/9-chat-cre-EGFP and cre-dependent 230 
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AAV2/Retro-Ef1α-DIO-hM3D(Gq)-mCherry expressions, we combined targeted expression of 231 

hM3Dq in the circuit with direct bilateral microinjections of CNO (3.0 μM/0.1 μl/side) or a mixture of 232 

pirenzepine (1.5 μg/0.1 μl/side) into the MHb (Fig. 5a, b). The results showed that chemogenetic 233 

activation of MS→MHb cholinergic circuits significantly enhanced aversion generalization formation, 234 

whereas blockade of MHb M1 mAChRs attenuated this effect (Fig. 5c, d). These data show that M1 235 

mAChRs mediate regulatory effects of the MS→MHb cholinergic circuit on generalization of visual 236 

aversion. 237 

MHb glutamatergic/cholinergic neurons participate in generalization formation and extinction 238 

of visual aversion 239 

MHb is mainly composed of glutamatergic neurons which can project to the interpeduncular nucleus 240 

(IPN) and other regions38. To explore whether MHb glutamatergic neurons participate in visual 241 

aversion generalization, we injected AAV2/9-CaMKIIα-cre and an acetylcholine optical sensor virus 242 

AAV2/9-Ef1α-DIO-ACh2.0 into the MHb39. After three weeks, acetylcholine fluorescence signals in 243 

MHb glutamatergic neurons were recorded using a fiber photometry in freely moving mice submitted 244 

to aversion generalization task (Fig. 5e, f). The results showed an acute increase in acetylcholine 245 

signals upon entering the static stripe image chamber during generalization formation phase of visual 246 

aversion, but acetylcholine signals did not significantly change during the generalization extinction 247 

phase (Fig. 5g), suggesting that MHb glutamatergic neurons might be involved in visual aversion 248 

generalization and receive cholinergic inputs from the MS. Next, we chemogenetically activated 249 

MS→MHb cholinergic circuits and inhibited MHb glutamatergic neurons together by the bilateral 250 

injections of AAV2/Retro-Ef1α-DIO-hM3D(Gq) and AAV2/9-CaMKⅡα-hM4D(Gi) into the MHb 251 

after the expression of AAV2/9-chat-cre in the MS. CNO (3.0 μM/0.1 μl/side) was bilaterally injected 252 

into the MHb 30 min prior to the behavioral test (Fig. 6a, b). The results showed that inhibition of 253 
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MHb glutamatergic neurons blunted enhancement of aversion generalization formation caused by 254 

chemogenetic activation of MS→MHb cholinergic circuits (Fig. 6c, d).  255 

Previous study has reported that some MHb neurons could corelease glutamate and acetylcholine 256 

(name as glutamatergic/cholinergic neurons)40. After staining MHb slices with anti-CaMKIIα and 257 

anti-ChAT, we showed that 38.4 ± 2.7% of CaMKIIα+ neurons co-expressed ChAT, and 97.8 ± 0.8% 258 

of ChAT+ neurons co-expressed CaMKIIα (Fig. 6e). To confirm the roles of MHb 259 

glutamatergic/cholinergic neurons in visual aversion generalization, we chemogenetically inhibited 260 

MS→MHb cholinergic circuits and activated MHb CaMKIIα+ ChAT+ neurons by bilateral injections 261 

of AAV2/9-chat-cre and AAV2/9-Ef1α-DIO-hM3D(Gq) into the MHb after expressions of AAV2/9-262 

chat-cre and AAV2/9-Ef1α-DIO-hM4D(Gi) in the MS. CNO (3.0 μM/0.1 μl/side) was bilaterally 263 

injected into the MHb 30min prior to the behavioral test (Fig. 6f, g). The results showed that activation 264 

of MHb CaMKIIα+ ChAT+ neurons protected against aversion generalization deficit caused by 265 

chemogenetic inhibition of MS→MHb cholinergic circuits (Fig. 6h, i). Moreover, there was a 266 

tendency to disrupt generalization extinction with this activation approach (P = 0.059). These data 267 

show that MHb glutamatergic/cholinergic neurons participate in generalization of visual aversion 268 

regulated by MS→MHb cholinergic circuits. 269 

To explore underlying mechanisms of MS→MHb cholinergic circuits mediating visual aversion 270 

generalization, after labeling MHb neurons with AAV2/9-CaMKIIα-mCherry and AAV2/9-chat-271 

EGFP vectors, we optogenetically activated the MS→MHb circuit by injections of AAV2/9-chat-cre 272 

and AAV2/9-Ef1α-DIO-ChR2-mCherry into the MS, and tested the excitatory postsynaptic currents 273 

(EPSCs) of MHb neurons with whole-cell recording (Fig. 7a, b). The results showed that optogenetic 274 

activation of MS→MHb cholinergic circuits significantly enhanced the frequency and amplitude of 275 

EPSCs of MHb CaMKIIα+ ChAT+ neurons and didn’t do in the present of M1 mAChRs antagonist 276 
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pirenzepine (Fig. 7c-e). However, the EPSCs of MHb glutamatergic neurons labelled with CaMKIIα 277 

alone (MHb CaMKIIα+ ChAT- neurons) did not significantly change under activation of MS→MHb 278 

circuits (Fig. 7c-e). Taken together, MS→MHb cholinergic projections modulate generalization 279 

formation and extinction of visual aversion via M1 mAChRs on downstream glutamatergic/cholinergic 280 

neurons. 281 

Discussion 282 

Our studies showed for the first time that MS cholinergic neurons were activated in visual aversion 283 

generalization formation and silenced in its subsequent extinction as indicated by immunofluorescence 284 

assay of c-Fos and fiber photometry of Ca2+ signal, and apoptosis or inhibitions of MS cholinergic 285 

neurons damaged generalization formation, whereas the activations of the MS disrupted its extinction 286 

process. We also found that MS cholinergic neurons could project to the MHb, which indicates 287 

existence of the MS→MHb cholinergic circuit, and this circuit bidirectionally regulated generalization 288 

and extinction in visual aversion, and blockade of M1 mAChRs rather than α4β2 and α7 nAChRs on 289 

MHb glutamatergic/cholinergic neurons weakened aversion generalization enhancement and 290 

extinction deficiency caused by activation of MS→MHb cholinergic circuits. Collectively, our results 291 

provide strong evidence that the MS→MHb cholinergic circuit is both sufficient and necessary to 292 

rapidly mediate generalization formation and extinction in visual aversion (Fig. 8). 293 

Formation and extinction are two important phases in generalization, and although generalization 294 

is a critical function of the brain that supports survival and avoids danger, overgeneralization and 295 

extinction dysfunction of aversion contributes to neurological diseases41, 42, 43, 44. To explore 296 

generalization processes, typically behavioral tasks based on contextual fear conditioning with electric 297 

shock and auditory stimulus are always performed in animals45, 46. However, the visual and auditory 298 

systems frequently work together to facilitate the identification and localization of objects and events 299 
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in the external world, and for stimulus location, visual information is normally more accurate and 300 

reliable and provides a reference for calibrating the perception of auditory space47. A possible key role 301 

of vision in the development of schizophrenia was reported in previous studies48. Additionally, vision 302 

is the primary sense humans use to evaluate and respond to threats, and human with high anxiety 303 

showed increased visual scanning in response to threats as compared to healthy controls49. Young- and 304 

middle-age adults with worse visual function are at increased odds of having anxiety disorders50. 305 

Giving up contextual fear conditioning, we have established a novel procedure for induction of visual 306 

aversion by a dynamic stripe image (aversive image) on digital screens in mice, and procedures of 307 

aversion generalization formation and extinction are based on highly similarity between the dynamic 308 

stripe image and its static stripe image (neutral image).  309 

The cholinergic neurons constitute about 5% of the MS population, while the majority of MS 310 

neurons are GABAergic and glutamatergic51. In the present study, we have shown for the first time 311 

that MS cholinergic neurons are both sufficient and necessary to rapidly mediate visual aversion 312 

generalization. MS projects to the hippocampus by septo-hippocampal pathways are always reported. 313 

Previous studies have shown MS GABAergic projections to the dentate gyrus control adult 314 

hippocampal neurogenesis52, and its glutamatergic projections drive hippocampal theta rhythms53. 315 

Here, after virus tracking MS cholinergic projections, we focus on the MS→MHb circuit and show 316 

that MS→MHb cholinergic circuits rather than MS→CA3 projections in the hippocampus 317 

bidirectionally regulate visual aversion generalization formation and extinction. The MHb, as an 318 

epithalamic area controlling aversive physiological states, also regulates spatial learning and memory54, 
319 

55. With chemogenetically activating and inhibiting approaches, we have shown that MS→MHb 320 

cholinergic circuits mainly mediate aversion generalization rather than spatial working memory.  321 

M1 mAChRs and α4β2 and α7 nAChRs are commonly expressed in the brain and play key roles 322 
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in attention and memory15. M1 mAChRs signal mediated by Gq/11 while α4β2 and α7 nAChRs signal 323 

by ion channels. The distributions of M1, α4, α7 and β2 polypeptides in the MHb are shown by in situ 324 

hybridization from Allen Institute for Brain Science. Using M1 mAChRs antagonist56, 57 and α4β2 and 325 

α7 nAChRs antagonist58, we have shown M1 mAChRs rather than α4β2 and α7 nAChRs on 326 

downstream neurons of MS→MHb cholinergic circuits mediate visual aversion generalization. 327 

Previous studies have reported that MHb glutamatergic/cholinergic neurons control expressions of 328 

aversive and fear memory26, 59. Staining MHb neurons with ChAT and CaMKIIα by 329 

immunohistochemistry suggested that nearly all cholinergic neurons could corelease glutamate but a 330 

part of MHb glutamatergic neurons could corelease acetylcholine. Activations of MHb 331 

glutamatergic/cholinergic neurons weakened aversion generalization deficiency caused by inhibition 332 

of MS→MHb cholinergic circuits, and M1 AChRs antagonist suppressed significant increase of 333 

frequency and amplitude of EPSCs of the glutamatergic/cholinergic neurons under acitivating 334 

MS→MHb cholinergic circuits. Based on these data, our studies have shown that MHb 335 

glutamatergic/cholinergic neurons mediate regulatory effects of MS→MHb cholinergic circuits on 336 

visual aversion generalization via m1 MAChRs. Because MHb glutamatergic/cholinergic neurons 337 

mainly provide projections to the IPN and the MHb→IPN inputs play key roles in anxiety60, 61, we 338 

speculate that IPN might be a targeted region mediating generalization formation and extinction of 339 

visual aversion following the MS→MHb cholinergic circuit. 340 

Overall, taking advantage of virus tracking, optogenetic and chemogenetic approaches as well as 341 

novel behavioral paradigm associated with visual aversion, we have identified MS→MHb cholinergic 342 

circuit, and firstly provide highly consistent behavioral evidences for this circuit functions in 343 

generalization formation and extinction of visual aversion. Therefore, these results strongly suggest 344 

MS→MHb cholinergic circuit as new targets for therapeutically protecting against affective disorders 345 
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such as PTSD, anxiety disorders and etc. 346 

Methods 347 

Animals. Male SPF grade C57BL/6 mice (8–10 weeks old) provided by the Medical Center of 348 

Yangzhou University (Yangzhou, China) were housed under conditions of a temperature of 20–24 °C, 349 

a humidity of 55 ± 5%, and a 12 h/12 h cycle of illumination, during which animals were free to eat 350 

and drink. Animal experiments were carried out in accordance with the ARRIVE (Animal Research: 351 

Reporting of in Vivo Experiments) guidelines62, 63. All methods were endorsed by the Institutional 352 

Animal Care and Use Committee of China Pharmaceutical University. 353 

Virus. AAVs used in this study were purchased from BrainVTA (Wuhan, China) and included 354 

AAV2/9-chat-cre-2a-EGFP, AAV2/9-chat-cre, AAV2/9-EF1α-DIO-Gcamp6m, AAV(2/9 or 2/Retro)-355 

Ef1α-DIO-hM4D(Gi)-mCherry, AAV(2/9 or 2/Retro)-Ef1α-DIO-hM3D(Gq)-mCherry, AAV(2/9 or 356 

2/Retro)-Ef1α-DIO-eNpHR3.0-mCherry, AAV(2/9 or 2/Retro)-Ef1α-DIO-hChR2(H134R)-mCherry, 357 

AAV2/9-CAG-DIO-EGFP, AAV(2/9 or 2/Retro)-Ef1α-DIO-mCherry, AAV2/9-Ef1α-DIO-ACh2.0, 358 

AAV2/9-CaMKIIα-cre, AAV2/9-CaMKIIα-hM4D(Gi)-mCherry, AAV2/9-chat-EGFP and AAV2/9-359 

CaMKIIα-mCherry. AAV2/9-CAG-DIO-taCaspase3 was purchased from Taitool Bioscience 360 

(Shanghai, China). Virus titer was shown in Supplementary Table 1. 361 

Drugs. CNO purchased from the Sigma-Aldrich (Missouri, USA) was dissolved in saline (2.5 mg/kg) 362 

for intraperitoneal injection while dissolved in artificial cerebrospinal fluid (ACSF, 3.0 μM/0.1 μl/side) 363 

for stereotaxic injection. Benzethonium chloride purchased from Selleck Chemicals (Texas, USA) was 364 

dissolved in ACSF (2.0 μg/0.1 μl/side) for stereotaxic injection to inhibit α4β2 and α7 nAChRs. 365 

Pirenzepine dihydrochloride purchased from the MedChemExpress (New Jersey, USA) was dissolved 366 

in ACSF (1.5 μg/0.1 μl/side for stereotaxic injection or 20 μM for electrophysiological recording) to 367 

block M1 mAChRs. 368 
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Surgical procedures. For stereotaxic injection of AAVs, mice were anaesthetized with isoflurane 369 

(1.5-5%) and administered ketoprofen (5 mg/kg) for pain management. The scalp was incised to 370 

expose the skull and connective tissue was gently scraped away. The AAVs were infused with a 371 

volume of 300 nl into the MS or 100-200 nl per side into the MHb at 50 nl min−1, respectively. The 372 

injection coordinates (relative to bregma, mm): MS (anterior/posterior (AP): +0.86, medial/lateral 373 

(ML): 0, dorsal/ventral (DV): −4.20), bilateral MHb (AP: −1.82, ML: ±0.20, DV: −2.50) and bilateral 374 

CA3 (AP: −2.06, ML: ±2.4, DV: −2.2). At the end of the infusion, the injectors remained at the site 375 

for 10 min to allow for virus diffusion. Skin covering the boreholes was sutured closed following 376 

surgery. For fiber photometry and optogenetic experiments, optical fibres (200 μm core diameter, 0.37 377 

NA; Inper, Hangzhou, China) threaded through 1.25 mm-wide wide ceramic ferrules (Inper) were 378 

implanted into the MS or MHb (30° angle away from midline) 1 week before behavioral tasks, 379 

respectively, and secured to the mouse skull with dental cement. Stainless steel guide cannulas (0.34 380 

mm core diameter; RWD, Shenzhen, China) were bilaterally implanted into the MHb with the same 381 

surgical approach for chemogenetic manipulations and drugs administrations. A total of 3–5 weeks 382 

were to ensure for viral expression before behavioral tasks. Animals infused for electrophysiology 383 

were maintained in their home cages for 6–8 weeks before recordings. Detailed strategy of virus 384 

injection can be found in Supplementary Table 1. 385 

Immunohistochemistry. For tissue preparation, mice were anaesthetized and transcardially perfused 386 

with 50 ml PBS followed by 4% paraformaldehyde (PFA) in PBS. The brain was removed and 387 

subsequently submerged into 4% PFA overnight before being cryoprotected in 30% sucrose solution 388 

in PBS until they sank to the bottom of the container. Using a cryostat (CM3050S, Leica, Germany), 389 

the frozen brains were sectioned into 30-μm coronal slices. Sections were washed in PBS three times 390 

(5 min each) and incubated with blocking solution (10% normal donkey serum, 1% BSA, and 0.3% 391 
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Triton X-100 in PBS) for 1 h at the room temperature. Sections were subsequently incubated with 392 

primary antibody in PBS overnight at 4 °C. The following primary antibodies were used: sheep anti-393 

ChAT (1:300, ab18736, Abcam, USA), rabbit anti-c-Fos (1:500, 226003, Synaptic Systems (SYSY), 394 

Germany) and mouse anti-CaMKII (1:300, ab22609, Abcam, USA). After washing in PBS three times 395 

(5 min each) and sections were incubated with fluorescein-labeled secondary antibody in PBS for 1 h. 396 

The secondary antibodies were used: donkey anti-sheep Alexa Fluor 488 or 594 (1:1000, ab 150177 397 

or ab 150180, Abcam, USA), donkey anti-rabbit Alexa Fluor 594 (1:1000, ab 150076, Abcam, USA) 398 

and donkey anti-mouse Alexa Fluor 594 (1:1000, ab 150108, Abcam, USA). After washing in PBS 399 

and staining with DAPI (C0065, Solarbio, Beijing, China), brain sections were mounted on positively 400 

charged slides with prolong anti-fade medium. Fluorescent images were taken using a laser confocal 401 

microscope (AiryScan LSM800, Zeiss, Germany) or fluorescence microscope (DM2000, Leica, 402 

Germany). All images were taken in roughly the same imaging area and images were processed using 403 

NIH ImageJ software. Sample size was based on reports in related literature and was not predetermined 404 

by calculation. 405 

In vitro electrophysiological recording. The methods of brain slice preparation and 406 

electrophysiological recordings were similar to those in previous studies64, 65, 66. In brief, after the full 407 

expressions of AAVs, mice were anaesthetized with isoflurane and the brains were rapidly removed 408 

and chilled in ice-cold sucrose solution containing (in mM): 40 NaCl, 4.5 KCl, 1.25 NaH2PO4, 25 409 

NaHCO3, 148.5 sucrose, 10 glucose, 1 ascorbic acid, 3 Na Pyruvate, 3 Myo Inositol, 0.5 CaCl2 and 7 410 

MgSO4, pH 7.3, 315 mOsm. Coronal brain slices (300 μm) containing MS or MHb were prepared in 411 

the same ice-cold sucrose solution using a vibratome (VT-1200s, Leica, Germany). Slices were then 412 

incubated in warm (32–34 °C) sucrose solution for 30 min, and transferred to ACSF composed of (in 413 

mM): 125 NaCl, 4.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 15 sucrose, 15 glucose, 2.5 CaCl2 and 1.3 414 
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MgSO4, pH 7.3, 315 mOsm, and allowed to cool to room temperature before electrophysiological 415 

recording. All solutions were continuously bubbled with 95% O2/5% CO2. Electrophysiological 416 

recordings were made using a MultiClamp700B amplifier and PClamp software (Molecular Devices, 417 

USA). The data were low-pass filtered at 2 kHz and digitized at 10 kHz with Digidata 1440 (Molecular 418 

Devices, USA). During recording, slices were submerged in normal, oxygenated ACSF and superfused 419 

(2 ml/min) at temperature (32–34 °C).  420 

To identify MS cholinergic neurons, after expression of AAV2/9-chat-cre-2a-EGFP, spontaneous 421 

action potentials (APs) of EGFP-labeled neurons in the MS were firstly recorded. Then APs were 422 

recorded with intracellular current injection (+80 pA or -80pA, respectively) by whole-cell current 423 

clamp. The pipette (3–5 MΩ) was pulled by a micropipette puller (P-97, Sutter instrument) and filled 424 

with the internal solution (in mM: 105 K-gluconate, 5 NaCl, 10 HEPES, 2 MgATP, 0.5 NaGTP, and 425 

0.2 EGTA, pH 7.3, 290 mOsm).  426 

To confirm the functionality of expressed NpHR and hM3D(Gq), spontaneous firing of NpHR- 427 

or hM3D(Gq)-expressing neurons in the MS were recorded by cell-attached voltage clamp. Following 428 

a 3-min stabilization period, cell-attached voltage clamp was performed. And then, after 1 min 429 

continuous recording, yellow-light (589 nm) was delivered to brain slices or CNO (5 μM) was added 430 

to ACSF solution for the following recording. 431 

To record EPSCs of MHb neurons, AAV2/9-CaMKIIα-mCherry and AAV2/9-chat-EGFP were 432 

injected into the MHb. MHb glutamatergic neurons that corelease glutamate and acetylcholine 433 

(MHbCaMKIIα+ChAT+) were labeled with chat-EGFP and CaMKIIα-mCherry. MHb glutamatergic 434 

neurons without releasing acetylcholine (MHbCaMKIIα+ChAT-) were labeled with CaMKIIα-mCherry 435 

alone. EPSCs were recorded by whole-cell voltage-clamp. Patch electrodes (3–5 MΩ) were filled with 436 

pipette solution contained (in mM): 132.5 Cs-gluconate, 17.5 CsCl, 2 MgCl2, 0.5 EGTA, 10 HEPES, 437 
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4 ATP, 5 QX-314, pH 7.3, 290-300 mOsm). For voltage-clamp recordings, EPSCs were recorded at 438 

−70 mV. After expressions of AAV2/9-chat-cre and AAV2/9-Ef1α-DIO-ChR2-mCherry in the MS, 439 

for the photostimulation of ChR2-expression axon terminals, a blue light pulse was emitted from a 440 

Lambda DG-4 (Sutter, USA) under the control of Digidata 1440. A Lambda DG-4 Wavelength 441 

Switcher was used to deliver different wavelengths of light through the 40 × objective. Following a 3-442 

min stabilization period, sEPSCs of MHb glutamatergic neurons were firstly continuous recorded for 443 

1 min, and then blue-light (465 nm, 5 ms, 20 Hz) was delivered to the MHb slices for the following 444 

light-evoked EPSC recording. Additionally, M1 mAChRs antagonist pirenzepine dihydrochloride (20 445 

μM) was added to ACSF solution for the last recording. Amplitude and frequency of EPSCs were 446 

analyzed with Clampfit 11.1 software. 447 

Apparatus for fiber photometry and optogenetic experiments. After the expressions of AAV2/9-448 

EF1α-DIO-Gcamp6m in the MS and AAV2/9-Ef1α-DIO-ACh2.0 in the MHb, fiber photometry 449 

system (Inper) was used to record GCaMP and acetylcholine fluorescence signals. Firstly, laser beam 450 

from a 470-nm laser (B1470; Inper) was reflected by a dichroic mirror (MD498; Thorlabs, USA), 451 

focused by a x10 objective lens (NA = 0.3; Olympus, Japan) and then coupled to an optical commutator 452 

(Inper). An optical fiber (230 μm O.D., NA = 0.37, 1 m long) guided the light between the commutator 453 

and the implanted optical fiber. The laser power was adjusted at the tip of optical fiber to a low level 454 

of 0.01-0.02 mW, to minimize bleaching. Then the fluorescence was bandpass filtered (MF525-39, 455 

Thorlabs) and focused by a 20 times objective lens and the fluorescence signal was collected by CMOS 456 

camera. The end of the fiber was imaged at the frame rate from 1-320. The ROI area size and mean 457 

value were set through Inper Studio. 470 nm and 410 nm light sources were given alternately, and 410 458 

nm was used as the control. 459 
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For optogenetic experiments, light was delivered to the MS or the MHb via a laser (Inper) 460 

connected through a ceramic mating sleeve (Inper) to the ferrule implanted on the mice. A 589-nm 461 

laser was used to inhibit MS cholinergic neurons or their terminals at bilateral MHb in NpHR-462 

expressing mice. Yellow light intensity was delivered at 10 mW. Meanwhile, a 465-nm laser was used 463 

to activate MS cholinergic neurons or their terminals at bilateral MHb in ChR2-expressing mice. 10-464 

40 ms blue light pulses were delivered at 20 Hz. 465 

Behavioral protocols 466 

Visual aversion task. The apparatus consisted of a two-compartment (50 cm × 25 cm × 25 cm for each 467 

chamber) blue plastic box. The dividing wall was made from non-transparent blue plastic with a 468 

rectangular opening (10 cm in width) in the middle to enable mice free access to each chamber. Each 469 

chamber was filled with four digital screens (9.7-inch, resolution: 2048 × 1536 dpi) on its three walls 470 

(except dividing wall). In the task, mice were first habituated to the two-chamber apparatus for 10 min 471 

while all digital screens were off. Then in test phase, four digital screens in each chamber displayed 472 

one of three images: a blank image (image format: JPG), a static stripe image (image format: JPG) and 473 

the same stripe image that was moving (named as dynamic stripe image, image format: GIF, five 474 

frames per image, all frame delays 3 with GIF Movie Gear software), and mice were placed in the two-475 

chamber apparatus for a 5-min real-time place preference (RTPP) test. Visual aversion behavior for an 476 

image was defined by the percentage of time spent in each image chamber. 477 

Aversion generalization task. The task protocol was made referring to previous studies32, 33, 34, 35. The 478 

same two-chamber apparatus was used in aversion generalization task. The task involved five phases, 479 

including two habituation phases, one training phase, and two test phases. In habituation phase 1, mice 480 

were placed in the apparatus with all eight digital screens off for a 10-min habituation. 1 h later, in 481 

habituation phase 2, mice were placed in the apparatus that one chamber showed same blank images 482 
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whereas the other chamber showed same static stripes image on screens for a 10 min habituation. 1 h 483 

later, in training phase, mice were placed in the apparatus with all two chambers displaying 484 

corresponding dynamic stripe images identified as aversive images for a 10-min visual stimulation. 485 

After a 1-h delay in test phase 1, mice were placed again in the apparatus that one chamber showed 486 

blank images whereas the other chamber showed static stripe images for a 5-min RTPP-test. After a 487 

4-h delay in test phase 2, mice were placed in the apparatus for a 5-min RTPP-test in the same condition 488 

with test phase 1. Visual aversion behavior was defined by the percentage of time spent in each 489 

chamber. 490 

Open field test (OFT). Each mouse was placed in the open field chamber (a plastic box with dimensions 491 

of 50 cm × 50 cm × 40 cm divided into 144 squares), and time spent in the center was assessed for 5 492 

min using video camera and software to record and analyze paths. Anxiety-like behavior was defined 493 

by the time spent in the central zone.  494 

Elevated plus-maze (EPM) test. Each mouse was placed in the center of the EPM and videotaped for 495 

5 min. The time spent in two open arms (30 cm × 5 cm) and two closed arms (30 cm × 5 cm × 20 cm) 496 

were determined from the video recording by blinded observers. Anxiety-like behavior was defined 497 

by the time spent in the open arms.  498 

Grip strength test (GST). Forelimb grip strength was measured as tension force using a computerized 499 

grip strength meter (GSM)67. Each mouse was lifted over the baseplate by its tail, and its forepaws 500 

allowed to grasp the steel grip. The tail of each mouse was then placed in the center of alignment tool 501 

and the mouse was then gently pulled backward by the tail until its grip was released. The GSM was 502 

then used to measure the maximal force (N) before the mouse released the bar. Three trials were 503 

performed for each mouse with a 2-min resting period between trials. 504 
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Novel object recognition test (NORT). NORT is accomplished within three days and consists of a 505 

habituation, training, and testing session. The first day was the habituation session in which mice were 506 

allowed to move freely in a rectangular plastic box (50 cm × 50 cm × 40 cm). On the second day 507 

(training session), the mice were allowed to explore two identical objects for 5 min. On the third day 508 

(testing session), one of the objects was changed to a new object (different color and shape), and the 509 

mice were allowed to explore for 5 min. The time spent exploring, defined as mouth, nose, or paw less 510 

than 2 cm away from the object, was recorded by the computer. The discrimination index, or the 511 

difference in exploration time for novel object minus the familiar object divided by the total amount 512 

of exploration of both objects, was assessed.   513 

Morris water maze (MWM) test. Each mouse was placed in a round pool (1.2 m diameter, 0.5 m height) 514 

filled with water to a 0.3 m depth at a temperature of 25 °C. An escape platform with a diameter of 9 515 

cm was placed at the midpoint of any quadrant of the pool, and visual cues were located around the 516 

room. The test consisted of five days training period with visible and hidden platform. The escape 517 

platform always stayed at a fixed position during the entire duration of training (5 days). On every trial, 518 

mice were put into the pool facing the pool wall. The visible platform training sessions were performed 519 

on days 1 and 2. During visible training trials, a small flag was affixed to the platform that was 1 cm 520 

below the surface of the water. Hidden platform training sessions in which the small flag was removed 521 

but the position of the platform remained the same were performed on days 3-5. There were four trials 522 

per day, each lasting 90 s, with an intertrial interval of 1 hour. Once on the platform, the trial end after 523 

10 s. If the mouse failed to find the platform after 90 s, it would gently guide to the platform and left 524 

for 30 s before being removed. The time to find the platform (escape latency) was compared. On the 525 

final day (day 6), during the probe trial, mice were allowed to swim for 90 s while the platform is taken 526 

away. The number of times of each individual mouse passing the escape platform location and the time 527 
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spent in the target quadrant were recorded and processed using video tracking device and computer-528 

equipped analytics management system. 529 

Y-maze test. Spontaneous alternation behavior was evaluated in a symmetrical Y-maze (3 arms, 40 cm 530 

× 9 cm × 16 cm). Arm choices (all four paws entering one arm) were recorded during an 8-min 531 

exploration trial in the Y-shaped maze by a video camera. Alternation was defined by recording the 532 

order of the visited arms (A, B, or C). Overlapping triplets of 3-arm visits was counted as one complete 533 

spontaneous alternation. The percentage of spontaneous alternation was calculated according to the 534 

following calculation: (number of spontaneous alternation) / (total number of arm visits − 2). 535 

Statistical analysis. All experiments and data analyses were conducted blinded, including the 536 

immunohistochemistry and behavioral analyses. SPSS (version 17.0) was used for statistical analysis 537 

as indicated in the figure legends. All data are shown as mean ± standard error of mean (SEM). 538 

Statistical significance was assessed by two-tailed unpaired Student’s t test or one-way ANOVA 539 

followed by a Tukey’s post-hoc analysis for multiple comparisons. P < 0.05 was considered 540 

statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, n.s.: P > 0.05. 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 
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Fig. 1 MS provides strong cholinergic projections to the MHb. a Schematic diagram of virus 821 

injection of AAV-chat-cre-EGFP into the MS to track its cholinergic projections. b Representative 822 

images of AAV-chat-cre-EGFP expression in the MS three weeks after virus injection. The numbers 823 
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correspond to anterior-posterior distance (in mm) from bregma. c Representative image of EGFP-824 

labeled cholinergic neurons (green) stained with anti-ChAT (red) in the MS by immunohistochemistry. 825 

Inset, magnification of targeted neuron marked with a white arrow. d Quantification of the percentage 826 

of ChAT+ EGFP+ cells (blue) relative to all EGFP-labeled cholinergic neurons in the MS. 827 

Quantification of the percentage of ChAT+ EGFP+ cells (red) relative to all anti-ChAT neurons in the 828 

MS. n = 5, four sections per mouse. e Representative image of EGFP-labeled MS cholinergic neurons 829 

in whole-cell patch-clamp recording after a 6-8 weeks expression of AAV-chat-cre-EGFP. f Response 830 

of EGFP-labeled MS cholinergic neurons to intracellular current steps during whole-cell recording. 831 

Depolarizing current: +80 pA; hyperpolarization current: -80 pA. g Representative whole-brain 832 

mapping of EGFP-labeled cholinergic projections from the MS to the MHb. Scale bar, 400 μm (b), 833 

100 μm (c), 50 μm (e), 400 μm (g, middle) and 50 μm (g, right). Data are mean ± s.e.m. Additional 834 

statistical information can be found in Supplementary Table 2. 835 
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Fig. 2 MS cholinergic neuron supports rapid generalization formation and extinction of visual 915 

aversion in mice. a Scheme of a visual aversion task based on real-time place preference (RTPP) 916 

caused by vision. Red arrows show movement direction of the dynamic stripe image. b Representative 917 

trace of the locomotion in visual aversion task in mice. c Quantification of the percentage of time spent 918 

(c, left) or distance moved (c, right) in each chamber during test phase. n = 15. d Scheme of a 919 
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generalization task with visual aversion stimulus during training phase. e, f Representative movement 920 

trace and quantification of the percentage of time spent in each chamber in test phase 1 and 2 (test 921 

phase 1: generalization formation phase of visual aversion, e; test phase 2: generalization extinction 922 

phase, f). n = 50. g Scheme of a generalization task without visual aversion stimulus during training 923 

phase. h, i Representative movement trace and quantification of the percentage of time spent (by mice 924 

without suffering aversion stimulus) in each chamber in test phase 1 and 2. n = 30. j Representative 925 

images of ChAT and c-Fos immunostaining in MS neurons of mice subjected to aversion generalization 926 

task. k Quantification of c-Fos+ ChAT+ neurons in the MS. n = 5, four sections per mouse. I Schematic 927 

diagram of virus injections and optic fiber implantation for recording of GCaMP fluorescence signals 928 

of MS cholinergic neurons. m Representative images of GCaMP6m expression in the MS. n Schematic 929 

diagram of the fiber photometry setup. Ca2+ transients were recorded from GCaMP6m-expressing MS 930 

cholinergic neurons in mice subjected to visual aversion generalization task. o, p Upper panel: the 931 

heatmap illustration of Ca2+ signals aligned to the onset of aversion generalization formation or 932 

extinction assessment. Each row represents one bout. Lower panel: the peri-event plot of the average 933 

Ca2+ signal transients. 0 s means time from mice first entering the chamber with stripe images onset. 934 

n = 10. Thick red lines indicate mean and shaded areas indicate SEM. Mice with aversion stimulus (o), 935 

mice without aversion stimulus (p). Scale bar, 200 μm (j), 400 μm (m, top) and 50 μm (m, bottom). 936 

Data are mean ± s.e.m. **P < 0.01, ***P < 0.001 (two-tailed unpaired Student’s t test for c, e, f, h and 937 

i; one-way ANOVA with Tukey’s post-hoc analysis for k). Exact p values and additional statistical 938 

information can be found in Supplementary Table 2. 939 
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Fig. 3 MS cholinergic neuron activity is necessary for generalization formation and extinction of 1003 

visual aversion. a Schematic diagram depicting virus injections for apoptosis of MS cholinergic 1004 

neurons. b, c Representative images (b) and quantification (c) of EGFP-labeled MS cholinergic 1005 

neurons in taCaspase3-expressing or control mice. n = 5, four sections per mouse. d, e Data of visual 1006 

aversion generalization task in mice whose MS cholinergic neurons were inhibited with apoptosis 1007 

manipulation (representative trace of mice, d; quantification of the percentage of time spent in each 1008 

chamber during generalization formation and extinction phases, e). n = 15. f Scheme of visual aversion 1009 

generalization task with optogenetic inhibition approach using a yellow-light (589 nm, 10 mW). g 1010 

Schematic diagram depicting virus injections for optogenetic inhibition of MS cholinergic neurons. h 1011 

Yellow light decreased spontaneous firing in MS cholinergic neurons expressing NpHR-mCherry in 1012 

brain slices. n = 12 cells from four mice. i, j Data of visual aversion generalization task in mice whose 1013 

MS cholinergic neurons were inhibited with optogenetic manipulation (representative trace of mice, i; 1014 

quantification of the percentage of time spent in each chamber during generalization phases, j). n = 15. 1015 

k Schematic diagram depicting virus injections for chemogenetic activation of MS cholinergic neurons. 1016 

l Bath application of CNO (5 μM) increased spontaneous firing in MS cholinergic neurons expressing 1017 

hM3Dq-mCherry in brain slices. n = 12 cells from four mice. m, n Data of visual aversion 1018 

Vehicle Neutral image 

CNO              –                   –                           CNO               +                   + 
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generalization task in mice whose MS cholinergic neurons were activated with chemogenetic 1019 

manipulation (representative trace of mice, m; quantification of the percentage of time spent in each 1020 

chamber during generalization phases, n). Mice were intraperitoneally injected with CNO (2.5 mg/kg) 1021 

after generalization formation test. n = 15. Scale bar, 200 μm (b). Data are mean ± s.e.m. *P < 0.05,**P 1022 

< 0.01, ***P < 0.001, n.s.: p > 0.05 (two-tailed unpaired Student’s t test for c, h and l; one-way ANOVA 1023 

with Tukey’s post-hoc analysis for e, j and n). Exact p values and additional statistical information can 1024 

be found in Supplementary Table 2. 1025 
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Fig. 4 MS→MHb cholinergic circuit drives generalization formation and extinction of visual 1067 

aversion. a Schematic diagram depicting virus injections for chemogenetic inhibition of MS→MHb 1068 

cholinergic circuits. b Representative image of AAVs expression in the MHb three weeks after AAV-1069 

hM4D(Gi) injection. c, d Data of visual aversion generalization task in mice whose MS→MHb 1070 

cholinergic circuits were inhibited with chemogenetic manipulation (representative trace of mice, c; 1071 

quantification of the percentage of time spent in each chamber during generalization formation and 1072 

extinction phases, d). Mice were intraperitoneally injected with CNO (2.5 mg/kg) 30 min before 1073 

generalization formation test. n = 15. e Scheme of visual aversion generalization task with an 1074 

optogenetic activation approach using blue-light pulse (465 nm, 20 Hz, 40 ms). f Schematic diagram 1075 

depicting virus injections for optogenetic activation of MS→MHb cholinergic circuits. g 1076 

Representative image of AAVs expression in the MHb three weeks after AAV-ChR2 injection. h, i Data 1077 

of visual aversion generalization task in mice whose MS→MHb cholinergic circuits were activation 1078 

with optogenetic manipulation (representative trace of mice, h; quantification of the percentage of time 1079 

spent in each chamber during generalization formation and extinction phases, i). Scale bar, 100 μm (b 1080 

and g). Data are mean ± s.e.m. *P < 0.05,**P < 0.01, ***P < 0.001, n.s.: p > 0.05 (one-way ANOVA 1081 

with Tukey’s post-hoc analysis for d and i). Exact p values and additional statistical information can 1082 

be found in Supplementary Table 2. 1083 
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Fig. 5 M1 mAChRs and glutamatergic neurons in the MHb are involved in generalization 1116 

formation and extinction of visual aversion. a Schematic diagram depicting virus and drug injections 1117 

for chemogenetic activation of MS→MHb cholinergic circuits and blockade of MHb M1 mAChRs. b 1118 

Representative image of AAVs expression in the MHb three weeks after AAV-hM3D(Gq) injection. c, 1119 

d Data of visual aversion generalization task in mice whose MS→MHb cholinergic circuits were 1120 

activated with chemogenetic manipulation while MHb M1 mAChRs were blocked by pirenzepine 1121 

(representative trace of mice, c; quantification of the percentage of time spent in each chamber during 1122 

generalization formation and extinction phases, d). Mice were injected with CNO (3.0 μM/0.1 μL/side) 1123 

or CNO + Pirenzepine (1.5 μg/0.1 μL/side) into the MHb by cannulas 30 min before generalization 1124 

formation test. n = 10. e Schematic diagram of virus injections and optic fiber implantation for 1125 

recording of acetylcholine fluorescence signals of MHb glutamatergic neurons. f Representative 1126 

images of ACh2.0 expression in the MHb three weeks after AAV-ACh2.0 injection. g Acetylcholine 1127 

transmissions in MHb glutamatergic neurons were involved in generalization formation (g, left) and 1128 

extinction (g, right) of visual aversion. Upper panel, the heatmap illustration of acetylcholine signals 1129 

aligned to the onset of individual generalization assessments. Each row represents one bout, and a total 1130 

of 10 bouts are illustrated. Lower panel, the peri-event plot of the average acetylcholine signal 1131 

transients. 0 s means time from mice first entering the chamber with stripe images onset. n = 10. Thick 1132 

red lines indicate mean and shaded areas indicate SEM. Scale bar, 100 μm (b), 200 μm (f, left) and 50 1133 

μm (f, right). Data are mean ± s.e.m. *P < 0.05,**P < 0.01, ***P < 0.001, n.s.: p > 0.05 (one-way 1134 

ANOVA with Tukey’s post-hoc analysis for d). Exact p values and additional statistical information 1135 

can be found in Supplementary Table 2. 1136 
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Figure. 6 1139 
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Fig. 6 MHb glutamatergic/cholinergic neurons participate in generalization formation and 1175 

extinction of visual aversion. a Schematic diagram depicting virus and drug injections for activation 1176 

of MS→MHb cholinergic circuits and inhibition of MHb glutamatergic neurons with chemogenetic 1177 

approaches. b Representative image of expressions of AAVs (used in a) in the MHb. c, d Data of visual 1178 

aversion generalization task in mice whose MS→MHb cholinergic circuits were activated while MHb 1179 

glutamatergic neurons were inhibited with chemogenetic manipulations (representative trace of mice, 1180 

c; quantification of the percentage of time spent in each chamber during generalization formation and 1181 

extinction phases, d). CNO (3.0 μM/0.1 μL/side) was bilaterally injected into the MHb by cannulas 30 1182 

min before generalization formation test. n = 10. e Representative image (e, top) and quantification (e, 1183 

bottom) of co-localization of CaMKIIα (red) with ChAT (green) in MHb neurons by 1184 

immunohistochemistry. n = 5, four sections per mouse. f Schematic diagram depicting virus and drug 1185 

injections for chemogenetic inhibition of MS→MHb cholinergic circuits and activation of MHb 1186 

glutamatergic/cholinergic neurons with chemogenetic approaches. g Representative image of 1187 

expressions of AAVs (used in f) in the MHb. h, i Data of visual aversion generalization task in mice 1188 
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whose MS→MHb cholinergic circuits were inhibited while MHb glutamatergic/cholinergic neurons 1189 

were activated with chemogenetic manipulations (representative trace of mice, h; quantification of the 1190 

percentage of time spent in each chamber during generalization formation and extinction phases, i). 1191 

CNO (3.0 μM/0.1 μL/side) was bilaterally injected into the MHb by cannulas 30 min before 1192 

generalization formation test. n = 10. Scale bar, 50 μm (b, e and g). Data are mean ± s.e.m. *P < 0.05, 1193 

***P < 0.001, n.s.: P > 0.05 (one-way ANOVA with Tukey’s post-hoc analysis for d and i). Exact p 1194 

values and additional statistical information can be found in Supplementary Table 2. 1195 
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Figure. 7 1212 
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Fig. 7 MHb glutamatergic/cholinergic neurons mediate regulatory effects of MS→MHb 1225 

cholinergic circuit via M1 mAChRs. a Schematic diagram depicting virus injections for whole-cell 1226 

recording of EPSC in MHb neurons. b Representative image of AAVs expression in the MHb three 1227 

weeks after AAV-ChR2 injection. MHb glutamatergic/cholinergic neurons (MHbCaMKIIα+ChAT+) were 1228 

labeled with chat-EGFP and CaMKIIα-mCherry. MHb glutamatergic neurons without releasing 1229 

acetylcholine (MHbCaMKIIα+ChAT-) were labeled with CaMKIIα-mCherry alone. Scale bar, 50 μm. c 1230 

Representative traces of EPSCs in MHbCaMKIIα+ChAT+ and MHbCaMKIIα+ChAT- neurons. EPSCs were 1231 

recorded at -70 mV. Optogenetic stimulations (465 nm, 5 ms, 20 Hz) of ChR2+ axonal terminals and 1232 

M1 mAChRs blockade were performed during the recording of EPSCs. d, e Quantification of 1233 

frequency (m) and amplitude (n) of EPSCs. n = 12 cells from four mice. Data are mean ± s.e.m. *P < 1234 
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0.05,**P < 0.01, ***P < 0.001, n.s.: P > 0.05 (one-way ANOVA with Tukey’s post-hoc analysis for m 1235 

and n). Exact p values and additional statistical information can be found in Supplementary Table 2. 1236 

 1237 

 1238 

 1239 

 1240 

 1241 

 1242 

 1243 

 1244 

 1245 

 1246 

 1247 

 1248 

 1249 

 1250 

 1251 

 1252 

 1253 

 1254 

 1255 

 1256 

 1257 



50 

 

Figure. 8 1258 
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 1266 

 1267 

Fig. 8 Conceptual diagrams for generalization formation and extinction of visual aversion 1268 

mediated by MS→MHb cholinergic circuits. A model for visual aversion generalization formation 1269 

and extinction is built whereby highly similarity between dynamic stripe image (aversive image) and 1270 

static stripe image (neutral image). Activation of the MS→MHb cholinergic circuit drives 1271 

generalization formation while its silence supports subsequent extinction. Moreover, MS→MHb 1272 

cholinergic projections modulate generalization formation and extinction of visual aversion via M1 1273 

mAChRs on downstream glutamatergic/cholinergic neurons. 1274 
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Figures

Figure 1

MS provides strong cholinergic projections to the MHb. a Schematic diagram of virus injection of AAV-
chat-cre-EGFP into the MS to track its cholinergic projections. b Representative images of AAV-chat-cre-
EGFP expression in the MS three weeks after virus injection. The numbers correspond to anterior-posterior



distance (in mm) from bregma. c Representative image of EGFP-labeled cholinergic neurons (green)
stained with anti-ChAT (red) in the MS by immunohistochemistry. Inset, magni�cation of targeted neuron
marked with a white arrow. d Quanti�cation of the percentage of ChAT+ EGFP+ cells (blue) relative to all
EGFP-labeled cholinergic neurons in the MS. Quanti�cation of the percentage of ChAT+ EGFP+ cells (red)
relative to all anti-ChAT neurons in the MS. n = 5, four sections per mouse. e Representative image of
EGFP-labeled MS cholinergic neurons in whole-cell patch-clamp recording after a 6-8 weeks expression of
AAV-chat-cre-EGFP. f Response of EGFP-labeled MS cholinergic neurons to intracellular current steps
during whole-cell recording. Depolarizing current: +80 pA; hyperpolarization current: -80 pA. g
Representative whole-brain mapping of EGFP-labeled cholinergic projections from the MS to the MHb.
Scale bar, 400 μm (b), 100 μm (c), 50 μm (e), 400 μm (g, middle) and 50 μm (g, right). Data are mean ±
s.e.m. Additional statistical information can be found in Supplementary Table 2.

Figure 2

MS cholinergic neuron supports rapid generalization formation and extinction of visual aversion in mice.
a Scheme of a visual aversion task based on real-time place preference (RTPP) caused by vision. Red
arrows show movement direction of the dynamic stripe image. b Representative trace of the locomotion
in visual aversion task in mice. c Quanti�cation of the percentage of time spent (c, left) or distance
moved (c, right) in each chamber during test phase. n = 15. d Scheme of a generalization task with visual
aversion stimulus during training phase. e, f Representative movement trace and quanti�cation of the
percentage of time spent in each chamber in test phase 1 and 2 (test phase 1: generalization formation
phase of visual aversion, e; test phase 2: generalization extinction phase, f). n = 50. g Scheme of a
generalization task without visual aversion stimulus during training phase. h, i Representative movement
trace and quanti�cation of the percentage of time spent (by mice without suffering aversion stimulus) in
each chamber in test phase 1 and 2. n = 30. j Representative images of ChAT and c-Fos immunostaining
in MS neurons of mice subjected to aversion generalization task. k Quanti�cation of c-Fos+ ChAT+



neurons in the MS. n = 5, four sections per mouse. I Schematic diagram of virus injections and optic �ber
implantation for recording of GCaMP �uorescence signals of MS cholinergic neurons. m Representative
images of GCaMP6m expression in the MS. n Schematic diagram of the �ber photometry setup. Ca2+
transients were recorded from GCaMP6m-expressing MS cholinergic neurons in mice subjected to visual
aversion generalization task. o, p Upper panel: the heatmap illustration of Ca2+ signals aligned to the
onset of aversion generalization formation or extinction assessment. Each row represents one bout.
Lower panel: the peri-event plot of the average Ca2+ signal transients. 0 s means time from mice �rst
entering the chamber with stripe images onset. n = 10. Thick red lines indicate mean and shaded areas
indicate SEM. Mice with aversion stimulus (o), mice without aversion stimulus (p). Scale bar, 200 μm (j),
400 μm (m, top) and 50 μm (m, bottom). Data are mean ± s.e.m. **P < 0.01, ***P < 0.001 (two-tailed
unpaired Student’s t test for c, e, f, h and i; one-way ANOVA with Tukey’s post-hoc analysis for k). Exact p
values and additional statistical information can be found in Supplementary Table 2.

Figure 3

MS cholinergic neuron activity is necessary for generalization formation and extinction of visual
aversion. a Schematic diagram depicting virus injections for apoptosis of MS cholinergic neurons. b, c
Representative images (b) and quanti�cation (c) of EGFP-labeled MS cholinergic neurons in taCaspase3-



expressing or control mice. n = 5, four sections per mouse. d, e Data of visual aversion generalization task
in mice whose MS cholinergic neurons were inhibited with apoptosis manipulation (representative trace
of mice, d; quanti�cation of the percentage of time spent in each chamber during generalization
formation and extinction phases, e). n = 15. f Scheme of visual aversion generalization task with
optogenetic inhibition approach using a yellow-light (589 nm, 10 mW). g Schematic diagram depicting
virus injections for optogenetic inhibition of MS cholinergic neurons. h Yellow light decreased
spontaneous �ring in MS cholinergic neurons expressing NpHR-mCherry in brain slices. n = 12 cells from
four mice. i, j Data of visual aversion generalization task in mice whose MS cholinergic neurons were
inhibited with optogenetic manipulation (representative trace of mice, i; quanti�cation of the percentage
of time spent in each chamber during generalization phases, j). n = 15. k Schematic diagram depicting
virus injections for chemogenetic activation of MS cholinergic neurons. Bath application of CNO (5 μM)
increased spontaneous �ring in MS cholinergic neurons expressing hM3Dq-mCherry in brain slices. n =
12 cells from four mice. m, n Data of visual aversion generalization task in mice whose MS cholinergic
neurons were activated with chemogenetic manipulation (representative trace of mice, m; quanti�cation
of the percentage of time spent in each chamber during generalization phases, n). Mice were
intraperitoneally injected with CNO (2.5 mg/kg) after generalization formation test. n = 15. Scale bar, 200
μm (b). Data are mean ± s.e.m. *P < 0.05,**P < 0.01, ***P < 0.001, n.s.: p > 0.05 (two-tailed unpaired
Student’s t test for c, h and l; one-way ANOVA with Tukey’s post-hoc analysis for e, j and n). Exact p values
and additional statistical information can be found in Supplementary Table 2.



Figure 4

MSMHb cholinergic circuit drives generalization formation and extinction of visual aversion. a
Schematic diagram depicting virus injections for chemogenetic inhibition of MSMHb cholinergic circuits.
b Representative image of AAVs expression in the MHb three weeks after AAV-hM4D(Gi) injection. c, d
Data of visual aversion generalization task in mice whose MSMHb cholinergic circuits were inhibited
with chemogenetic manipulation (representative trace of mice, c; quanti�cation of the percentage of time
spent in each chamber during generalization formation and extinction phases, d). Mice were



intraperitoneally injected with CNO (2.5 mg/kg) 30 min before generalization formation test. n = 15. e
Scheme of visual aversion generalization task with an optogenetic activation approach using blue-light
pulse (465 nm, 20 Hz, 40 ms). f Schematic diagram depicting virus injections for optogenetic activation
of MSMHb cholinergic circuits. g Representative image of AAVs expression in the MHb three weeks after
AAV-ChR2 injection. h, i Data of visual aversion generalization task in mice whose MSMHb cholinergic
circuits were activation with optogenetic manipulation (representative trace of mice, h; quanti�cation of
the percentage of time spent in each chamber during generalization formation and extinction phases, i).
Scale bar, 100 μm (b and g). Data are mean ± s.e.m. *P < 0.05,**P < 0.01, ***P < 0.001, n.s.: p > 0.05 (one-
way ANOVA with Tukey’s post-hoc analysis for d and i). Exact p values and additional statistical
information can be found in Supplementary Table 2.



Figure 5

M1 mAChRs and glutamatergic neurons in the MHb are involved in generalization formation and
extinction of visual aversion. a Schematic diagram depicting virus and drug injections for chemogenetic
activation of MSMHb cholinergic circuits and blockade of MHb M1 mAChRs. b Representative image of
AAVs expression in the MHb three weeks after AAV-hM3D(Gq) injection. c, d Data of visual aversion
generalization task in mice whose MSMHb cholinergic circuits were activated with chemogenetic
manipulation while MHb M1 mAChRs were blocked by pirenzepine (representative trace of mice, c;



quanti�cation of the percentage of time spent in each chamber during generalization formation and
extinction phases, d). Mice were injected with CNO (3.0 μM/0.1 μL/side) or CNO + Pirenzepine (1.5 μg/0.1
μL/side) into the MHb by cannulas 30 min before generalization formation test. n = 10. e Schematic
diagram of virus injections and optic �ber implantation for recording of acetylcholine �uorescence
signals of MHb glutamatergic neurons. f Representative images of ACh2.0 expression in the MHb three
weeks after AAV-ACh2.0 injection. g Acetylcholine transmissions in MHb glutamatergic neurons were
involved in generalization formation (g, left) and extinction (g, right) of visual aversion. Upper panel, the
heatmap illustration of acetylcholine signals aligned to the onset of individual generalization
assessments. Each row represents one bout, and a total of 10 bouts are illustrated. Lower panel, the peri-
event plot of the average acetylcholine signal transients. 0 s means time from mice �rst entering the
chamber with stripe images onset. n = 10. Thick red lines indicate mean and shaded areas indicate SEM.
Scale bar, 100 μm (b), 200 μm (f, left) and 50 μm (f, right). Data are mean ± s.e.m. *P < 0.05,**P < 0.01,
***P < 0.001, n.s.: p > 0.05 (one-way ANOVA with Tukey’s post-hoc analysis for d). Exact p values and
additional statistical information can be found in Supplementary Table 2.



Figure 6

MHb glutamatergic/cholinergic neurons participate in generalization formation and extinction of visual
aversion. a Schematic diagram depicting virus and drug injections for activation of MSMHb cholinergic
circuits and inhibition of MHb glutamatergic neurons with chemogenetic approaches. b Representative
image of expressions of AAVs (used in a) in the MHb. c, d Data of visual aversion generalization task in
mice whose MSMHb cholinergic circuits were activated while MHb glutamatergic neurons were inhibited



with chemogenetic manipulations (representative trace of mice, c; quanti�cation of the percentage of
time spent in each chamber during generalization formation and extinction phases, d). CNO (3.0 μM/0.1
μL/side) was bilaterally injected into the MHb by cannulas 30 min before generalization formation test. n
= 10. e Representative image (e, top) and quanti�cation (e, bottom) of co-localization of CaMKIIα (red)
with ChAT (green) in MHb neurons by immunohistochemistry. n = 5, four sections per mouse. f Schematic
diagram depicting virus and drug injections for chemogenetic inhibition of MSMHb cholinergic circuits
and activation of MHb glutamatergic/cholinergic neurons with chemogenetic approaches. g
Representative image of expressions of AAVs (used in f) in the MHb. h, i Data of visual aversion
generalization task in mice whose MSMHb cholinergic circuits were inhibited while MHb
glutamatergic/cholinergic neurons were activated with chemogenetic manipulations (representative trace
of mice, h; quanti�cation of the percentage of time spent in each chamber during generalization
formation and extinction phases, i). CNO (3.0 μM/0.1 μL/side) was bilaterally injected into the MHb by
cannulas 30 min before generalization formation test. n = 10. Scale bar, 50 μm (b, e and g). Data are
mean ± s.e.m. *P < 0.05, ***P < 0.001, n.s.: P > 0.05 (one-way ANOVA with Tukey’s post-hoc analysis for d
and i). Exact p values and additional statistical information can be found in Supplementary Table 2.

Figure 7



MHb glutamatergic/cholinergic neurons mediate regulatory effects of MSMHb cholinergic circuit via M1
mAChRs. a Schematic diagram depicting virus injections for whole-cell recording of EPSC in MHb
neurons. b Representative image of AAVs expression in the MHb three weeks after AAV-ChR2 injection.
MHb glutamatergic/cholinergic neurons (MHbCaMKIIα+ChAT+) were labeled with chat-EGFP and
CaMKIIα-mCherry. MHb glutamatergic neurons without releasing acetylcholine (MHbCaMKIIα+ChAT-)
were labeled with CaMKIIα-mCherry alone. Scale bar, 50 μm. c Representative traces of EPSCs in
MHbCaMKIIα+ChAT+ and MHbCaMKIIα+ChAT- neurons. EPSCs were recorded at -70 mV. Optogenetic
stimulations (465 nm, 5 ms, 20 Hz) of ChR2+ axonal terminals and M1 mAChRs blockade were
performed during the recording of EPSCs. d, e Quanti�cation of frequency (m) and amplitude (n) of
EPSCs. n = 12 cells from four mice. Data are mean ± s.e.m. *P <0.05,**P < 0.01, ***P < 0.001, n.s.: P >
0.05 (one-way ANOVA with Tukey’s post-hoc analysis for m and n). Exact p values and additional
statistical information can be found in Supplementary Table 2.

Figure 8

Conceptual diagrams for generalization formation and extinction of visual aversion mediated by
MSMHb cholinergic circuits. A model for visual aversion generalization formation and extinction is built
whereby highly similarity between dynamic stripe image (aversive image) and static stripe image (neutral
image). Activation of the MSMHb cholinergic circuit drives generalization formation while its silence
supports subsequent extinction. Moreover, MSMHb cholinergic projections modulate generalization
formation and extinction of visual aversion via M1 mAChRs on downstream glutamatergic/cholinergic
neurons.
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