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Associative learning, serve as the neurobiological basis of operant conditioning, is essential for 
adaptive fitness and survival optimization. The visual cue-guided reward acquisition is fundamental in 
associative learning. However, the pathological memory formed through excessive reward-associated 
visual cues is also a critical factor contributing to addictive disorders. Thus, it is essential to understand 
the dynamic mechanisms of visual processing during cue-reward learning. Superior Colliculus (SC) is 
an important structure that transforms sensory inputs into motor outputs for the purpose of directing 
orienting behaviors and attention. How SC encodes the association between visual cues and rewarding 
behavior through specific type of neurons remains unclear. In present study, fiber photometry 
was used to detect the activity of SC glutamatergic neurons during visual cue-reward associative 
learning in sucrose self-administration and the intervention targeting SC glutamatergic neurons was 
conducted to investigate the impact on visual cue-induced reinstatement. We demonstrate that the 
visual cue related to reward activated SC glutamatergic neurons and chemogenetic inhibition of SC 
glutamatergic neurons suppresses the visual cue-induced reinstatement. These findings suggest that 
SC glutamatergic neurons encode reward-related visual cues through associative learning and are 
necessary for retrieval of the memory which drives the reinstatement, which provides evidence for 
further understanding of addiction process and maybe a new way to intervene for addicts.
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Operant conditioning enables organisms to adapt their decision-making based on behavioral outcomes, thereby 
enhancing environmental adaptation and survival fitness1–3. Associative learning, serves as the fundamental 
neurobiological basis of operant conditioning, depends on the potential of neuronal networks to undergo 
experience-dependent modifications, such as through learning the association between specific sensory stimulus 
and rewards4,5. During associative learning, initially “neutral stimuli” in the natural environment acquires 
reward salience and motivational value through spatiotemporal pairing with rewards, ultimately transforming 
into “conditioned cue"6. Studies have shown that more than 80% of the external information is transmitted to 
the brain by the visual system, and the corresponding behavioral response is outputted after processing by the 
relevant brain areas7,8. Thus, the visual cue-guided reward acquisition is fundamentally important for adaptive 
survival and development. The pathological memory formed through excessive reward-associated visual cues 
is also a critical factor contributing to addictive disorders. Patients with addiction exhibit a 150% increase in 
sensitivity to reward-related cues9 with cue-induced dopamine release exceeding natural rewards by 2–3 fold10,11. 
However, the dynamic mechanisms of visual processing during cue-reward learning are poorly understood.

The superior colliculus (SC), located in the mammalian midbrain, is an early subcortical brain region12. It 
is an important brain structure that transforms sensory inputs into motor outputs for the purpose of directing 
orienting behaviors and attention13. SC has a distinct subzone structure, which can be divided into three layers: 
superficial layer, middle layer, and deep layer. The superficial layers are predominantly vision-related, receiving 
direct retinal inputs while also integrating projections from visual cortical areas, while the middle and deep 
layers integrate inputs from both the superficial SC and multiple other brain regions to orchestrate orienting 
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behaviors, including gaze orientation, spatial attention, and spatial decision-making14. Therefore, SC is also 
considered as the “integration center” of sensory information15.

Notably, SC is one of the dominant sources of low-processed sensorial information (predominantly visual) 
reaching the midbrain reward system16–19. Primate experiments has illustrated how learning and expected reward 
values affect neuronal activity in SC20. Griggs et al. demonstrate that neurons in SC can discriminate objects 
based on reward values21. Thus, SC is likely to be involved in reward-related visual cues processing. In addition, 
responses of deep SC neurons increased if the visual stimulus predicted a reward in the pure passive stimulus 
model22. Nevertheless, how the associative memory of “visual cue-reward” is encoded by the SC, which specific 
neurons regulate this process, and direct evidence of its dynamic changes remain to be further investigated.

In the present research, we specifically addressed the role of SC glutamatergic neurons in visual cue 
associated with rewarding behavior in sucrose self-administration (SA) model by optogenetic and chemogenetic 
techniques. Firstly, we detected the activity of glutamatergic neurons in SC during sucrose-SA, extinction and 
reinstatement with fiber photometry, which aimed to determine the response of SC to reward-related visual cue. 
Secondly, the reversible modulation offered by chemogenetics was applied to inhibit the glutamatergic neurons 
in SC during visual cue-induced reinstatement, which to verify the role of SC in visual cue-induced reward-
seeking behavior. Taken together, the present study demonstrats the critical involvement of SC glutamatergic 
neurons in encoding the association between visual cue and reward, which may provide further insights into the 
pathophysiological processes of addiction from the perspective of learning and memory.

Methods and materials
Animals
All experiments were performed with adult C57BL/6J (purchased from Beijing Huafukang Biotechnology Co., 
Ltd). The mice 8 weeks old were housed individually in a temperature and Humidity-controlled environment on 
12h light-dark cycles (22 °C, 50–60% Humidity, 12:12 h light/dark cycle with Lights on at 8:00 a.m. and Lights 
off at 8:00 p.m.) and were provided with food and water ad libitum. After all experiments were completed, mice 
were humanely euthanized via CO₂ inhalation (40% chamber volume/min). The animal study was approved 
by the Animal Ethics Committee of Beijing Institute of Pharmacology and Toxicology, and all experimental 
procedures were performed according to the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. The authors complied with the ARRIVE guidelines.

Viruses
AAV2/9-CaMKIIα-GCaMP6m (titer: 2.84E + 12v g/mL); AAV2/9-CaMKIIα-hM4D(Gi)-EGFP (titer: 
4.64E + 12vg /mL).

Drugs
Ketamine and xylazine were received from the Ministry of Public Security. Clozapine nitrogen oxide (CNO, 
Sigma-Aldrich LLC., St. Louis, USA) was dissolved in 2% Dimethyl sulfoxide (DMSO, Sigma-Aldrich LLC., 
St. Louis, USA) to obtain the indicated doses (5 mg/kg of solution). Sucrose (purity > 99%, Sinopharm Group 
Chemical Reagent Co., LTD, China).

Apparatus
The sucrose-SA experiments were conducted in operant test chambers (200 mm × 150 mm × 180 mm, L × W 
× H). Each test chamber has two nose-poke holes (Aes-110, ID = 2 cm) located 4.5 cm above the floor (Anilab 
SuperState Version 4.0, Anilab Software & Instruments Co., Ltd., Ningbo, China). Anilab 8.52 software was 
applied to schedule the experimental events and collect the data.

The fiber photometry system was produced by Thinker Tech Nanjing Biotech Limited Co. (Nanjing, 
China). To record fluorescence signals, 470-nm excitation light was reflected by a dichroic mirror (MD498; 
Thorlabs, Inc., New Jersey, USA) and focused by a 20 × 0.4 objective. An optical fiber (230mmO.D., numerical 
aperture (NA) = 0.37, 2 m long) guided the light between the objective and the implanted optical fiber. The 
GCaMP fluorescence was bandpass filtered (MF525-39; Thorlabs, Inc., New Jersey, USA) and collected by a 
photomultiplier tube (H10721-210; Hamamatsu Photonics, Hamamatsu, Japan). An amplifier was used to 
convert the photomultiplier tube current output to voltage signals, which were further filtered through a 40-Hz 
lowpass filter.

Virus injection and implantation
Animals were anesthetized with ketamine (100 mg/kg) and xylazine (25 mg/kg). Animals were then placed in 
a stereotaxic device (RWD Life Science, Shenzhen, China) for virus injection and optical fiber insertion. For 
fiber photometry, the virus AAV2/9-CaMKIIα-GCaMP6m (300nl, Unilateral injection) was injected in SC (the 
location is AP: −3.7 mm; ML: −0.8 mm; DV: −1.85 mm) (DV measured from the dura surface) at the rate of 
30nl/min. The injector remained in place for an additional 10 min. Subsequently, a single optic fiber cannula 
(QA-HC, length = 2.5 mm, OD = 200 μm, ThinkerTech, Nanjing, China) was implanted unilaterally above the 
SC (junction between the middle and deep layers) at the following coordinates relative to bregma: AP: −3.7 
mm, ML: −0.8 mm, and DV: −1.8 mm (DV measured from the dura surface). Fiber cannulas were secured 
using instant adhesive (Cat. No. 145401, TONSAN, Beijing, China) followed by the application of acrylic dental 
cement. For chemogenetic inhibition of SC, the virus AAV2/9-CaMKIIα-hM4D(Gi)-EGFP (300nl per side, 
Bilateral injection) was injected in the SC. Animals recovered for 3 weeks post-surgery.
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Sucrose-SA experiments
Sucrose-SA training: In order to promote the formation of sucrose-SA behavior, the mice were restricted in food 
for 3 days before the experiment (the food was Limited to 3.0 g per mouse per day, about 80% of the normal 
food intake) until the end of the training. The mice were trained to self-administer sucrose in the operant test 
chamber on an FR1 reinforcement schedule. Active pokes of mice resulted in a pump of sugar (10 µl, 10% 
sucrose) simultaneously coupled with 5s’ cue Light. Inactive pokes resulted in nothing. Lick pokes refer to the 
Licking behavior of mice which consumes the delivered sucrose solution induced by active pokes. Mice were 
trained for 1h per day and the number of nose pokes was not limited. When sucrose-SA was established, the 
experimental animals underwent extinction training.

Extinction: There were no responses to active pokes during extinction. The number of active or inactive 
pokes of extinction was represented by the average of the last 3 days.

Cue-induced reinstatement: Active pokes resulted in 5s’ cue Light but without sugar and inactive pokes 
resulted in no responds. Active and inactive pokes were automatically recorded during the 1h’s test.

Fiber photometry
Mice expressing GCaMP6m on glutamatergic neurons of SC were used for the experiments. Recordings were 
performed during the sucrose-SA training. The instrument was preheated for 30 min before the experiment 
began. When the Light source kept stable, the power of 405 channel was adjusted to 20–25µW, and the power of 
470 channel was adjusted to 40–60 µW. After 15 min of free movement in the cage, the mice were placed in the 
operant box. The activity of glutamatergic neurons in SC was recorded on the first, sixth and tenth days of SA 
training, the first and last days of extinction training, and the day of cue priming. The experimental procedure 
is detailed in Fig. 1A.

The ΔF/F trajectories were obtained using scripts provided by Thinker Tech Nanjing Biotech Limited Co. 
(Nanjing, China). The ΔF/F value, representing fluorescence intensity changes around events, was calculated 
as ΔF/F = (F-F0)/F0, where F is the current fluorescence intensity and F0 is the baseline fluorescence intensity. 
F0 was defined as the average of the integrated signal over the 1 s period preceding each nose-poke event. The 
analyzed time window for signal changes spanned 5 s, with fluorescence signals sampled at 100 Hz.

During data processing, the 405 nm excitation channel served as the reference. Using MATLAB, the raw data 
underwent preprocessing, including motion correction to remove background noise and the airPLS correction 
algorithm to mitigate photobleaching effects (i.e., the gradual baseline decline caused by prolonged recording of 
fluorescent signals or fiber autofluorescence). The lambda value for correction was set to 12.

The ΔF/F values are presented as means, with shaded regions indicating the standard error of the mean 
(SEM). Results are visualized as heatmaps and line graphs. In the line graphs, the light shading around the 
traces represents SEM. For heatmaps, all stimulus-aligned results were synchronized to the event onset (time 
zero). Fluorescence intensity changes are color-coded, with cool tones (e.g., blue) indicating weaker or decreased 
fluorescence and warm tones (e.g., red) representing enhanced fluorescence intensity.

Selection and analysis of mouse nose-poke events: Each time a mouse poked its nose into a hole was 
considered as one event (one trail). Since mice would perform multiple nose-poking behaviors in a short period 
of time, only the events where the mouse did not perform another nose-poke within 6 s after one nose-poke were 
selected for analysis during the processing. By processing all the nose-poke events that met the requirements 
for each mouse on the test day, the changes in the neurons of each mouse were obtained. Then, the average trail 
values of each mouse were integrated to obtain the changes in the neurons of the mice on the test day. Finally, 
the average trials of different days were integrated to obtain the final line graph and heat map of the neuronal 
fluctuations.

Chemogenetic Inhibition of glutamatergic neurons in SC
CNO preparation: 5 mg of CNO powder was dissolved in 0.2 ml of DMSO to prepare 25 mg/ml CNO mother 
liquor, which was stored at −20 °C. The CNO mother Liquor was diluted to 0.5 mg/ml with saline for injection 
before administration.

After extinction, mice expressing hM4D(Gi) on glutamatergic neurons of SC were randomly given CNO (5 
mg/kg) or vehicle (2% DMSO solution) intraperitoneally 20 min before cue priming. After the administration, 
the mice were allowed to play in their cages. At the beginning of behavioral test, mice were placed in the operant 
box for cue challenge. The experimental procedure is detailed in Fig. 3A.

Immunofluorescence
To confirm GCaMP6m or hM4D(Gi) expression on glutamatergic neurons in SC, mice injected with GCaMP6m 
or hM4D(Gi)-EGFP were sacrificed to collect brain sections containing SC. Fluorescent images were obtained 
with confocal microscopy (Olympus, Tokyo, Japan).

Data analysis and statistical tests
All data are presented as the mean ± SEM and analyzed by Sigma Stat.3.5 software. One-way ANOVA was used 
to compare same index of the same animal before and after the treatment. If the data of each group met the 
normal distribution but not the spherical assumption, Greenhouse-Geisser was used for post-correction test. 
If the data of each group did not meet the normal distribution, Kruskal-Wallis One-Way ANOVA on Ranks 
was used for test. Bonferroni test was used for pairwise comparison between groups. P < 0.05 was considered 
statistically significant.
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Results
Activity of SC glutamatergic neurons altered during visual cue-reward associative learning
To explore the involvement of SC in visual cue-reward associative learning, the activity of glutamatergic neurons 
in the junction between the middle and deep layers was examined by fiber photometry in the formation of 
sucrose-SA. Recordings were performed on the first, sixth and tenth days of sucrose SA training, which 
is detailed in Fig. 1A. The expression of GCaMP6m on SC glutamatergic neurons is shown in Fig. 1B. Mice 
with GCaMP6m were randomly divided to two groups (cue-light group and no cue-light group) to trained for 
sucrose-SA. We found that mice trained with cue-light significantly completed more active pokes than mice 
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trained without cue-light, while the number of inactive pokes had no difference between the two groups (Fig. 1C 
and D). It indicated that visual cues could enhance reward-seeking behavior. On the first, sixth and tenth days of 
SA training, the GCaMP6m signal was recorded to reflect the activity of SC glutamatergic neurons. In cue-light 
group, the activity of SC glutamatergic neurons significantly changed when mice poked the active hole on the 
6th and 10th day as the cue-light was trained to associate the reward (Fig. 1E and F). In contrast, inactive pokes 
(resulted in nothing) and licking behavior had no effect on the activity of SC neurons (Fig. 1I, J, M and N). In no 
cue-light group, inactive pokes and licking behavior did not significantly modulate neuronal activity in the SC 
(Fig. 1K, L, O, and P). Interestingly, we found that active pokes in no cue-light group induced the similar trend 
of SC glutamatergic neurons as well as in cue-light group (Fig. 1G and H). For this phenomenon, we preferred 
that all reward-related visual cues, including but not limited to cue-light, were effective stimuli for SC which 
could impact SC neuronal activity. This point is supported by the finding that inactive pokes, which did not 
match visual cues with reward, had no effect on the activity of SC neurons. These results above suggested that 
SC glutamatergic neurons involve in the visual cue-reward associative learning and the visual cue reinforce the 
reward-seeking behavior.

The visual cue activated SC glutamatergic neurons to reinstate reward-seeking
To further investigate the modulation of SC on reward-related cues, we trained mice for extinction and 
reinstatement. The activity of SC glutamatergic neurons was recorded during these processes. Extinction phase: 
Active pokes in Extinction-10 decreased significantly compared to Extinction-1(Fig. 2A and G) and inactive 
pokes had no change (Fig. 2D and J). In cue-light group, the activity of SC glutamatergic neurons gradually 
extinguished with extinction (compared Extinction-1 with Extinction-10 as shown in heatmap) (Fig. 2C). In 
no cue-light group, SC glutamatergic neurons remained silent throughout the process (Fig. 2I). Reinstatement 
phase: In cue-light group, when mice were challenged with cue-light, active pokes remarkably increased in cue 
priming compared to Extinction-10 (Fig. 2A) and inactive pokes had no change (Fig. 2D), which exhibited an 
obvious reward-seeking behavior. Meanwhile, SC glutamatergic neurons were activated when re-exposed to 
the visual cue (Fig. 2B and C). In contrast, inactive pokes (resulted in nothing) had no effect on the activity of 
SC neurons (Fig. 2E and F). In no cue-light group, though active pokes increased in cue priming compared to 
Extinction-10 (Fig. 2G), we believe that this phenomenon is caused by the “novelty response” of mice to the cue-
light rather than a true reinstatement. And SC glutamatergic neurons did not respond to cue-light (Fig. 2H and 
I) and inactive pokes (Fig. 2K and L) in no cue-light group, which is consistent with our view above. These results 
suggested that SC glutamatergic neurons encode the memory for reward-related visual cues through associative 
learning, which cannot be eliminated by extinction. Upon re-exposure to the same visual cue, SC glutamatergic 
neurons will be aroused to drive the reinstatement.

Silencing SC glutamatergic neurons inhibited the visual cue-induced reward-seeking 
reinstatement
Findings above had indicated that SC glutamatergic neurons activated when re-exposed to cue-light associated 
with reward. Chemogenetic inhibition of SC glutamatergic neurons was employed to verify its regulatory role in 
the reinstatement induced by the visual cue. The experimental procedure is detailed in Fig. 3A. The expression 
of hM4D(Gi) on SC glutamatergic neurons is shown in Fig. 3B. Mice with hM4D(Gi) were trained to acquire 
sucrose-SA and underwent extinction subsequently (Fig. 3C). After extinction, vehicle or CNO was microinjected 
into SC to observe the reinstatement induced by the visual cue. When mice were injected with vehicle, active 

Fig. 1.  Excitability of glutamatergic neurons in SC during sucrose self-administration. (A) Experimental 
procedure. Firstly, three weeks post-viral expression, the mice underwent sucrose-SA. Following 14 days 
of acquisition and 10 days of extinction training, cue-light reinstatement was introduced on day 23. The 
excitability of glutamatergic neurons in the SC was recorded on the first, sixth, and tenth days of sucrose 
training, as well as on the first and tenth days of extinction training, and on the day of cue-light reinstatement. 
(B) Virus expression. a: Schematic of virus injection, b: Fluorescence map of GCaMP expression (Scale: 
500 μm). (C) Curve of active pokes in the cue-light group (n = 8) and no-cue light group (n = 6) during SA, 
mean ± s. *P < 0.05, **P < 0.05, two-way ANOVA with one repeated measurement followed by Bonferroni test. 
(D) Curve of inactive pokes in the cue-light group (n = 8) and no-cue light group (n = 6) during SA, mean ± s. 
(E) Excitability of glutamatergic neurons in SC after touching the active poke in the cue-light group. (F) AUC 
of GCaMP6m after touching the active poke in the cue-light group, mean ± s, n = 8. *P < 0.05, Kruskal-Wallis 
One Way Analysis of Variance on Ranks. (G) Excitability of glutamatergic neurons in SC after touching 
the active poke in the no cue-light group. (H) AUC of GCaMP6m after touching the active poke in the no 
cue-light group, mean ± s, n = 6. *P < 0.05, Two-way repeated measures analysis of variance. (I) Excitability of 
glutamatergic neurons in SC after touching the inactive poke in the cue-light group. (J) AUC of GCaMP6m 
after touching the inactive poke in the cue-light group, mean ± s, n = 8. P>0.05, Kruskal-Wallis One Way 
Analysis of Variance on Ranks. (K) Excitability of glutamatergic neurons in SC after touching the inactive 
poke in the no cue-light group. (L) AUC of GCaMP6m after touching the inactive poke in the no cue-light 
group, mean ± s, n = 6. P>0.05, One Way Analysis of Variance. (M) Excitability of glutamatergic neurons in 
SC after touching the lick poke in the cue-light group. (N) AUC of GCaMP6m after touching the lick poke 
in the cue-light group, mean ± s, n = 8. P>0.05, Kruskal-Wallis One Way Analysis of Variance on Ranks. (O) 
Excitability of glutamatergic neurons in SC after touching the lick poke in the no cue-light group. (P) AUC of 
GCaMP6m after touching the lick poke in the no cue-light group, mean ± s, n = 6. P>0.05, Kruskal-Wallis One 
Way Analysis of Variance on Ranks.

◂
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pokes significantly increased compared to that in extinction, which exhibited a obvious reinstatement (Fig. 3D). 
When given CNO, mice displayed less response to cue-light and active pokes remarkably decreased compared 
to the injection of vehicle (Fig. 3D). The result demonstrated that SC glutamatergic neurons are necessary for 
retrieval of the “visual cue-reward” associated memory which drives the reinstatement induced by the visual cue.

Discussion
Learning the association of a specific sensory stimulus with reward is vital for adaptation to the environment and 
survival. Neuronal representations of visual stimuli in adult primary visual cortex (V1) have been shown to be 
modified by previous visual experience4,21,23,24. However, how visual information associated with the rewarding 
behavioral is encoded remains uncertain. SC is involved in the regulation of a variety of physiological functions, 
such as visual signal transmission and processing, innate defense response, oriented movement, attention, visual 
discrimination and so on25–27. In the present study, we explored the encoding role of SC glutamatergic neurons 
in visual cue associated with rewarding behavior in sucrose self-administration. Firstly, we found that visual cue 
could significantly change SC glutamatergic neurons when associated with reward through fiber photometry. 
Then, it was recorded that SC glutamatergic neurons could still respond to the visual cue when cue-light was 
introduced to mice after extinction. Lastly, the result that inhibition of SC glutamatergic neurons hindered 
the reinstatement induced by the cue verified the necessary role of SC in encoding visual cue associated with 
rewarding behavior. Our findings demonstrated that SC glutamatergic neurons encode the memory of reward-
related visual cues through associative learning, which drives the reinstatement induced by the visual cue.

During the sucrose-SA experiment, by comparing the number of active pokes between the cue-matched 
and no cue-matched mice, we found that the mice trained with cue had more intense reward craving and more 
intense reward-seeking behavior. This is consistent with previous researches that reward-related cue exposure 
can lead to food or drug seeking and excessive consumption28–30. The mechanism for this phenomenon may be 
that as a secondary reinforcement factor, the cue itself has the reward effect and can maintain the compulsive 
drug-use behavior31,32.

SC is a highly visual structure: A fraction of its inputs is retinal and complemented by inputs from visual 
cortical areas, including the primary visual cortex12. The middle and deep layers integrate inputs from both 
the superficial SC and other brain regions to process multiple sensory information. Therefore, we recorded 

Fig. 2.  Excitability of glutamatergic neurons in SC during extinction and reinstatement in mice. (A) Active 
pokes in the cue-light group, mean ± s, n = 7. *P < 0.05, One Way Analysis of Variance followed by Bonferroni 
test. (B) AUC of GCaMP6m after touching the active poke in the cue-light group, mean ± s, n = 7. *P < 0.05, 
Kruskal-Wallis One Way Analysis of Variance on Ranks by Student-Newman-Keuls test. (C) Excitability 
of glutamatergic neurons in SC after touching the active poke in the cue-light group. (D) Inactive pokes in 
the cue-light group, mean ± s, n = 7. P>0.05, One Way Analysis of Variance followed by Bonferroni test. (E) 
AUC of GCaMP6m after touching the inactive poke in the cue-light group, mean ± s, n = 7. P>0.05, One Way 
Analysis of Variance. (F) Excitability of glutamatergic neurons in SC after touching the inactive poke in the 
cue-light group. (G) Active pokes in the no cue-light group, mean ± s, n = 6. **P < 0.01, Kruskal-Wallis One Way 
Analysis of Variance on Ranks by Student-Newman-Keuls test. (H) AUC of GCaMP6m after touching the 
active poke in the no cue-light group, mean ± s, n = 6. P>0.05, One Way Analysis of Variance. (I) Excitability 
of glutamatergic neurons in SC after touching the active poke in the no cue-light group. (J) Inactive pokes in 
the no cue-light group, mean ± s, n = 6. P>0.05, One Way Analysis of Variance followed by Bonferroni test. (K) 
AUC of GCaMP6m after touching the inactive poke in the no cue-light group, mean ± s, n = 6. P>0.05, One 
Way Analysis of Variance. (L) Excitability of glutamatergic neurons in SC after touching the inactive poke in 
the no cue-light group.
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the location at the junction between the middle and deep layers of the SC. Our neuronal activity detection 
showed that SC glutamatergic neurons responded to visual cues predicting reward after associative learning. 
Based on fiber photometry recordings, the activity of SC glutamatergic neurons on the 10th day of sucrose self-
administration was lower than that observed on the 6th day. Behaviorally, while sucrose self-administration 
frequencies remained comparable between the 6th day and the 10th day, we observed distinct visual cue 
responses in SC glutamatergic neurons. Critically, this divergence may cannot be explained by GCaMP signal 
decay, given its documented stability period (4–6 months with peak efficacy at 6 weeks33 and our adherence 
to this experimental window. The post-extinction neuronal reactivation shown in Fig. 2 further corroborates 
the physiological validity of our recordings. We propose this phenomenon reflects a reward-satiety dependent 
mechanism: During prolonged training, repeated reward consumption may progressively dampen SC neuronal 
responses to associated cues, while extinction-induced reward omission resets this adaptation, restoring high 
cue reactivity. This interpretation aligns with established frameworks of reward prediction error signaling5,34 
and suggests dynamic, state-dependent modulation of cue salience encoding in the SC. Surprisingly, significant 
changes in SC glutamatergic neurons were also recorded in the no cue-light group when mice touched the 
active hole but not the inactive hole. We believe that environmental cues other than cue-light, such as context 
and pump noise, were associated with reward during sucrose-SA. Thus, despite the absence of cue-light, other 
reward-related cues are able to activate SC glutamatergic neurons. Subsequent findings supported this point. In 
the extinction training, we found that SC neurons were no longer activated indicating that the rewarding effects 
of the context cue had been eliminated. After extinction, only cue-light retained the rewarding effect to activate 
SC glutamatergic neurons and induced reinstatement. Although the visual cue and active poke co-occur in 
sucrose self-administration model, we propose two key lines of evidence suggesting that SC neuronal activity 
changes are specifically associated with the visual cue rather than the nose-poke behavior itself: (1) We also 
analyzed the changes in SC neurons before and after licking behavior (lick poke) in Fig. 1M. The results showed 
that the action of mice licking sucrose had no effect on SC activity. This result suggested that the behavior of 
obtaining a reward itself (including lick pokes and active pokes) may not activate SC glutamatergic neurons. 
(2) More importantly, following extinction training (during which active pokes no longer delivered either 
sucrose or light cues), the association between active poking and reward was effectively erased. Under these 
conditions, active pokes no longer influenced SC neuronal activity (Fig. 2H and I), whereas visual cues alone 
remained capable of activating SC glutamatergic neurons (Fig. 2B and C). This finding effectively dissociates the 
confounding effects of active poke behavior and conclusively demonstrates that SC neurons specifically respond 
to reward-predictive visual cues. Furthermore, existing studies have demonstrated that visual cues can modulate 
the pathogenesis of addiction and other psychiatric disorders through SC-mediated pathways, which provides 
supporting evidence for our findings14,22,35–39.

Fig. 3.  Effect of inhibiting the glutamatergic neurons in the superior colliculus on cue-induced relapse to 
sucrose reinstatement. (A) Experimental procedure. Firstly, three weeks post-viral expression, the mice 
underwent sucrose-SA training. Following 12 days of acquisition and 12 days of extinction, cue-light 
reinstatement was introduced on day 25. CNO or Vehicle (i.p.) occurred 15 minutes prior to initiation of nose 
pokes behavior. Subsequent to the completion of the initial reinstatement session, mice underwent additional 
extinction training (3 days) for cue-light priming with the same method. (B) Virus expression; a: Schematic 
of virus injection, b: Fluorescence map of hM4Di-EGFP expression (Scale: 500μm). (C) Curve of active 
and inactive pokes during sucrose-SA. (D) The number of active pokes after inhabiting the glutamatergic 
neurons in SC during cue-light induced reinstatement. mean ± s, n = 6. *P< 0.05, extinction compared with 
the corresponding reinstatement group; #P< 0.05, the CNO group compared with the corresponding Vehicle 
group; two-way ANOVA with one repeated measurement followed by Bonferroni test.
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We observed that SC glutamatergic neurons exhibited a dynamic rather than continuous change over the 
period of cue-light exposure. The SC glutamatergic neurons were activated rapidly at the onset of the cue-light, 
then rapidly fell back, and finally gradually returned to the resting state. The mice were satisfied with the reward 
after the cue was presented, which may be the reason for the rest of SC neurons after activation. In contrast, 
the sustained activation of SC glutamatergic neurons in the reinstatement is due to the absence of reward when 
cue presentation. In addition to this, there is also evidence that visual stimulus-specific adaptation resulting in 
response suppression for repetitive stimuli40which is consistent with the quench of SC glutamatergic neurons.

Though SC has been known to respond to visual stimuli, the diversity and functional roles of such responses 
are unclear. In present study, chemogenetic inhibition of SC glutamatergic neurons interrupted the reinstatement 
induced by visual cues, which demonstrated that SC glutamatergic neurons are necessary for retrieval of the 
memory of visual cues related to reward. Our findings are supported by the results of previous studies such as 
SC activity during context encoding is necessary for choice behavior and transient inhibition of SC plays a causal 
role in visual perceptual decision-making during an orientation change detection task41,42. Together, these lines 
of evidence suggest an important role for SC excitatory neurons in visual cue-reward associative behavior, which 
indicates a target for intervention of addictive disorders caused by visual reward.

why does the SC play a pivotal role in reward-associated cue learning? The possible mechanisms are as 
follows: The connection from SC to dopamine neurons maybe important for value-based learning36,43. Dopamine 
neurons are activated by reward, which is a primary reinforcer for behavior44. Dopamine neurons then become 
sensitive to an event that precedes the reward, which is called conditioned reinforcer45. The sensitivity of SC 
neurons to good objects, which are based on both stable and flexible values, would be ideal for the conditioned 
reinforcement21. These hypotheses need to be further validated in the future.

In conclusion, our study demonstrated that SC glutamatergic neurons encode the memory for reward-
related visual cues through associative learning and are necessary for retrieval of the memory which drives the 
reinstatement induced by visual cues. It will provide experimental evidence for further understanding of visual 
cue associated with rewarding behavior and maybe a new way to intervene in visual cue-induced relapse for 
addicts.

Data availability
Data available on request from the corresponding authors.
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