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1. Introduction  

 

1.1. Emotional valence and mood regulation 

 Although emotion, feeling, and mood have long been studied, they do not have a 

single definition, and as some of the most complex higher-order brain functions, the 

mechanisms that contribute to their emergence are still intensely studied. Emotional 

episodes leave traces in the brain's affective systems, and the accumulation of these traces 

influences baseline mood and feelings. This is because emotional states bias perception 

and attention, which over time reinforce congruent mood states and influence our 

behavior (1). Chronic negative experiences can lead to a persistently low mood, making 

it easier to perceive other events negatively. Over time, this feedback loop can lead to 

mood-related psychiatric disorders such as depression (2,3). 

 

1.2. Mood-related disorder: depression  

 The pressures of modern urban life, with its ever-increasing information overload 

and fast-paced, often emotionally detached social interactions, can easily disrupt our 

baseline mood, leading to psychiatric disorders. Currently, anxiety is the most common 

psychiatric disorder, with major depression being the third most common (3,4). Both 

disorders are becoming increasingly prevalent and represent a significant social and 

economic burden (5,6). Depression has a lifetime prevalence of around 15-18%, meaning 

nearly one in five people will experience it at some point in their lives, and it currently 

affects over 350 million people worldwide (3,6,7). Depressed individuals often become 

socially isolated and less effective at work, adding to the disorder's social and economic 

impact (6). Furthermore, suicidal thoughts and suicide are alarmingly common among 

those with depression (8). Current antidepressants are only effective for some patients, 

leaving many reliant on combinations of drugs and alternative treatments or without 

effective medications. Thus, there is still no universally effective and reliable medication 

for depression. 

Depression is defined as a pathological shift in mood towards negativity, 

characterized by slowed thinking, decreased motivation, and reduced activity levels. Its 

development is influenced by environmental, genetic, and neurobiological factors (3,9). 

Depression can be categorized by severity, with minor and major forms, and by its course, 
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with unipolar and bipolar depression. Symptoms include a persistently low mood, 

anhedonia (inability to feel pleasure), more aggressive behavior, sleep disturbances, 

reduced concentration, fatigue, and appetite changes  (3,10). Depression is significant not 

only because of its symptoms but also because it often coexists with other psychiatric 

disorders, such as anxiety in 60% of cases, and it frequently leads to physical health issues 

(3,11). This widespread condition imposes a growing burden on society. Understanding 

the biological mechanisms behind the formation of negative and positive experiences and 

the related mood disorders is crucial for developing more advanced therapies in the future. 

  

1.3. General neuroanatomical background of the regulation of emotional valence 

 All living beings have an innate drive to seek out what is good for them and avoid 

what is harmful, forming coping strategies for survival (12). Basic needs such as eating, 

drinking, reproduction, and social interactions activate the reward system, creating 

positive experiences that encourage the pursuit of similar situations (13,14). In contrast, 

harmful environmental factors that cause tissue damage, poisoning, threats, or fear 

activate systems that induce disgust, avoidance, and aversion (15–17). The evaluation of 

experiences as positive or negative not only shapes our mood but also establishes an 

evolutionarily conserved balance that fundamentally influences our lives (12).  

Distributed neuronal networks of the central nervous system, involving both 

cortical and subcortical structures, regulate the evaluation, contextualization, and 

cognitive control of positive and negative experiences. These valence evaluation-related 

brain areas are extensively studied from fishes through rodents to primates, providing 

insights into their anatomical and functional roles (18–20). Despite differences, many of 

these brain structures are evolutionarily conserved and were identified in the human brain 

with similar functions (19,21,22).  

Positive experiences involve many brain regions, including, e.g. the ventral 

tegmental area (VTA), the nucleus accumbens (NAcc), the orbitofrontal cortex (OFC), 

the lateral habenula (LHb), and the brainstem laterodorsal tegmentum (LDTg) (14,23–

25). These regions are considered to be part of the brain's reward system.  

Negative experiences mostly involve other neuronal cell populations depending 

on the type of defensive behavior that needs to be initiated. In response to negative 

experiences, animals may exhibit passive or active behaviors (26,27). Passive responses 
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include freezing, while active responses involve "fight or flight" responses (28). 

Structures like the LHb, the VTA, the rostromedial tegmental nucleus (RmTg), the 

amygdala, the prefrontal cortex (PFC), and other forebrain regions are involved in 

processing negative experiences (15,23,29,30). The brainstem periaqueductal gray matter 

(PAG) plays key roles in executing passive fear behaviors (17,26). The septo-

hippocampal system forms, stores, and recalls memories of these positive and negative 

experiences. Malfunctions in these brain areas are observed in various mood-related 

psychiatric disorders, from addictions to depression and anxiety (24,31–33). Thus, 

understanding the functional anatomy of these brain regions is crucial for developing 

treatments for these psychiatric conditions. 

 

1.4. Ventral tegmental area: The neuronal hub for reward processing 

 The VTA is a dopaminergic region located in the midbrain, playing a central role 

in reward, reward-seeking behavior, motivation, and processing reward prediction error 

(20,23,30,34). The VTA receives a variety of afferent inputs from cortical, forebrain, 

thalamic, and brainstem nuclei, with significant contributions from the LHb, the RmTg 

(the primary inhibitory nucleus of the VTA), as well as the brainstem LDTg and dorsal 

raphe (DR) nuclei (23,29,35–38). Two major dopaminergic pathways originate from the 

VTA: the mesocortical pathway, which innervates the PFC and hippocampus (HIPP), and 

the mesolimbic pathway, which primarily targets the NAcc (23,35,39) (Fig. 1A). The 

VTA is highly heterogeneous in terms of its neuronal types, comprising not only 

dopaminergic neurons but also local γ-amino-butyratergic (GABAergic) and 

glutamatergic interneurons, as well as GABAergic and glutamatergic projection neurons, 

whose projection patterns are similar to those of the dopaminergic cells (35,40). 

While stimulation of VTA dopaminergic neurons generally elicits a strong reward 

response, including place preference and self-administration, functional studies suggest 

that the role of the VTA is more complex (23,24,41). Functionally, the VTA is divided 

into two major regions: the medial (MVTA) and lateral (LVTA) divisions, which 

differentially control emotional valence (14,23,34) (Fig. 1B). LVTA dopaminergic 

neurons typically encode positive valence, with their firing rates increasing in response 

to both unpredicted and predicted rewards (23,34,42). Additionally, these neurons can 

code reward prediction errors, that is e.g. their activity decreases when an expected 

DOI:10.14753/SE.2025.3206



8 

reward is missing (Fig. 1C) or their activity increases in response to a reward that is 

greater than anticipated. (43,44). These reward signals from LVTA dopaminergic neurons 

are sent to the NAcc (23,41) (Fig. 3). However, during negative experiences, LVTA 

dopaminergic neurons receive inhibitory signals from local GABAergic neurons and 

RmTg GABAergic neurons (Fig. 3), resulting in their reduced firing rates (23,45,46). 

Simultaneously, MVTA dopaminergic neurons encode predominantly negative valence 

because their activation induces aversion, and their firing increases in response to both 

unpredicted and predicted aversive stimuli (23,47–49). MVTA dopaminergic neurons 

receive their main input from LHb glutamatergic neurons, and they relay this information 

to the PFC and the medial part of the NAcc (23,29,47,50) (Fig. 3). It is well established 

that disruptions in the dopaminergic pathways originating from the VTA are implicated 

in the pathophysiology of psychiatric disorders, such as addiction and schizophrenia 

(24,51,52). Therefore, precise regulation of VTA neurons is of paramount importance, 

which is strongly affected by the LHb. 

 

Figure 1. Functional neuroanatomy of VTA dopaminergic neurons 

A: Mesocortical and mesolimbic dopaminergic pathways arising from the VTA in mouse brain. 

B: Two main functional divisions of the VTA (MVTA and LVTA) and the localization of the 

dopaminergic cells with tyrosine hydroxylase (TH) immunostaining (blue). Scale bar: 200 μm. 

C: Schematic illustration shows how the population activity of VTA dopaminergic neurons 

encodes reward prediction error. (Own figure) 
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1.5. Lateral habenula: The neuronal hub for processing emotional balance 

 The habenula is an evolutionarily ancient and conserved epithalamic structure 

located in the diencephalon, present from fishes to mammals, including humans (18,19). 

Anatomically and functionally, it is divided into two distinct parts: the medial habenula 

(MHb) and the lateral habenula (LHb) (18,19). The MHb receives inputs from the 

forebrain and transmits information to the interpeduncular nucleus (IPN) (53). Although 

the function of the MHb is not well understood, it is known to play a role in the 

development of various addictions, e.g. in nicotine withdrawal (54,55). On the other hand, 

the LHb is better understood and more extensively studied both in terms of its connections 

and its functions.  

LHb neurons increase their activity in response to unexpected negative 

experiences or environmental cues that predict negative experiences (15,49,56). 

Stimulation of LHb neurons can induce place avoidance, aggression, or fear responses 

(e.g. freezing), depending on the environmental context (57–59). Changes in LHb 

neuronal signaling can also encode reward prediction error, with decreased activity 

observed when an expected punishment fails to occur (Fig. 2C) and increased activity in 

response to a punishment that is greater than anticipated. (29,44). 

However, the activity of the LHb does not only encode negative emotional 

valence, but its neurons are also directly inhibited during rewarding or reward-predicting 

experiences (56,60) (Fig. 2D). Experimentally, inhibiting LHb neurons can induce place 

preference and reward-seeking behavior in mice (61–64). Thus, the LHb plays a central 

role in controlling emotional balance, which is crucial for creating appropriate survival 

strategies regulated by its neural inputs.  

The LHb is composed almost exclusively of vesicular glutamate transporter 2 

(vGluT2) positive glutamatergic neurons (46,65) (Fig. 2A). The LHb primarily receives 

inputs from the forebrain, including excitatory inputs from PFC, medial septum (MS), 

lateral preoptic area (LPO), ventral pallidum (VP), and lateral hypothalamus (LH) 

(19,66). It also receives mixed glutamatergic and GABAergic inputs from the 

entopeduncular nucleus (EPN) and the VTA, as well as afferents from the brainstem, 

although the neurochemical profiles of these brainstem inputs are less characterized (66–

68). In return, the LHb innervates the VTA, DR, median raphe region (MRR), LDTg, 

nucleus incertus (NI), and the RmTg (19,69). 
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 During a negative experience, LHb directly activates dopaminergic neurons in 

the MVTA, which encode aversion, and in parallel, activates GABAergic neurons in the 

RmTg, which inhibit dopaminergic neurons in the LVTA, which are mostly involved in 

reward-related behavior (23,46,59,64,70) (Fig. 2B, Fig. 3).  

 

Figure 2. Functional neuroanatomy of the LHb and its role in depression 

A: Fluorescent image shows the virally labeled vGluT2 neurons in the LHb. Scale bar: 100 μm. 

B: Illustration of the pathways originating from the LHb that regulate aversive behavior. 
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C-D: Schematic illustrations show how the population activity of LHb neurons encodes prediction 

errors. 

E: Illustration of a cell exhibiting burst firing and the comparison of the number of burst-firing 

cells in the LHb of a normal, healthy, and a depressed mouse (based on Yang et al. 2018). (Own 

figure) 

 

It is also known that MS glutamatergic neurons can excite LHb neurons in 

response to negative sensory stimuli, while MS GABAergic neurons can inhibit LHb 

neurons in response to positive sensory stimuli (such as sweet water) (62). The LPO, VP, 

LH, and EPN neurons are all capable of transmitting both direct negative experiences and 

predictions of negative experiences to the LHb inducing avoidance in mice (61,71–73) 

(Fig. 3). Given the precise regulation of the LHb, it is not surprising that dysregulation of 

this nucleus is implicated in the development of various psychiatric disorders, from stress 

to depression (19,32,74–76). 

 

1.6. The role of lateral habenula in depression 

 Chronic stress or excessive negative experiences can alter the characteristics of 

LHb neurons, potentially causing the animal to perceive even rewarding stimuli as 

harmful (74) and can contribute to the onset of depression (32,75,77). Chronic, elevated 

firing of certain (yet unknown) glutamatergic afferents to the LHb strengthens synaptic 

connections, leading to changes in the function of LHb neurons at the cellular level 

(32,78). Consequently, depression is associated with an increase in the number of LHb 

neurons that respond to inputs with burst firing (19,32,79). While a few neurons 

exhibiting burst firing are present in the LHb of healthy mice, the number is significantly 

higher in those suffering from depression (19,32,79) (Fig. 2E).  

The LHb receives serotonergic innervation from the dorsal raphe (DR), which 

presynaptically inhibits glutamatergic terminals (80) that normally activate LHb neurons. 

This could potentially explain the effectiveness of selective serotonin reuptake inhibitors 

in treating depression. Moreover, the glutamatergic N-methyl-D-aspartate-receptor 

antagonist ketamine has been shown to significantly reduce the number of burst-firing 

neurons in the LHb, effectively alleviating depressive symptoms (32,79). Therefore, 

ketamine is the first antidepressant with a known mechanism of action. Additionally, in 

humans, experimental deep brain stimulation of the LHb has been found to alleviate 
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depressive symptoms (81,82). Moreover, the inhibitory inputs that counteract excessive 

excitation of the LHb could potentially be harnessed for the treatment of depression.  

However, our data suggest that additional LHb inputs remain unidentified, with 

several pontine brainstem nuclei potentially playing a crucial role in regulating LHb 

circuits and associated behaviors. 

 

1.7. Pontine brainstem role in regulating emotions 

 Several pontine brainstem nuclei, including the MRR, DR, LDTg, and locus 

coeruleus (LC), play crucial roles in regulating emotional states, mood, and the 

processing of positive and negative experiences (83). Previously, it was thought that the 

brainstem served only as a slow, modulatory center (83), but recent studies -including 

those carried out in our laboratory- suggested that brainstem neurons can influence 

cognitive functions through fast synaptic transmission (84–86). Raphe nuclei are key 

sources of serotonin, a neurotransmitter deeply involved in mood regulation and the stress 

response, which is why dysregulation in these areas is often linked to depression and 

anxiety (87–90). The DR serotonergic fibers innervate almost the whole brain, from the 

cortex to various subcortical structures, modulating functions from sleep-wake cycles to 

fear and reward regulation (91–93) (Fig. 3). Nevertheless, DR vGluT3 positive 

glutamatergic cells directly innervate the LVTA dopaminergic neurons, contributing to 

the experience of positive events (37). Although the MRR was previously thought to be 

a serotonergic nucleus, 62% of its neurons are GABAergic local interneurons (94). Only 

2% of the identified projection neurons of the MRR are purely serotonergic; the rest are 

either vGluT3-positive glutamatergic (3.5%) or mixed serotonergic/vGluT3-positive 

neurons (7%) (94). MRR projection neurons extensively innervate regions involved in 

memory formation, such as the PFC and the septo-hippocampal system (84,85,95)       

(Fig. 3). Additionally, 26% of the neuronal types of the MRR remained unidentified, with 

their functions still unknown (94).  
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Figure 3. Illustration of the anatomical connectivity of brain regions involved in 

regulating emotional balance. Abbreviations: 5ht: serotonin, DA: dopaminergic neurons, GB: 

GABAergic neurons, NA: noradrenaline, vG2/vG3: vGluT2/vGluT3. (Own figure) 

 

The LC (like the DR) sends widespread but less specific noradrenergic projections 

across the brain, influencing arousal, vigilance, and stress responses, with its overactivity 

contributing to anxiety disorders (96,97) (Fig. 3). The cholinergic and glutamatergic 

neurons of the LDTg innervates the reward system, including LVTA dopaminergic 

neurons and the nucleus NAcc, while its heterogeneous GABAergic neurons, through 

local collaterals and inhibition of the LVTA, primarily encode negative experiences 

(23,25,36,98,99) (Fig. 3). Therefore, the LDTg is involved in reward processing and 

motivational states, regulating the emotional balance.  

Dysfunction in these brainstem regions can disrupt the delicate balance of 

neurotransmitter systems, leading to the development of psychiatric disorders such as 

depression and anxiety (83,100–102). However, our knowledge of the brainstem remains 

incomplete. While it is evident that the brainstem can influence various emotion and 

mood-related functions, its connections with the LHb are still poorly understood.  
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2. Objectives 

This thesis aimed to investigate the brainstem’s role in modulating LHb during 

aversive and rewarding events.  

 

2.1. Excitatory Innervation to the LHb from the Brainstem 

The LHb plays a central role in evaluating and predicting adverse events, with 

dysfunction being associated with depression. However, the neuronal mechanisms 

underlying LHb activation and aversive information relay remain poorly understood. The 

median raphe region (MRR) in the brainstem is well-positioned to provide rapid and 

coordinated excitation of the LHb during adverse events. 

 

2.1.1. What is the largest projecting neuronal population in the MRR?  

2.1.2. Where do these MRR neurons project to? 

2.1.3. Which brain areas provide input to these MRR neurons? 

2.1.4. How does the stimulation of these MRR neurons affect the mouse behavior? 

2.1.5. When a negative memory trace is forming, is the function of these MRR neurons 

necessary for the formation of a proper fear memory? 

 

2.2. Inhibitory Innervation to the LHb from the Brainstem 

 Inhibition of the LHb can signal positive valence and reward and is critical for 

behavioral flexibility and decision-making. Despite decades of research, inhibitory inputs 

to the LHb remain poorly characterized, and no inhibitory connections from the brainstem 

have been identified to date. This objective aims to explore the following: 

 

2.2.1. Which neurons provide the primary inhibitory input to the LHb? 

2.2.2. Are these neurons located in the brainstem? 

2.2.3. How does the stimulation or inhibition of these inhibitory neurons affect mouse 

behavior? 

2.2.4. Which neuronal inputs control the activity of these inhibitory neurons? 

2.2.5. Are there molecular markers that can uniquely identify these inhibitory neurons? 

2.2.6. Are similar neuronal populations present in humans? 
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3. Methods 

 

3.1. Ethical consideration 

 All experiments were performed in accordance with the Institutional Ethical 

Codex and the Hungarian regulations on animal research (Act XXVIII of 1998, 

Government Decree 40/2013), in line with the EU Directive 2010/63/EU. The Animal-

welfare Body of the Institute of Experimental Medicine and the Government Office of 

Pest County authorized the experiments at project numbers PEI/001/33-4/2013, 

PE/EA/2553-6/2016, PE/EA/254-7/2019, and PE/EA/00063-5/2022. 

 

3.2. Mice and rats 

 We used vGAT-iRES-Cre (Stock No.: 016962), vGluT1-iRES-Cre (Stock No.: 

023527), vGluT2-iRES-Cre (Stock No.: 028863), vGAT-iRES-flpo (Stock No.: 029591), 

Gt(ROSA)26Sor-CAG/LSL-ZsGreen1 (Stock No.: 007906) mice (all from The Jackson 

Laboratory). We also crossbred mice to create vGAT-iRES-flpo/vGluT2-iRES-Cre and 

vGAT-iRES-Cre/Gt(ROSA)26Sor-CAG/LSL-ZsGreen1 mice. We used adult (at least 6 

weeks old) mice from both sexes in our experiments. Mice had access to food and water 

ad libitum and were housed in a vivarium (3-5 mice/cage) until used in experiments. Mice 

used for optogenetic behavioral experiments were maintained on a normal 12h light-dark 

cycle, with experiments performed during the light phase of the cycle. 

 The same adult male Wistar rats were previously studied by Szabadits et al. in 

2007 (103).  Here, we investigated the stored brainstem blocks of one of those Wistar 

rats. All Experiments were performed in accordance with the Institutional Ethical Codex 

and the Hungarian Act of Animal Care and Experimentation guidelines, which are in 

concert with the European Communities Council Directive of November 24, 1986 

(86/609/EEC).  

 

3.3. Macaque monkey 

 The same adult female rhesus macaque monkeys (Macaca mulatta) were 

previously studied by Rovo et al. in 2012 (104). Here, we investigated the stored 

brainstem blocks of two of those monkeys. All experimental procedures were performed 

according to the ethical guidelines of the Institute of Experimental Medicine and Institute 
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of Physiology of the Hungarian Academy of Sciences and were approved by the Ethical 

Committee (Approval 22.1/77/001/2010).  

 

3.4. Human samples 

 Human brainstem and hippocampus samples were obtained from two subjects 

who died due to causes not directly involving any brain disease or damage and without 

having a medical history of neurological or psychiatric disorder. All procedures were 

carried out in compliance with the Declaration of Helsinki and were approved by the 

Regional Committee of Science and Research Ethics of the Scientific Council of Health 

(ETT TUKEB 31443/2011/EKU, renewed: BM/15092-1/2023). The subjects went 

through an autopsy in the Department of Pathology of St. Borbála Hospital, Tatabánya, 

Hungary. Informed consent by relatives was obtained for the use of brain tissue and access 

to medical records for research purposes. Samples from the following subjects were used 

in the present study: SKO28 (pontine samples): 93 years old, female, post-mortal time 

(PMI): 3h 44 min, right side of the brainstem; SKO30 (pontine samples): 63 years old, 

female, PMI: 3h 45 min, whole pons and left side hippocampal slice. Brains were 

removed after death, and the internal carotid and vertebrate arteries were cannulated. 

First, physiological saline containing 0.33% heparin was perfused through this system 

(1.5 l in 30 min), after which perfusion continued with Zamboni fixative solution 

containing 4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (PB, 

pH = 7.4, 2 h, 4 l). PMI was determined between the time of death and the start of 

perfusion by Zamboni fixative. 

 

3.5. Stereotaxic surgeries for viral gene transfer, retrograde tracing, and optic fiber 

implantation in mice 

 Mice were anesthetized with 2.5% isoflurane vapor followed by an intraperitoneal 

injection of an anesthetic mixture (containing 8.3 mg/ml ketamine and 1.7 mg/ml 

xylazine-hydrochloride in 0.9% saline, 10 ml/kg body weight) or maintained the 

anesthesia with 1-1.5% isoflurane; and were then mounted in a small animal stereotaxic 

frame and the skull surface was exposed. A Nanoject II precision microinjector pump was 

used for the microinjections. Before virus injection, mice received 0.03 ml 10% 

buprenorphine solution subcutaneously to minimalize postoperative discomfort. For viral 
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labeling experiments, we injected 20-100 nl of one of the used virus preparations       

(Table 1) into the target brain areas. The titers of the used viruses were between 4-70×1012 

colony forming units/ml. The coordinates for the injections were defined by a stereotaxic 

atlas; the null coronal plane of the anteroposterior (AP) axis was defined by the position 

of Bregma; the null sagittal plane of the mediolateral (ML) axis was defined by the 

superior sagittal sinus; the null horizontal plane of the dorso-ventral (DV) axis was 

defined by the positions of Bregma and Lambda points. The injection coordinates were 

the following (always given in mm at the AP, ML and DV axes, respectively): MRR: -

4.5, 0.0, -4.5; MRR for stereology (4 injections altogether): -4.3, 0.0, -4.3 and -4.8 and -

4.7, 0.0, -4.1 and -4.6; LHb: -1.6, +/- 0.4, -2.8; HIPP: (2-2 injections bilaterally) -2.0, +/- 

1,5, -2 and -2.7, +/- 2.5, -2.7; SVTg: -5.2, +/-0.4, -3.6; VTA: -3.3, +/-0.4, -4.2; OFC: +2.6, 

+/-0.6, -2.5. After the surgeries, mice received 0.3-0.5 ml saline and 0.1 mg/kg meloxicam 

intraperitoneally and were placed into separate cages until further experiments or 

perfusions. 

 

Table 1. Viral constructs 

Virus type Source Identifier 

AAVretro-hSyn-DIO-eGFP Addgene 50457-AAVrg 

AAVretro-EF1α-DIO-mCherry UNC Vector Core 50459-AAVrg 

AAVretro-EF1α-DIO-ChR2-mCherry Addgene 20297-AAVrg 

AAVretro-hSyn-SIO-stGtACR2-FusionRed Addgene 105677-AAVrg 

AAVretro-hSyn-FLEX-jGCaMP8m Addgene 162378-AAVrg 

AAVretro-EF1α-DIO-FlpO Addgene 87306-AAVrg 

AAVretro11-EF1α-DIO-GCaMP6m Braincase Custom made 

AAV2/5-EF1α-DIO-eYFP UNC Vector Core 27056-AAV5 

AAV2/5-EF1α-DIO-mCherry UNC Vector Core Plasmid #50462 

AAV2/1-EF1α-fDIO-mCherry Addgene 114471-AAV1 

AAV2/5-EF1α-DIO-hChR2(H134R)-eYFP UNC Vector Core 20298-AAV5 

AAV2/9-EF1α-DO-ChR2-mCherry Salk GT3 Vector Core Plasmid #37082 

AAV2/8-hSyn-FLEX-TVA-p2A-eGFP-p2A-oG Salk GT3 Vector Core Plasmid #85225 

RabiesΔG-EnvA-mCherry Salk GT3 Vector Core Plasmid #32636 

AAV2/9-hSyn-FLEX-TVA-oG-nlsGFP-WPRE3 Charité Universitätsmedizin 

Berlin Viral Core Facility 

BA-96 AAV2/9 

RabiesΔG-EnvA-mCherry BRABV-001 
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For behavioral optogenetic experiments, virus injections were followed by optic 

fiber surgeries. These were similar to virus injections and were carried out 5-6 weeks after 

virus injections. Optic fibers for behavioral experiments had 105 μm core diameter for all 

MRR behavioral and SVTg RTPP experiments, or 200 μm core diameter for all other 

SVTg behavioral experiments (0.22 NA, Thorlabs), which were implanted into the brain 

with the tip at the following coordinates (always given in mm at the AP, ML, and DV 

axes, respectively): MRR: -4.5, 0.0, -4.4; SVTg: -5.3, +0.4, -3.1 or 20 degree coronally 

angled -5.3, +1.6, -2.7; LHb: -1.8, +0.4, -2.1 or 20 degree coronally angled -1.8, +1.25, -

1.8. For secure fixture of the implantable optic fiber and a head-plate for head-fixation, 

the surface of the skull was disinfected and dried with 70% ethanol, then a three-

component Super-Bond was added into the skull and finally dental cement was added 

between the Super-Bond and the base of the ceramic ferrule of the fiber implant. Injection 

sites and the positions of the optic fibers are reconstructed after the experiments. After 

the surgeries, mice received 0.3-0.5 ml saline and 0.1 mg/kg meloxicam intraperitoneally 

and were placed into separate cages until experiments. 

 

3.6. Mono-transsynaptic rabies tracing 

A detailed description of the monosynaptic rabies tracing technique used has 

already been published (105). Briefly, vGluT2-Cre or vGAT-Cre mice were prepared for 

stereotaxic surgeries as described above, and 30-80n nl of the helper virus was injected 

into the MRR or SVTg, respectively, at the coordinates given above. These Cre-

dependent viruses express the avian tumor virus receptor A (TVA), which enables 

neurons to be infected by rabies viruses. Additionally, they carry an upgraded version of 

the rabies glycoprotein (oG), enhancing the trans-synaptic labeling efficiency of the 

rabies viruses (106). After 2-5 weeks of survival, mice were injected with the genetically 

modified rabies at the same coordinates in case of the MRR, or into the LHb. After 7-10 

days of survival, mice were prepared for perfusions. 

 

3.7. Perfusion and sectioning 

 Mice were anesthetized with 2% isoflurane vapor followed by an intraperitoneal 

injection of an anesthetic mixture (containing 8.3 mg/ml ketamine, 1.7 mg/ml xylazine-

hydrochloride, 0.8 mg/ml promethazinium-chloride) to achieve deep anesthesia. Mice 
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were then perfused transcardially with 0.1M phosphate-buffered saline (PBS, pH 7.4) 

solution for 2 min, followed by 4% freshly depolymerized paraformaldehyde (PFA) 

solution for 45 min, followed by PBS for 10 min, then the brains were removed from the 

skull. After perfusions, brains were cut into 50-60 μm-thick coronal sections using a 

vibrating microtome. 

 

3.8. Antibodies 

 The list of the primary and secondary antibodies used can be found in Table 2-3. 

The specificities of the primary antibodies were extensively tested, using either knock-

out mice or other reliable methods. Secondary antibodies were extensively tested for 

possible cross-reactivity with the other antibodies used, and possible tissue labeling 

without primary antibodies was also tested to exclude auto-fluorescence or specific 

background labeling. No specific-like staining was observed under these control 

conditions. 

 

3.9. Fluorescent immunohistochemistry, epifluorescent and laser-scanning confocal 

microscopy for counting cells and synaptic contacts 

 Perfusion-fixed sections were washed in 0.1 M PB (pH 7.4) and incubated in 30% 

sucrose overnight for cryoprotection. Sections were then freeze-thawed over liquid 

nitrogen three times for antigen retrieval. Sections were subsequently washed in PB and 

Tris-buffered saline (TBS, pH 7.4) and blocked in 1% human serum albumin in TBS, and 

then incubated in a mixture of primary antibodies for 48-72 h. This was followed by 

extensive washes in TBS, and incubation in the mixture of appropriate secondary 

antibodies overnight. In some cases, we used 4’,6-diaminido-2-phenylindole (DAPI) 

staining to visualize cell nuclei. Then, sections were washed in TBS and PB, put on slides, 

and covered with Aquamount. For the behavioral optogenetic and for viral anterograde 

and retrograde tracing experiments, each injection site was reconstructed from 50-60 µm 

sections using an epifluorescent Zeiss Axioplan2 microscope. Every part of the injected 

tissue containing even low levels of tracer was considered as part of the injection site. For 

anatomical analyses, sections were evaluated using a Nikon A1R confocal laser-scanning 

microscope system built on a Ti-E inverted microscope with a 4× or 10× or 20× air 

objective or with a 1.4 NA CFI Plan Apo VC 60× oil objective both operated by NIS-
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Elements AR 4.3 software. Regions of interest were reconstructed in z-stacks; the 

distance between the focal planes was 0.3-0.5 μm for examined synaptic contacts and 2-

3 μm for examined neuronal somata. The cell and synaptic counting were performed 

using the NIS-Elements AR 4.3 or Adobe Photoshop CS6 Extended software. All 

anatomical measurements and investigations were done from at least 2 mice. 

 

Table 2. Primary antibodies 

Antigen or reagent Host Dilution Source Catalog# 

Cav3.1 Mouse 1:100 UC Davis/NIH 

NeuroMab Facility 

75-206 

ChAT Rabbit 1:1000 Synaptic Systems 297013 

eGFP Chicken 1:2000 ThermoFisher 

Scientific 

A10262 

FluoroGold (FG) Guinea pig 1:5000 Protos Biotech Corp NM-101 

Gephyrin Rabbit 1:2000 Synaptic Systems 147 008 

Homer-1 Rabbit 1:2000 Synaptic Systems 160003 

mCherry Rabbit 1:2000 BioVision 5993-100 

Parvalbumin Mouse 1:2000 Swant 235 

Pax6 Rabbit 1:500 ThermoFisher 

Scientific 

42-6600 

Reelin Goat 1:200 ThermoFisher 

Scientific 

PA5-47537 

RFP Rat 1:2000 Chromotek 5F8 

Satb1 Mouse 1:500-1:1000 SantaCruz 

Biotechnology 

sc-376096 

TH Mouse 1:2000 ImmunoStar 22941 

TpH Mouse 1:3000 Sigma-Aldrich T0678 

vGAT Guinea pig 1:2000 Synaptic Systems 131 004 

vGluT2 Guinea pig 1:2000 Synaptic Systems 135 404 

vGluT2 Rabbit 1:2000 Synaptic Systems 135 402 

vGluT3 Rabbit 1:400-1:1000 Synaptic Systems 135 203 

          

DAPI   1:10000 Sigma-Aldrich 32670 

FluoroGold (FG)   2% FluoroChrome Inc. - 
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Table 3. Secondary antibodies 

Raised 

in 

Raised 

against 

Conjugated 

with 

Dilution Source Catalog# 

Donkey Rabbit Alexa 647 1:500 Jackson Immunoresearch 711-605-152 

Donkey Mouse Alexa 647 1:500 Jackson Immunoresearch 715-605-151 

Donkey Guinea pig Alexa 647 1:500 Jackson Immunoresearch 706-605-148 

Donkey Goat Cy5 1:500 Jackson Immunoresearch 705-175-147 

Goat Chicken Alexa 488 1:1000 ThermoFisher Scientific A11039 

Donkey Chicken Alexa 488 1:1000 Jackson Immunoresearch 703-545-155 

Goat Guinea pig Alexa 488 1:500 ThermoFisher Scientific A11073 

Donkey Goat Alexa 594 1:500 ThermoFisher Scientific A11058 

Donkey Rabbit Alexa 594 1:500 ThermoFisher Scientific A21207 

Donkey Rat Alexa 594 1:500 ThermoFisher Scientific A21209 

Donkey Mouse Alexa 594 1:500 ThermoFisher Scientific A21203 

- - DyLight405 1:500 Jackson Immunoresearch 016-470-084 

Horse Mouse biotinylated 1:500 Vector Laboratories BA-2000 

 

 

3.10. Stereological measurement 

 We labeled every second section of the excised brain sections with fluorescence. 

The stereological counting was performed using the optical fractionator method, which 

is based on the principle that one can accurately define the number of cells in the volume 

of interest by counting them in a predetermined fraction of the given volume (107,108). 

To get the total number of cells a back-calculation was performed in three steps (109): 

first, for the entire thickness of the section, then for the total area of the MRR on the given 

section, and finally for all sections of the MRR. Cell counting was conducted using the 

Stereo Investigator 10.0 software, and cell identification was carried out using the NIS-

Elements software. Initially, using the software and the anatomical atlas, we traced the 

MRR. Then, a 5μm safety zone was applied at the top and bottom of the sections, and the 

area was divided into smaller 80 μm² regions, within each of which cells were counted in 

a 10 μm² area (for paramedian raphe) and a 15 μm² area (for median raphe) located in the 

upper left corner. The cell back-calculation was performed based on the previous steps. 

Finally, based on the known cells and the group's previous, more detailed measurements, 

the obtained ratio was used to multiply the number of vGluT2-positive cells, which 
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allowed us to determine the total number of vGluT2-positive cells in the MRR in the 

mouse brain. 

 

3.11. Immunoperoxidase staining and imaging for rat, macaque, and human brain 

slices 

 Perfusion-fixed (4% PFA, 0.5% glutaraldehyde) macaque brainstems (kind gift 

from László Acsády) were embedded into 2% agarose and were cut into 80 μm-thick 

coronal sections using a vibrating microtome. Perfusion-fixed human brainstems were 

embedded into 3% agarose and were cut into 80 μm-thick coronal sections using a 

vibrating microtome. These sections were washed in 0.1 M PB (pH 7.4) and incubated in 

30% sucrose overnight for cryoprotection. Sections were then freeze-thawed over liquid 

nitrogen three times for antigen retrieval. After subsequent wash in PB, sections were 

incubated in 100x citrate buffer (pH 6.0) at 80 Celsius degree for 30 minutes. Then 

sections were washed in PB (2×10 min) and treated with 1% sodium borohydride in PB 

for 15 min. After extensive washes in PB (5×5min) endogenous peroxidase-like activity 

was blocked by 1% H2O2 in TBS for 10 min. Then sections were transferred into 0.05 M 

TBS (pH 7.4) and blocked in 2% bovine serum albumin and 0.1 g/ml lysine and glycine 

in TBS. Then, sections were incubated without primary antibodies (CTRL staining) or in 

a solution of mouse anti-Satb1 or rabbit anti-ChAT primary antibodies diluted in TBS. 

After repeated washes in TBS, the sections were incubated in biotinylated secondary 

antibodies overnight followed by extensive washes in TBS (3×10 min) and in avidin–

biotinylated horseradish peroxidase complex for 3 h (1:300 in TBS; Standard ABC, 

Vector Laboratories). The immunoperoxidase reaction was developed using ammonium 

nickel sulfate-intensified 3-3’-diaminobenzidine (DAB-Ni) as the chromogen. After 

washes in PB, sections were contrasted with 0.25% osmium-tetroxide in PB on ice for 10 

min. The sections were then dehydrated in ascending alcohol series and in acetonitrile 

and embedded in Durcupan (ACM; Fluka). The same protocol was used for rat slices. For 

imaging, we used a Zeiss Axioplan2 microscope in bright field mode. 
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3.12. Real-time and conditioned place preference (RTPP, CPP) or aversion (RTPA, 

CPA) tests 

 After optic fiber implantations, mice were transferred to an animal room in the 

behavioral unit of the institute to rest, then they received 5 days of handling. On the 6th 

day (habituation day), mice were placed into a box (40 cm x 20 cm x 20 cm, divided into 

two chambers with striped walls and floor on one side and dotted walls and floor on the 

other side (CPA box) and were allowed to freely move for 10 minutes. After each 

experiment, the box was washed with “argan oil-scented” soap. On the 7th day (real-time 

place preference (RTPP) / real-time place aversion (RTPA)), mice were placed back into 

the CPA box for 10-15 minutes. They received light illuminations via the optic fibers 

either for stimulation (in the case of the MRR 5ms pulses at 25 Hz with 10-15mW 

intensity, 473 nm; in the case of the SVTg 10 ms pulses at 20 Hz, 8-10 mW intensity, 473 

nm) or inhibition (continuous, 8 mW intensity, 473 nm) of the target areas when they 

entered one side of the box. On the 8th day (conditioned place aversion/conditioned place 

preference), mice were tested without light illuminations for 5-10 min in the same box. 

The experiments were performed in a counter-balanced way; some mice received light 

illuminations on the striped side, while others received them on the dotted side, to exclude 

the possibility of innate aversion/preference for any context. 

 To precisely examine whether mice distinguished the stimulated and non-

stimulated sides in the RTPP/RTPA and CPP/CPA paradigms, the box was divided into 

three virtual areas: an optic fiber illumination area, a non-illuminated area, and a so-called 

decision zone. The decision zone was a rectangle with an area of 14 cm x 8 cm (14% of 

the total box area of 800 cm2) placed in the middle of the box. We excluded the time spent 

in the decision zone to exclude any possible uncertainty of the detection of the position 

of the mice in the middle of the box. To define the percentage of time spent by the mice 

in the different contexts, we divided the time spent in the stimulation area by the sum of 

the time spent in the stimulation area plus the non-stimulated area. 

 

3.13. Aversive operant conditioning test 

 On the 9th day (after RTPA and CPA tests in the case of the MRR experiments), 

mice were put on a restrictive diet: ad libitum food was removed, and mice were provided 

with 1.5-2.5 g of food pellets daily. The restricted diet allowed subjects to maintain 80-
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90% of their initial weight while promoting motivation to explore the environment, thus 

increasing responsivity during the task. They were also habituated to the reward pellets 

used in the operant conditioning paradigm for 3 days. The diet was held for the whole 

duration of the operant conditioning tests to support the motivational drive to poke for 

pellet rewards. On the 12th day, mice were put in an automated operant conditioning 

chamber system, and they were conditioned to nose-poke for pellet rewards (45mg) for 

30 minutes/day for 10 days. The chamber was put in a dark box, but it was lit by a house 

light. Every correct nose-poke was followed by a 15-second-long interval when the house 

light turned off and mice did not receive pellet rewards even if they performed nose-

pokes. This interval was inserted into the experiment to help the mice learn the 

conditioning rule, and to allow them time to consume the pellets. After this interval, mice 

could perform a correct nose-poke again to receive pellets. The number of total nose-

pokes was defined as the sum of the correct nose-pokes and the interval nose-pokes. The 

operant conditioning chambers were washed after every individual mouse with distilled 

water. From the 20th day, mice were connected to a dummy fiber patch for habituation. 

On the 22nd day (poke stimulation), mice received 5 seconds of blue laser stimulation (5 

ms pulses at 25 Hz with 10-15mW intensity, 473 nm) after every correct nose-poke. After 

the 30-minute stimulation period, mice were placed back into their home cages and 

received food ad libitum again for 3 days to regain their original weight. 

 We compared the number of total nose pokes performed by the individual mice in 

a pairwise manner between the 21st (baseline performance) and 22nd (stimulation) days 

of the experiment. Then, we normalized the number of the total nose-pokes performed by 

a mouse on the 22nd day to the number of the total nose-pokes performed by the same 

mouse on the 21st day, respectively (Poke ratio, stimulation/base). These ratios were 

compared between the groups of channelrhodopsin-2 (ChR2) mice and control (CTRL) 

mice. 

 

3.14. Operant self-stimulation test 

 After optic fiber implantations, mice were transferred to an animal room in the 

behavioral unit of the institute to recover and acclimatize, then they received 5 days of 

handling. Three days before testing, mice were started to be kept on a diet to keep their 

body weight between 80%-90% of the original to promote motivation to explore the 
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environment, thus increasing responsivity during the task (see above). The operant 

discrimination task was performed in daily sessions using automated operant chambers 

equipped with two nose-poke response holes with infrared sensors and LED cue lights. 

All chambers were surrounded by ventilated, sound-attenuating cubicles and controlled 

by MED-PC V software. At the beginning of the session, ferrules were connected to the 

optical fibers, which were connected to the lasers, and mice were placed in the operant 

chambers. At startup, cue lights in the nose poke response holes were on, house lighting 

was off. Nose poke response on the active ILLUM hole resulted in a 2-second-long laser 

stimulation (473nm, delivered at 10-12 mW, 10 ms pulse width at 20 Hz on the first 3 

days and 40 Hz on the other days) elicited via a TTL adapter connecting the chamber to 

the laser apparatus. Stimulus presentation was followed by a 5-second-long inter-trial 

interval (ITI) with the house light on and cue light off, during which responses resulted 

in no effect. Response on the inactive nose poke response hole (NON) had no effect at 

any point of the session. The designation of the active nose-poke response hole side was 

randomly determined between subjects and was constant within one subject throughout 

the whole experiment. Every session lasted 30 minutes, after which subjects were 

returned to their home cages and provided with their daily food pellets. Operant chambers 

were cleaned with water between subjects and dried with a paper towel. On the last day 

of the session, mice did not receive laser stimulations, so we tested their memory of the 

previous day. Registered variables were the number of responses on active and inactive 

nose-poke response holes, responses during stimulus presentation and ITI, total number 

of responses, and preference towards responding on the active response hole in % of all 

responses (responses on active hole / (responses on active hole + responses on inactive 

hole) * 100). We analyzed and drew conclusions from the number of all nose-pokes 

number either from the illuminated side (ILLUM) or the non-illuminated side (NON) and 

the preference on each day. 

 

3.15. Cued fear conditioning test 

 After optic fiber implantations, mice were transferred to the animal room of the 

behavioral unit, where they received 5 days of handling. On the 6th day, mice were placed 

into the first environmental context (context “A”: CTXA) in a plexiglass shocking 

chamber (25cm×25cm×31cm) that was enriched with a specific combination of olfactory 

DOI:10.14753/SE.2025.3206



26 

(macadamia nut scent), visual (black dotted wall with white background), spatial (bent 

chamber walls), auditory (white noise) and tactile (metal bars on the floor) cues. Mice 

were allowed to freely move in the first environment for 3 minutes to record baseline 

freezing levels. After this, mice received 3 shocks (2 seconds, 2 mA intensity, 60 seconds 

inter-shock interval) that were paired with an auditory cue (30 seconds long sound at 7500 

Hz). The foot shocks and the auditory cues were co-terminated each time. Foot shocks 

were paired with 6 seconds-long yellow laser light illumination (continuous, 10-15 mW, 

593 nm), which was precisely aligned with the shocks, starting 2 seconds before the shock 

onset and finishing 2 seconds after the shock offset. After receiving the last shock, mice 

were kept in the context for another 30-60 seconds. After 3 successfully delivered shocks, 

mice were placed back into their home cages for 24 h. On the 7th day, mice were placed 

back into the CTXA for 3 minutes to record freezing behavior related to contextual fear 

memories. 24 hours later, on the 8th day, mice were placed into a second environmental 

context (context “B”: CTXB) with distinct olfactory (citrus scent), visual (black and white 

striped wall), spatial (square-shaped chamber), auditory (no noise) and tactile (plastic 

floor) cues. For 3 minutes, generalized fear levels were recorded in CTXB. After this, 

mice were presented with the auditory cue for 1 minute to record freezing behavior related 

to the cued fear memories. After the termination of the auditory cue, mice were kept in 

the CTXB for 1 minute to read out post-cue freezing levels. The behavior of mice was 

recorded with a Basler acA1300-60gc camcorder and freezing behavior was analyzed 

manually using the Solomon Coder software. The experimenter evaluating freezing levels 

was blind to the conditions and treatment of the mice. Mice displaying higher than 5% 

baseline freezing levels (before foot shocks) in CTXA were excluded from further 

analysis. 

 

3.16. Contextual fear conditioning test 

 In the case of the SVTg inhibition experiment, after place aversion tests mice 

rested for 3 days. On the 12th day (Shock + Light), mice were placed into a plexiglass 

foot-shock chamber (25cm×25cm×35cm) that was enriched with a specific combination 

of olfactory (citric soap scent), visual (white walls), spatial (rectangular chamber walls) 

and tactile (metal bars on the floor) cues (context “A”: CTXA). Mice were allowed to 

freely move in the environment for 3 minutes and we recorded their baseline freezing 
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levels. After this, mice received 4 foot shocks (2 seconds long, 2 mA, 60 seconds inter-

shock interval). Mice received light illuminations precisely aligned to the shocks, starting 

2 seconds before the shock onset, and finishing 2 seconds after shock termination 

(continuous, 8 mW, 473 nm). After receiving the last illumination, mice were kept in the 

context for another 1 minute. 24 hours later, in the morning, mice were placed back into 

CTXA for 5 min without light illuminations to measure their freezing levels (contextual 

fear readout). In the afternoon, 4-5 hours after context readout, mice were placed into a 

different chamber, CTXB (rat foot shock chamber, grey curved walls, darker ambient 

light, washed with baby soap scent) for 5 min without light illuminations to read out their 

freezing levels (generalized fear readout). 

 The behavior of the mice was recorded with a Basler acA1300-60gc camcorder, 

and the freezing behavior of mice was recorded with a custom-made freezing detection 

head-mounted sensor. Motionless periods needed to be at least 2 seconds long to be 

considered freezing behavior. 

  

3.17. Analysis and statistics for behavioral experiments 

 The experimental data was collected and analyzed using the Noldus EthoVision 

15.0 and Tibco Statistica 13.4 software in the case of all behavioral experiments. All 

behavioral experiments were performed with at least 2 different cohorts of mice, except 

for the self-stimulation experiment (1 cohort). In the case of data groups that did not show 

a Gaussian distribution, we used median and 25% to 75% interquartile range to present 

data. Homogeneity of variance was tested using F-test and if it was significant then 

populations were compared using nonparametric tests. To test for statistical differences, 

we used the nonparametric Mann–Whitney U-test or parametric Student’s t-test in 

independent data populations, we used the Wilcoxon’s signed-rank test in nonparametric 

dependent data populations. Statistical differences have always been tested using two-

sided tests. For indicating significance levels on figures, we used the following standard 

rules, n.s. (non-significant): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001,                

****: p < 0.0001. 
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4. Results 

 

4.1. Excitatory innervation to the LHb from the Brainstem 

4.1.1. vGluT2 neurons are the largest population of projection cells in the MRR  

The transmitter phenotypes of almost 25% of MRR neurons were unknown (94). 

By injecting a large amount of AAV2/5-EF1α-DIO-eYFP Cre-dependent virus into the 

MRR of vGluT2-Cre mice and then performing quantitative stereological measurements, 

we found that at least 20% (from 3 mice) of the neurons in the MRR were vGluT2-

positive glutamatergic cells (Fig. 4A, Table 4). Based on our fluorescent labeling, we 

observed that MRR vGluT2 neurons are completely distinct from the previously known 

serotonergic (5HT) and vGluT3 positive glutamatergic cells in the MRR (Fig. 4B). We 

also found that MRR vGluT2 neurons send dense axonal arborization to the forebrain, 

especially to the LHb. Our anatomical analysis of virally labeled MRR vGluT2-positive 

axon terminals in the LHb revealed that at least 93% (339/367 terminals from 2 mice) of 

eYFP-labeled MRR terminals were clearly immunopositive for vGluT2, but were not 

positive for vGAT (6/200 terminals from 2 mice) and for vGluT3 (2/200 terminals from 

2 mice) (Fig. 4C-D). These data show that vGluT2 neurons are distinct from other cell 

types in MRR and represent the largest population of projection neurons in MRR. 

 

4.1.2. MRR vGluT2 neurons innervate aversive and memory formation-related 

nuclei 

Next, we investigated the axonal projection of MRR vGluT2 neurons in the whole 

brain, especially those that project to the LHb. Therefore, we performed intersectional 

viral tract tracing by injecting a retrogradely transmitted Cre-dependent flippase (FlpO) 

encoding virus into the LHb and then injecting a Cre- and Flp-dependent (AAV/DJ-hSyn-

CreON/FlpON-ChR2-eYFP) virus into the MRR of vGluT2-Cre mice (Fig. 4E-F). We 

found that LHb-projecting MRR vGluT2 neurons do not only innervate the LHb, but also 

send axonal collaterals to other valence-processing-related subcortical brain areas [to the 

LH, the LPO, the DR, the pontine central grey (PCG), the VTA and the IPN] and the 

same MRR cells also innervate the memory-processing-related basal forebrain [medial 

septum/vertical diagonal band of Broca (MS/VDB)] (Fig. 4G). 
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Figure 4. Anatomical details of MRR vGluT2 neurons 

A: The pie chart shows that at least 20% of the MRR neurons are vGluT2-positive. For 

stereological statistical details, see Table 4. 

B: Virally labeled (with AAV2/5-EF1α-DIO-eYFP in vGluT2-Cre mouse) vGluT2-positive (green 

arrows), immunolabeled vGluT3-positive (red arrows), TpH-positive and TpH/vGluT3 double-

positive cells in MRR. Scale bar: 20 μm. 

C: AAV2/5-EF1α-DIO-eYFP was injected into the MRR of vGluT2-Cre mice (n=2). 

D: Representative confocal-laser scanning images from LHb show that eYFP-labeled MRR fibers 

(green) are indeed immunopositive for vGluT2 (red, upper panel), but not positive for vGAT 

(white) or vGluT3 (red, lower panel). Scale bar: 10 μm. 

E: Cre-dependent Flp-expressing colorless retrograde AAV (AAVretro-EF1α-DIO-FlpO) was 

injected into the LHb, and Flp- and Cre-dependent fluorescent protein-expressing AAV (AAV/DJ-

hSyn-CreON/FlpON-ChR2-eYFP) was injected into the MRR of 3 vGluT2-Cre mice.  

F: MRR vGluT2 cells labeled using intersectional viral tracing methods according to panel E. 

G: The axon collaterals of MRR vGluT2 neurons that target the LHb also target memory 

formation-related hippocampus-projecting brain areas (including the MS-VDB) and valence 

processing-related subcortical regions (including the lateral LH, LPO, DR, PCG, VTA, and the 

IPN). Scale bar for F-G: 200 μm. 

H: AAV2/5-EF1α-DIO-eYFP was injected into the MRR and AAV2/5-EF1α-DIO-mCherry was 

injected into the LHb of vGluT2-Cre mice bilaterally (n=2). 

I: Injection site in the LHb and its vGluT2-positive fibers in the MRR. Scale bars: 200 μm. 
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J: vGluT2-positive LHb fibers (red) establish Homer-1 (white) positive synaptic contacts (white 

arrowheads) with vGluT2-positive MRR neurons (green). Scale bar: 10 μm. 

K: vGluT2-positive MRR fibers (green) establish Homer-1 (white) positive synaptic contacts 

(white arrowheads) with vGluT2-positive LHb neurons (red). Scale bar: 5 μm. 

L: AAV2/5-EF1α-DIO-eYFP was injected into the MRR of vGluT2-Cre mice (n=3). 

M: A representative MS/VDB PV-positive neuron (red) is innervated by basket-like multiple 

synapses of vGluT2-positive MRR fibers (green), establishing Homer 1-positive (white) synaptic 

contacts (white arrowheads). Scale bar: 10 μm. 

N: AAV2/5-EF1α-DIO-mCherry was injected into the MRR and FG into the bilateral hippocampi 

of vGluT2-Cre mice (n=2). 

O: AAV-mCherry containing vGluT2-positive MRR terminals (red) establish several putative 

contacts (white arrowheads) with a FG-positive (green) septohippocampal PV-positive (blue) 

neuron. Scale bar: 10 μm. 

Published in (110). 

 

Table 4. Stereological estimation of MRR vGluT2 neurons 
 

Mouse1 Mouse2 Mouse3 Average 

Total counted vGluT2-positive neurons 8524 7014 4826 6788 

Total counted TpH or/and vGluT3 positive neurons 5886 3362 3995 4414 

vGluT2-positive neurons / TpH and-or vGluT3 positive 

neurons 

1,45 2,09 1,21 1,58 

 

All TpH and/or vGluT3 positive MRR neurons (94) 6067 

Total MRR neurons (94) 47458 

vGluT2-positive neurons in MRR 1,58*6067 = 9586 

vGluT2-positive neurons ratios in MRR 20,20% 

 

To investigate further the anatomical connection between the MRR and LHb, we 

performed double anterograde viral tracing by injecting a Cre-dependent eYFP-encoding 

virus into the MRR and a Cre-dependent mCherry-encoding virus into the LHb of 

vGluT2-Cre mice (Fig. 4H). We found that MRR vGluT2 neurons form basket-like 

synapses with LHb vGluT2 neurons (Fig. 4K). Furthermore, we also observed that LHb 

vGluT2 neurons densely innervate the MRR (Fig. 4I) and 39% (201/518 terminals from 

2 mice) of LHb terminals make synaptic contacts with vGluT2-positive neurons in the 
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MRR (Fig. 4J). These results indicate an excitatory positive feedback loop between the 

vGluT2-neurons of MRR and LHb. 

Fast and effective processing of negative experiences requires the immediate 

induction of memory acquisition, which necessitates a rapid change in the state of the 

MS/VDB-hippocampal system (111).  

After viral labeling of LHb-projecting MRR vGluT2 neurons, we observed dense 

axonal labeling in the MS-VDB (Fig. 4G). Our fluorescence measurements revealed that 

at least 79% (497/626 terminals from 2 mice) of MRR vGluT2 axon terminals establish 

Homer-positive excitatory synaptic contacts on parvalbumin (PV) positive GABAergic 

cells (Fig. 4L-M). Furthermore, we found that at least 53% (35/66 cells from 2 mice) of 

PV-positive cells in the MS-VDB received at least one synaptic contact from MRR 

vGluT2 neurons. Using hippocampal injections of the retrograde tracer FluoroGold (FG), 

in combination with AAV2/5-EF1α-DIO-mCherry into the MRR of vGluT2-Cre mice, 

we found that MRR vGluT2 neurons directly innervate hippocampus-projecting PV 

neurons in MS-VDB (Fig. 4N-O). These experiments demonstrate that MRR vGluT2 

neurons innervate PV neurons that are the pacemakers of memory acquisition–promoting 

hippocampal theta rhythm (112,113). 

 

4.1.3. MRR vGluT2 neurons receive inputs from negative experience processing 

brain regions 

To identify the brain areas that target MRR vGluT2 neurons via direct synaptic 

connections, we used mono-transsynaptic rabies tracing. We infected MRR vGluT2 

neurons in vGluT2-Cre mice directly, with a Cre-dependent helper virus (encoding TVA, 

oG, and GFP proteins) and we injected a retrograde, glycoprotein-deleted mCherry-

encoding rabies virus into the MRR of the same mice (Fig. 5A-B). Areas that play an 

essential role in valence- and negative-experience-processing, including the DR, VTA, 

LH, PAG, LDTg, LPO, and VP, showed a strong convergence onto MRR vGluT2 neurons 

(Fig. 5C-D). Areas related to encoding aversive memories, including the Mamillary 

nuclei (Mam), PFC, and nucleus incertus (NI), also sent projection onto MRR vGluT2 

neurons (Fig. 5C-D). The LHb contained the most retrogradely labeled cells (Fig. 5D), 

further confirming the excitatory positive feedback loop between the MRR and LHb. 
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These results suggest that MRR vGluT2 neurons are at the center of processing negative 

experiences. 

 

Figure 5. Monosynaptic inputs of MRR vGluT2 neurons 

A: A helper AAV2/8-hSyn-FLEX-TVA-eGFP-oG was injected into the MRR of vGluT2-Cre mice, 

followed by an injection of Rabies(ΔG)-EnvA-mCherry 4 weeks later (n=3 mice). 

B: Injection site of helper (green) and rabies (red) viruses into the MRR of vGluT2-Cre mice. The 

inset shows some starter neurons expressing both viruses. Scale bar: 100 μm. 

C: Representative fluorescent images show the retrogradely labeled monosynaptic inputs (red) 

of the MRR vGluT2 neurons. Scale bar: 100 μm. 

D: Graph shows the ratio of neurons in brain areas that target the MRR vGluT2 neurons (medians 

and interquartile ranges). Abbreviations: PRN: pontine reticular nucleus, ZI: zona incerta, RMg: 

raphe magnus, PH: posterior hypothalamus, DMH: dorsomedial hypothalamus, SNr: substantia 

nigra pars reticularis, RLi: rostrolinear nucleus. 

Published in (110). 

 

4.1.4. Stimulation of MRR vGluT2 neurons causes strongly aversive behavior 

 Our anatomical observations showed that MRR vGluT2 neurons are strongly 

linked to negative experience-related brain areas, therefore, we investigated how the 

stimulation of MRR vGluT2 neurons influences mouse behavior. Therefore, we 

conducted optogenetic in vivo behavioral experiments in mice, infecting their MRR 

vGluT2 neurons either with ChR2-encoding Cre-dependent AAV (AAV2/5-EF1α-DIO-

ChR2-eYFP, “ChR2 mice”) or with only fluorescent protein-encoding AAV (AAV2/5-
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EF1α-DIO-eYFP, “CTRL mice”).  Then, we implanted an optic fiber over the MRR (Fig. 

6A). After 5 days of handling, we conducted real-time place aversion (RTPA) and 

conditioned place aversion (CPA) tests on different days, where mice were placed into a 

box containing two different chambers with different environmental cues (Fig. 6A). On 

the habituation day, neither ChR2 mice nor CTRL mice showed a preference for either 

chamber of the double-chamber box (Fig. 6A-B). On the next day, all mice were again 

placed in the same double-chamber box, and the MRR of these mice received continuous 

light illumination when the mice entered one of the chambers (chamber selection was 

systematically randomized). In contrast to CTRL mice, ChR2 mice showed a strong, 

immediate real-time place aversion (RTPA) for the optic fiber stimulated chamber of the 

double-chamber box (Fig. 6B). On the next day, ChR2 mice, but not CTRL mice, showed 

a strong conditioned place aversion (CPA) of the previously stimulated chamber, 

indicating that they formed aversive contextual memories (Fig. 6B). These experiments 

revealed that stimulation of MRR vGluT2 neurons induced negative emotional valence 

in mice. 

 Following this experiment, we tested in the same mice whether the optogenetic 

activation of MRR vGluT2 neurons was sufficiently aversive to override motivated, goal-

directed behavior. During an operant conditioning paradigm, food-restricted mice learned 

for 10 days that pressing a lever resulted in the delivery of a food pellet, and by the end 

of the training period, lever-pressing behavior had reached a stable maximum (Fig. 6C-

D). On day 11, each lever press was paired with a short (5-second) light stimulation of 

MRR vGluT2 neurons (Fig. 6C). We found that ChR2 mice significantly reduced their 

lever-pressing behavior compared to the previous day, whereas lever pressing in CTRL 

mice remained unaffected (Fig. 6D). Moreover, the change in lever-pressing behavior 

was significantly different between the groups: ChR2 mice pressed the lever much less, 

while CTRL mice continued pressing at the same rate        (Fig. 6E). These results indicate 

that activation of MRR vGluT2 neurons elicits a strongly aversive experience that is 

powerful enough to suppress reward-seeking behavior even in highly motivated mice. 
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4.1.5. MRR vGluT2 neurons are necessary for fear memory formation 

 The activation of MRR vGluT2 neurons is sufficient for encoding a negative 

experience in itself and they convey information to the negative experience processing 

related brain centers and memory formation-related brain areas as well. Therefore, we 

investigated, whether the activity of these neurons is necessary for the memory formation 

of a negative experience (e.g. for the well-researched fear memory formation). We 

injected Cre-dependent Archaerhodopsin (ArchT)-encoding AAV2/5-CAG-FLEX-

ArchT-GFP (“ArchT mice”) or control Cre-dependent AAV2/5-EF1α-DIO-eYFP 

(“CTRL-mice”) into the MRR of vGluT2-Cre mice, and implanted an optic fiber over the 

MRR (Fig. 6F). After 5 days of handling, mice were tested in a cued fear conditioning 

paradigm. First, we placed mice into a new context “A” (CTXA), where they received 

three auditory tones, at the end of which they received foot shocks and light illuminations. 

Light delivery was precisely aligned to foot shocks (Fig. 6F). All mice displayed equally 

strong immediate reactions to foot shocks. In the following tests, mice received no more 

light illumination. On the next day, mice were placed into the same CTXA to test their 

contextual fear memories. We observed that CTRL mice expressed strong contextual 

freezing behavior as expected, whereas ArchT mice showed almost no freezing behavior 

in CTXA (Fig. 6F). On the next day, we placed mice into a completely different, neutral 

environment (context “B”), where ArchT mice showed significantly lower generalized 

fear compared to CTRL mice (Fig. 6F). Then, in the same neutral environment, we 

presented the mice with the auditory cue. CTRL mice showed very high levels of freezing 

as expected. In contrast, light inhibited ArchT mice showed significantly diminished 

freezing, indicating impaired cued fear memory formation     (Fig. 6F). These results 

suggest that MRR vGluT2 neurons are necessary for the acquisition of both contextual 

and cue-related memories of negative experience. 
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Figure 6. The activity of MRR vGluT2 neurons induces active avoidance and is necessary for 

fear memory formation 

A: After injecting ChR2-containing AAV (“ChR2 mice”) or control (only eYFP-containing) Cre-

dependent AAV (“CTRL mice”) into the MRR of vGluT2-Cre mice, we implanted an optic fiber 

over the MRR. Image represents an injection site in MRR and the position of the optic fiber (blue). 

Scale bar: 500 μm. After 5 days of handling, mice were habituated to a box with two chambers. 

On day 7, mice received 25 Hz light illumination (15 mW, 10 ms pulse onset) in one of the 

chambers of the box. ChR2 mice showed immediate, significant real-time place aversion (RTPA) 

of the illuminated area. On day 8, no light was presented, but ChR2 mice displayed a significant 
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conditioned place aversion (CPA), suggesting that the activity of MRR vGluT2 neurons can 

directly induce real-time and learned active contextual avoidance. 

B: The graph shows that, compared to non-stimulated CTRL mice, ChR2 mice spent significantly 

less time in the chamber associated with the MRR stimulation, showing both RTPA and CPA 

(medians and interquartile ranges). 

C: Between days 9 and 21, mice were food-restricted and learned to nose-poke for reward pellets. 

On day 22, mice received 5-second-long 25Hz light stimulation on nose-pokes. Compared with 

base performance (on day 21), ChR2 mice performed significantly fewer nose-pokes when nose-

pokes were paired with laser stimulation (on day 22). 

D: The total number of nose-pokes for rewards during the base (day21) and stimulation 

performance (day22) in the operant conditioning task. 

E: Nose-poke ratios of stimulation/base performance in the operant conditioning task (mean and 

SD). 

F: Design of cued fear conditioning experiments with optogenetic inhibition of MRR vGluT2 

neurons. Fluorescent image represents one of the injection sites to label MRR vGluT2 neurons, 

and the orange area represents the position of the optic fiber. Scale bar: 500 μm. After 5 days of 

handling, light illumination of MRR was switched on precisely during foot shocks that mice 

received at the end of the auditory cue presentation on day 6. On days 7 and 8, mice received no 

more light. On day 7, contextual freezing behavior (CTXA) in ArchT mice in the same environment 

was almost completely diminished compared with CTRL mice. On day 8, ArchT mice showed 

significantly less generalized fear (gener) and cued fear (cued) in a novel environment compared 

with CTRL mice (medians and interquartile ranges). 

For statistical details, see Table 5. 

Published in (110). 
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4.2. Inhibitory innervation to the LHb from the Brainstem 

4.2.1. A novel LHb-innervating pontine GABAergic nucleus: the SVTg 

The LHb relies on inhibition to maintain a balanced emotional state and decision-

making. However, brainstem-derived inhibitory input to the LHb was previously 

unknown, and overall, the LHb was known to receive minimal purely inhibitory 

(GABAergic) inputs. Therefore, we investigated all GABAergic neuronal inputs of the 

LHb by injecting a fluorescent protein-expressing Cre-dependent retrogradely spreading 

AAV (AAVretro-hSyn-FLEX-GCaMP8m) into the LHb of vGAT-Cre mice (Fig. 7A-B). 

This experiment revealed a previously unrecognized nucleus under the fourth ventricle in 

the brainstem pontine central grey, retrogradely labeled from the LHb (Fig. 7C). We 

named it the subventricular tegmental nucleus or SVTg (Fig. 7C). Our quantification 

showed that 15% of the LHb inhibitory inputs originated from SVTg (Fig. 7D-E), making 

SVTg the largest purely GABAergic input of the LHb, while all GABAergic cells of the 

EPN and VTA co-express and co-release glutamate (67,68). Using 

immunohistochemistry on coronal brain slices, we found that SVTg→LHb GABAergic 

neurons are clearly separated from adjacent choline acetyltransferase (ChAT)-positive 

laterodorsal tegmentum (LDTg), tyrosine hydroxylase (TH)-positive locus coeruleus 

(LC) and tryptophan hydroxylase (TpH)-positive dorsal raphe (DR) neuronal populations 

(Fig. 7F-G). We found that the SVTg extends far beyond the adjacent LDTg and dorsal 

tegmentum (DTg) both rostrally and caudally. 

Our anterograde viral labeling revealed that SVTg neurons densely innervate the 

LHb (Fig. 7I). We also investigated eYFP-labeled axonal terminals of SVTg in vGAT-

Cre mice (injected with AAV2/5-EF1α-DIO-eYFP into the SVTg) and found that 92% of 

them (573/620 terminals from 4 mice) were positive for vGAT, but not for vGluT2 

(35/576 terminals from 2 mice), nor vGluT3 (2/168 terminals from 2 mice), nor vAChT 

(0/218 terminals from 2 mice) in the LHb (Fig. 7J). 
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Figure 7. Localization and innervation outputs of the SVTg 

A: Cre-dependent GCaMP8m(GFP)-expressing retrograde AAV was injected into the LHb of 

vGAT-Cre mice bilaterally (n=4). 

B: Representative fluorescent images show the injection site in the LHb. Scale bar: 200 μm. 

C: Fluorescent image shows a large population of neurons, the SVTg labeled from the LHb under 

the fourth ventricle. Scale bar: 200 μm. 

D: Fluorescent images show LHb retrogradely labeled inhibitory inputs in the entopeduncular 

nucleus (EPN), lateral hypothalamus (LH), zona incerta (ZI), ventral tegmental area (VTA), bed 

nucleus of the stria terminalis (BnST), medial septum/ vertical limb 1 of diagonal band of Broca 

(MS/VDB), lateral preoptic area (LPO), substantia innominata (SI) and ventral pallidum (VP) in 

vGAT-Cre mice (n=4 mice). Scale bar: 200 μm. 

E: Graph shows the percentage of all GABAergic input cells of the LHb from 4 mice. Our 

measurements showed that the SVTg is the largest purely GABAergic input of the LHb (medians 

and interquartile ranges). 
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F: Confocal-laser scanning images show that virally labeled SVTg GABAergic neurons (green) 

are separated from LDTg ChAT-positive (red) and LC TH-positive (white) neurons. Scale bar: 

500 μm. 

G: Reconstructed location of distinct neurons of different pontine nuclei on coronal sections from 

original slices taken from Br.-4.90 mm, Br.-5.20 mm, Br.-5.30 mm, and Br.-5.50 mm (from n=3 

mice). SVTg neurons (green), ChAT positive neurons (red), TH positive neurons (cyan), and TpH 

positive neurons (white). Scale bar: 500 μm. 

H-I: A Cre-dependent Flippase-expressing retrograde AAV (colorless) was injected into the LHb, 

additionally a Flippase-dependent mCherry expressing AAV was injected into the SVTg of vGAT-

Cre mice (n=4). Then, mCherry-labeling revealed (I) abundant SVTg innervation of the LHb 

(green). Scale bar: 200 μm. 

J: Confocal-laser scanning images show that virally labeled SVTg fibers (green, white arrows) 

in the LHb are only positive for vGAT (red), but not for vGluT2 (vG2, upper image, cyan) nor 

vGluT3 (vG3, bottom image, cyan). Scale bar: 5 μm. 

K: Cre-dependent GCaMP6m(GFP) expressing retrograde AAV was injected into the VTA, 

additionally a Flippase-dependent mCherry expressing AAV was injected into the SVTg of 

vGluT2-Cre/vGAT-Flp double transgenic mice (n=3). 

L: SVTg fibers (red) establish gephyrin (white) positive putative synaptic contacts (yellow 

arrowheads) with the soma of VTA-projecting glutamatergic LHb cells (green). Scale bar: 10 μm. 

M: Cre-dependent Flp-expressing colorless retrograde AAV (AAVretro-EF1α-DIO-FlpO) was 

injected into the LHb, and Flp-dependent fluorescent protein-expressing AAV (AAV2/1-EF1α-

fDIO-mCherry) was injected into the SVTg of 4 vGAT-Cre mice. 

N: SVTg GABAergic neurons labeled using intersectional viral tracing methods according to 

panel M. 

O: The axon collaterals of SVTg neurons that target the LHb also target valence processing-

related subcortical regions [including the lateral preoptic area (LPO), the anterior part of the 

paraventricular thalamus (aPVT), the lateral hypothalamus (LH), the dorsal periaqueductal grey 

(DPAG), the lateral parabrachial nucleus (LPBN), the median raphe region (MRR), and the VTA] 

and memory formation-related hippocampus-projecting brain areas [including the vertical limb 

of the diagonal band of Broca (VDB), the nucleus reuniens thalami (Reu), and supramammillary 

nucleus (SUM)]. Scale bar for N-O: 200 μm. 

Published in (114). 
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LHb neurons broadcast the negative valence signal to the VTA. To investigate 

whether the VTA-projecting LHb (LHb→VTA) neurons are directly inhibited by the 

SVTg→LHb neurons, we used a double transgenic vGluT2-Cre/vGAT-Flp mouse. We 

infected LHb→VTA neurons retrogradely from the VTA using a Cre-dependent 

AAVretro11-EF1α-DIO-GCaMP6m and labeled the SVTg neurons anterogradely from 

the SVTg using an Flp-dependent AAV2/1-EF1α-fDIO-mCherry (Fig. 7K). We found 

that the SVTg neurons established gephyrin-positive putative synaptic contacts with the 

somata and dendrites of LHb→VTA neurons (Fig. 7L). Our measurement showed that at 

least 69% (20/29) of VTA-projecting cells receive at least one synaptic contact (on 

average 4.55) from SVTg neurons. 

To investigate the axonal collaterals of SVTg→LHb neurons we performed 

anterograde intersectional viral tract tracing as described above (Fig. 7M-N). This 

revealed that SVTg→LHb neurons also targeted other memory formation-related brain 

areas (VDB, Reu, SUM) and other valence processing-related subcortical regions (LPO, 

aPVT, LH, DPAG, LPBN, MRR, VTA) (Fig. 7O). 

 

4.2.2. Stimulation of SVTg induces positive valence and reward-seeking behavior 

LHb inhibition is known to induce a rewarding experience, therefore, we tested 

the effect of optogenetic stimulation of the SVTg. To perform this, we injected a Cre-

dependent AAVretro-EF1α-DIO-ChR2-mCherry expressing virus (“ChR2 mice”) or a 

control mCherry containing Cre-dependent AAVretro-EF1α-DIO-mCherry virus 

(“CTRL mice”) into the LHb of vGAT-Cre mice, labeling the SVTg→LHb neurons 

retrogradely. Then, we implanted optic fibers over the SVTg bilaterally (Fig. 8A). After 

handling, we conducted real-time place preference (RTPP) and contextual place 

preference (CPP) tests on different days (Fig. 8B). On the habituation day, mice showed 

no preference for either chamber of the double-chamber box (Fig. 8C). On the next day, 

all mice were again placed in the same double-chamber box, and the SVTg of these mice 

received continuous light exposure when the mice entered one of the chambers (Fig. 8B). 

In contrast to CTRL mice, ChR2 mice showed a strong, immediate real-time place 

preference (RTPP) for the optic fiber stimulated chamber of the double-chamber box  

(Fig. 8C-D). On the following day, mice were placed back into the dual-chamber box 

without light stimulation. ChR2 mice, but not CTRL mice displayed strong conditioned 
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place preference (CPP) towards the previously stimulated chamber of the box                 

(Fig. 8C-D). 

To prove that the SVTg fibers targeting the LHb are directly responsible for 

inducing place preference behavior, we performed a similar experiment but stimulated 

the SVTg fibers in the LHb only (Fig. 8E). We injected anterograde Cre-dependent 

AAV2/5-EF1α-DIO-ChR2-eYFP (“ChR2 mice”) or AAV2/5-EF1α-DIO-eYFP (“CTRL 

mice”) into the SVTg of vGAT-Cre mice (Fig. 8E). We then implanted optic fibers above 

the LHb (Fig. 8E) and performed the same RTPP and CPP experiments as above. Again, 

we found that, in contrast to CTRL mice, ChR2 mice showed strong real-time and 

conditioned place preference towards the stimulated chamber of the box (Fig. 8F). 

To test, whether mice actively seek SVTg stimulation, we conducted an 

optogenetic self-stimulation experiment. The SVTg→LHb neurons were infected 

retrogradely from the LHb of vGAT-Cre mice, either with AAVretro-EF1α-DIO-ChR2-

mCherry (“ChR2 mice”) or with AAVretro-EF1α-DIO-mCherry (“CTRL mice”) (Fig. 

8G). We then implanted optic fibers above the SVTg (Fig. 8G). We conducted an operant 

conditioning task with 2 nose-poke holes on mice that were food-restricted (Fig. 8H). 

Mice received a short, 2-second-long optogenetic light illumination only, when they 

poked their noses into the predefined, light-illuminated (ILLUM) holes (Fig. 8H). We 

used 20 Hz illumination during the first 3 days, and 40 Hz for another 7 days (Fig. 8I). 

We found that ChR2 mice poked their noses into the predefined hole (ILLUM, where 

their SVTg was illuminated) significantly more than CTRL mice, so much so that by the 

last day of training (day 10), ChR2 mice poked their noses into the predefined hole more 

than 8 times more often than CTRL mice (Fig. 8I). Finally, we tested the memory of the 

preference of these mice in the absence of light exposure on a separate day. We found 

that the performance of the ChR2 mice decreased but they still preferred the predefined 

(ILLUM) hole significantly more than the CTRL mice (Fig. 8I-J). These experiments 

demonstrate that activation of SVTg encodes positive valence and reward-seeking 

behavior in mice. 
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Figure 8. Stimulation of SVTg induces positive experience in mice 

A: We injected Cre-dependent retrograde AAVs that either expressed ChR2 (ChR2 mice) or did 

not express ChR2 (CTRL mice) into the LHb of vGAT-Cre mice and implanted optic fibers over 

the SVTg, bilaterally. Fluorescent images show the injection sites in the LHb and the position of 

the optic fibers (blue) and retrograde labeling of the SVTg neurons (red). Scale bar: 200μm. 

B: After handling, mice were habituated (HAB) to a box with two chambers. On day 7, mice 

received 20 Hz optical fiber illumination (8-10mW, 10ms pulse onset) in one of the chambers to 

test real-time place preference (RTPP). On day 8, the conditioned place preference (CPP) of mice 

was tested in the same box without light illumination. 
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C: The graph shows that, compared to non-stimulated CTRL mice, ChR2 mice spent significantly 

more time in the chamber associated with the SVTg-stimulation, showing both RTPP and CPP 

(medians and interquartile ranges). 

D: Chamber preference of individual mice during days 6 (HAB), 7 (RTPP), and 8 (CPP) of the 

experiment. 

E: We bilaterally injected Cre-dependent anterograde AAVs with (ChR2 mice) or without the 

expression of ChR2 (CTRL mice) into the SVTg of vGAT-Cre mice and optic fibers were implanted 

over the LHb, bilaterally. The fluorescent images show the injection site in the SVTg and the 

position of the optic fibers (blue) over the LHb. Scale bar: 200μm. The same behavioral 

experiment was performed as described in (B) but here we illuminated the fibers of the SVTg in 

the LHb. 

F: Chamber preference of individual mice during days 6 (HAB), 7 (RTPP), and 8 (CPP) of the 

experiment. 

G: We injected Cre-dependent retrograde AAVs that either expressed ChR2 (ChR2 mice) or did 

not express ChR2 (CTRL mice) into the LHb of vGAT-Cre mice and implanted optic fibers over 

the SVTg, bilaterally. Fluorescent image shows the position of the optic fibers (blue) and 

retrograde labeling of the SVTg neurons (red). Scale bar: 200μm. 

H: After handling, food-restricted CTRL and ChR2 mice were placed into a chamber containing 

two nose-poke holes. Tests lasted for ten days, 30 minutes each day. Mice received 2-second-long 

20 Hz and later 40 Hz light illumination when they inserted their noses into the predefined hole 

(ILLUM side). 

I: The graphs show that the ChR2 mice stuck their noses significantly more into the hole, where 

they received optic fiber illumination (ILLUM side), compared to CTRL mice on several different 

days. Self-stimulation at 40 Hz seemed to be slightly more effective. Experimental days were 

consecutive days except for experimental day 8 which started 2 weeks after day 7 (medians and 

interquartile ranges). 

J: The graph shows the differences in the number of nose-pokes between days 11 and 10 on the 

illuminated (ILLUM) and non-illuminated (NON) holes (medians and interquartile ranges). 

For statistical details, see Table 5. 

Published in (114). 

 

4.2.3. Activity of SVTg is required for balanced assessment of valence 

Using optogenetic inhibition in behaving mice in vivo, we investigated whether 

the continuous activity of the SVTg is required for the maintenance of a balanced valence 

circuit. We injected a Cre-dependent AAVretro-hSyn-SIO-stGtACR2-FusionRed 
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expressing virus (“stGtACR2 mice”) or a control mCherry containing Cre-dependent 

AAVretro-EF1α-DIO-mCherry virus (“CTRL mice”) into the LHb of vGAT-Cre mice, 

labeling the SVTg→LHb neurons retrogradely and then we implanted optic fibers over 

the SVTg bilaterally (Fig. 9A). After handling, we performed RTPA and CPA tests, on 

separate days (Fig. 9B). On the first experimental day, mice were placed into a double-

chamber box for habituation to the new environment, where neither CTRL nor stGtACR2 

mice showed any place preference (Fig. 9C). On the next day, mice were placed back into 

the same box and received continuous SVTg illumination only in one of the chambers 

(Fig. 9B). In contrast to CTRL mice, stGtACR2 mice showed a significant, immediate 

RTPA for the SVTg-inhibited-chamber (Fig. 9C-D). On the following day, all mice were 

placed back into the same dual chamber box without light illumination, and we tested 

their conditioned place aversion (CPA) (Fig. 9B). In contrast to CTRL mice, stGtACR2 

mice showed significant CPA in the chamber, where their SVTg neurons were previously 

inhibited (Fig. 9C-D). This suggests that the SVTg has a baseline neuronal activity that 

is necessary to maintain a healthy valence detection and motivational state during spatial 

exploration. 

Next, we tested how mice coped with fear without the activity of the SVTg 

neurons. Here, the above-mentioned, same stGtACR2 and CTRL mice were investigated 

during a contextual fear conditioning experiment (Fig. 9E). All mice received four 

aversive foot-shocks in context A (CTXA), precisely aligned with a short, 6-second-long 

optogenetic illumination of the SVTg neurons (Fig. 9E-F). During the conditioning, no 

difference was found in fear responses between CTRL and stGtACR2 mice (Fig. 9F). On 

the next day, we placed mice back into CTXA and found that, unlike CTRL mice, 

stGtACR2 mice showed a significant, more than two times higher contextual fear 

response (Fig. 9G). Later, we placed mice into a novel context (CTXB) to examine their 

generalized fear responses (Fig. 9E), and we found that it was still significantly higher in 

stGtACR2 mice (Fig. 9G). These data show that the SVTg is essential for controlling the 

strength of fear memory formation and actively preventing abnormal overgeneralization. 
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Figure 9. Inhibition of SVTg neurons induces negative experience in mice 

A: We injected Cre-dependent retrograde AAVs that either expressed the inhibitory opsin 

stGtACR2 (stGtACR2 mice) or did not express the stGtACR2 (CTRL mice) into the LHb of vGAT-

Cre mice. Both viruses contained a reporter protein. Then, we implanted optic fibers over the 

SVTg, bilaterally. The fluorescent image shows an example position of the optic fibers (blue) and 

the retrogradely labeled SVTg neurons (red). Scale bar: 200μm. 

B: After 5 days of handling, mice were habituated (HAB) to a dual-chamber box. On day 7, mice 

received continuous optic fiber light illumination for 10 min, to test their potential real-time place 

avoidance (RTPA). On day 8, mice were placed back into the same box, but without light 

illumination, to test their potential conditioned place avoidance (CPA).  

C: Graphs show that mice did not prefer any of the chambers during habituation (HAB). 

stGtACR2, but not CTRL mice demonstrated significant RTPA and CPA (medians and 

interquartile ranges). 

D: Pairwise comparisons also show that, unlike CTRL mice, stGtACR2 mice avoided the chamber 

significantly more in which their SVTg were inhibited. 

E: After RTPA and CPA tests, CTRL and stGtACR2 mice received four foot shocks (2 mA, 2 sec) 

precisely aligned with optic fiber illumination (8-10 mW, 6 sec) of the SVTg in context A (CTXA). 

On the next day, mice were placed back into CTXA and then into a different context B (CTXB), 

while their fear behaviors (freezing) were recorded. 

F: Graph shows the changes in behavioral freezing after the foot shocks for the CTRL and the 

stGtACR2 mice (medians and interquartile ranges). 
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G: Graphs demonstrate that the SVTg inhibition (in stGtACR2 mice) during negative experiences 

significantly increases fear responses (freezing time) in both CTXA and CTXB (medians and 

interquartile ranges). 

For statistical details see Table 5. 

Published in (114). 

 

4.2.4. SVTg neurons receive inputs from valence and salience-processing brain areas 

To identify the brain areas that regulate the SVTg neurons via direct synaptic 

connections, we used mono-transsynaptic rabies tracing. We infected SVTg GABAergic 

neurons in vGAT-Cre mice directly, with a Cre-dependent helper virus (encoding TVA, 

oG and GFP proteins) and we injected a retrograde, glycoprotein-deleted mCherry-

encoding rabies virus into the LHb of the same mice (Fig. 10A-B). We found that most 

of the inputs are received from adjacent reticular formation areas (pontine (PRN), 

mesencephalic (mRT) and gigantocellular reticular formation (Gi)) and key brain areas 

encoding valence, motivation, and aversion targeted the SVTg→LHb neurons mono-

synaptically, including the MRR, IPN, ZI, LHb, DR and LDTg (Fig. 10C-D). Moreover, 

we found that higher-order associational cortical areas, the orbitofrontal cortex (OFC), 

the anterior cingulate cortex (ACC), and other PFC regions showed a strong convergence 

onto SVTg→LHb neurons (Fig. 10C-D). 

Rabies labeling revealed that SVTg neurons are targeted by the MRR, which plays 

a fundamental role in aversive behavior (89,110). Therefore, we performed double tracing 

experiment to investigate this connection further by injecting a fluorescent protein-

expressing Cre-dependent retrogradely spreading AAV (AAVretro-hSyn-FLEX-

GCaMP8m) into the LHb and an anterograde Cre-OFF AAV2/9-EF1α-DO-ChR2-

mCherry (that expressed mCherry only in neurons that did not express Cre) into the MRR 

of vGAT-Cre mice (Fig. 10E). We found that MRR non-GABAergic (possibly the 

vGluT2-positive glutamatergic) cells densely innervate the SVTg region (Fig. 10F). We 

found that at least 43% (20/47 cells from 4 mice) of SVTg neurons received, on average 

2 or 3 homer-1 positive putative synapses (51 total) from the MRR (Fig10. G). 

Because we found that the reward prediction and motivation encoding OFC 

directly targets SVTg neurons, we investigated this neuronal connection further. We 

performed a double tracing experiment by injecting an AAVretro-hSyn-FLEX-

GCaMP8m into the LHb and an anterograde Cre-OFF AAV2/9-EF1α-DO-ChR2-
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mCherry (labeling the non-GABAergic pyramidal cells) into the OFC of vGAT-Cre mice 

(Fig. 10H-I). We found that OFC pyramidal cells densely innervate the pontine SVTg 

(Fig. 10J) and form putative excitatory, homer-1 positive synaptic contacts with SVTg 

neurons (Fig. 10K). Our anatomical analysis revealed that at least 69% (40/58 cells from 

4 mice) of SVTg neurons received, on average, about 4 to 5 synapses (176 total) from the 

OFC (Fig. 10K). These experiments revealed that both subcortical and higher-order 

cortical regions, conveying different types of information, converge onto SVTg neurons. 

 

 

 

Figure 10. Monosynaptic inputs of SVTg neurons 

A: Cre-dependent, avian receptor-expressing “helper” AAVs were injected into SVTg, then 5 

weeks later, avian receptor-dependent, mCherry-expressing, monosynaptically-restricted 

transsynaptic Rabies viruses were injected into the LHb of vGAT-Cre mice (n=5). 

B: Fluorescent images show that yellow (white arrows) “starter” cells [that express both the 

helper (green) and rabies (red) virus products] are in SVTg. Scale bar: 200 μm (top), 20 μm 

(bottom).  

C: Representative fluorescent images show the retrogradely labeled monosynaptic inputs (red) 

of SVTg neurons. Scale bar: 200 μm. 

D: Graph shows the ratio of neurons in brain areas from n=5 mice that target the GABAergic 

neurons in SVTg (medians and interquartile ranges). 

E: Retrograde labeling of GABAergic SVTg→LHb neurons was combined with the anterograde 

viral labeling of the non-GABAergic neurons (using AAV2/9-EF1α-DO-ChR2-mCherry virus that 

can only be expressed in non-Cre neurons) from the MRR in vGAT-Cre mice (n=4). 
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F: Images show that MRR (red, putative glutamatergic) fibers innervate SVTg. Scale bar: 100 

μm. 

G: MRR establishes homer-1 (white) positive synaptic contacts (yellow arrowheads) with SVTg 

neurons (green). Scale bar: 5 μm. 

H: Retrograde labeling of SVTg GABAergic neurons from the LHb was combined with the 

anterograde viral labeling of the non-GABAergic neurons (using the AAV2/9-EF1α-DO-ChR2-

mCherry virus that can only be expressed in non-Cre neurons) from the OFC in vGAT-Cre mice 

(n=4). 

I: Fluorescent image shows the injection site in the OFC. Scale bar: 200 μm. 

J-K: Image shows that OFC fibers (red) innervate SVTg and establish homer-1 (white) positive 

synaptic contacts (yellow arrowheads) with GFP-labeled SVTg neurons (green). Scale bars: 100 

μm and 5 μm. 

Published in (114). 

 

4.2.5. Typical molecular features of SVTg neurons 

 To identify SVTg neurons in different species without viral labeling, we 

investigated, which of its proteins could be used to label SVTg neurons selectively in 

different species. In collaboration, we examined the whole mRNA expression profile of 

SVTg neurons using single-cell mRNA sequencing and found that SVTg neurons 

specifically express some unique proteins that are rarely found in the brain. The presence 

of these proteins in SVTg neurons was further investigated and validated by 

immunohistochemistry. We found that the special AT-rich sequence-binding protein-1 

(Satb1) transcription factor was highly selectively and specifically found in SVTg 

neurons (Fig. 11A-B). Our measurement showed that 96% (352/366 cells from 2 mice) 

of virally labeled SVTg→LHb neurons were positive for Satb1 (Fig. 11A) and virtually 

all (1553/1589 cells from 3 mice) Satb1 positive cells in the PCG were GABAergic in 

vGAT/ZsGreen transgenic mice (Fig. 11B). Moreover, we found that additional SVTg 

cell-specific markers were the transcription factor paired box protein 6 (Pax6) (Fig. 11C), 

the reelin (Reln) glycoprotein (Fig. 11D), and the T-type calcium ion channel Cav3.1 

(Fig. 11E). Our measurement showed that 87% (287/331 cells from 2 mice) of virally 

labeled SVTg→LHb neurons were positive for Pax6, 95.5% (341/357 cells from 3 mice) 

of virally labeled SVTg→LHb neurons were positive for Reln and 94% (282/299 cells 

from 2 mice) of virally labeled SVTg→LHb neurons were positive for Cav3.1. We also 
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found that 81% (1123/1379 cells from 3 mice) of SVTg→LHb neurons were positive for 

Satb1, Pax6, and Reln simultaneously (Fig. 11F). Our immunostaining experiment 

revealed that the Satb1 staining and virally labeled SVTg→LHb neurons were completely 

and perfectly overlapped at the full rostro-caudal extent of the nucleus (Fig. 11G). These 

experiments suggest that the Satb1, Pax6, and Reln are selective markers of SVTg 

neurons, and especially the Satb1 can be used as a highly selective marker to identify 

SVTg in the pontine brainstem. 

 

Figure 11. SVTg neurons are positive for Satb1, Pax6, and reelin 

A: Confocal laser-scanning images show that GFP-expressing SVTg neurons that were 

retrogradely labeled from the LHb (green, white arrowheads) strongly express Satb1 (red). 

B: Images show that virtually all Satb1 positive neurons (red) were also positive for ZsGreen 

(green) in 3 vGAT/ZsGreen mice, indicating that Satb1 neurons are GABAergic in SVTg. 

C-E: Images show that GFP-expressing SVTg neurons that were retrogradely labeled from the 

LHb (green, white arrowheads) strongly express Pax6 (C, purple), Reln (D, pink), and Cav3.1 

(E, pink). Scale bar for A-E: 50 μm. 
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F: Confocal-laser-scanning images show that GFP-expressing SVTg neurons that were 

retrogradely labeled from the LHb (green, white arrowheads) simultaneously express Satb1 (red), 

Pax6 (purple) and Reln (pink). Scale bar: 50 μm. 

G: Fluorescent images show that GFP-expressing SVTg neurons that were retrogradely labeled 

from the LHb (green) strongly express Satb1 (red) at the full-rostrocaudal extent (from Br. -4.90 

mm to Br. -5.80 mm) of SVTg nucleus. Virtually all virally infected SVTg neurons (green) are 

Satb1 (red) positive (merged images). Scale bar: 200 μm. 

Published in (114). 

 

 

4.2.6. SVTg in rodents, primates, and the human brain 

 The pontine brainstem is thought to be evolutionarily ancient and well-conserved, 

so its neuron populations are likely to be present or even more evolved in most 

mammalian brains (83). Because we found that Satb1 nuclear protein expression is highly 

specific for mouse SVTg neurons in the brainstem (Fig. 11G) Satb1 DAB-Ni 

precipitation-based immunohistochemistry was used to localize the SVTg in the rat 

(Wistar rat), rhesus monkey (Macaca mulatta), and human pontine brainstem.  

In the rat, we found the Satb1-positive neurons in virtually the same location as in 

the mouse (Fig. 12A). In elder macaque and human brains, noradrenergic (LC) and 

serotonergic DR neurons contain neuromelanin, allowing these cells to be localized in the 

brainstem without specific staining. In three macaque brains, we found Satb1-positive 

neurons just below the fourth ventricle, between LC and DR neurons, and above the 

immunostained LDTg cholinergic neurons (Fig. 12B-G). In two human subjects, Satb1-

positive neurons were localized just below the fourth ventricle (less than 300 μm), 

between the LC and DR neurons, at a similar location as in the macaque brain                  

(Fig. 12H-O). We found no Satb1-like staining in the negative control (CTRL-staining) 

sections without primary antibodies (Fig. 12B, E, H, J, L, N). These experiments suggest 

that SVTg is an evolutionarily well-conserved nucleus in the pontine brainstem that can 

be found in mice, rats, monkeys, and in the human brain. 
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Figure 12. SVTg nucleus identified in rat, monkey, and human pontine brainstem 

A: Light microscopic images show Satb1-positive SVTg neurons (black nuclear DAB-Ni staining) 

in rat pons under the fourth ventricle at three different Bregma coordinates. Scale bar: 200 μm. 

B-G: Representative images show control staining (no labeling without Satb1 primary antibody) 

and the localization of Satb1-positive SVTg neurons in rhesus macaque pontine sections (at 

Bregma -21.6 mm). B-D images show the map of pontine nuclei on coronal sections of one side 

of the dorsal pons. Scale bar: 500 μm. E-G images show SVTg areas (indicated with black boxes 

in B-D) at higher magnification. Scale bar: 50 μm. (B and E) Control staining without Satb1 

primary antibody (C and F) Satb1 nuclear staining (black DAB-Ni precipitate) reveals a group 

of neurons (black arrowheads) under the fourth ventricle (4V). (D and G) ChAT cytosolic staining 

labels cholinergic neurons (black arrowheads) in the adjacent LDTg below SVTg in the monkey 

pons. 

H-O: Representative images show control staining and the localization of Satb1-positive SVTg 

neurons in human pontine sections at two different coordinates. H-K images show the map of 

pontine nuclei on coronal sections of one side of the dorsal pons. Borders of SVTg are defined by 
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the dense Satb1-positive neuronal labeling. Scale bar: 500 μm. L-O images show a part of SVTg 

at higher magnification (indicated with black boxes in H-K). Scale bar: 50 μm. 

H, J, L, and N: Control staining: images show no DAB-Ni labeling without the Satb1 primary 

antibody. The brown, natively lipofuscin or neuromelanin-expressing cells are detectable in LC 

and DR without staining. 

I, K, M, and O: Satb1 nuclear staining (black DAB-Ni precipitate) reveals a group of neurons 

(black arrowheads) under the fourth ventricle (4V) in a human individual (SKO30). 

Abbreviations: 4V: fourth ventricle, DR: dorsal raphe, DTg: dorsal tegmentum, LC: locus 

coeruleus, LDTg: laterodorsal tegmentum, Me5: mesencephalic trigeminal nucleus, mlf: medial 

longitudinal fasciculus, PCG: pontine central grey, SVTg: subventricular tegmental nucleus. 

Published in (114). 

 

 

 

 

Table 5. Statistical details of behavioral experiments 

  

25% 75%

CTRL 21 44,10% 32,60% 56,19%

ChR2 19 52,84% 43,76% 59,03%

CTRL 21 52,52% 44,27% 68,72%

ChR2
19

18,86% 12,70% 36,64%

CTRL
21

55,98% 37,37% 80,27%

ChR2
19

28,50% 13,95% 54,11%

39 23 46

35 26 47

57 40 67

35 11 46

CTRL
11

1,06

ChR2
7

0,56

CTRL 13 13,68% 5,67% 17,57%

ArchT 9 3,00% 0,00% 6,11%

CTRL 13 7,77% 1,11% 14,33%

ArchT 9 0,00% 0,00% 2,44%

CTRL 13 52,67% 43,33% 59,67%

ArchT 9 22,00% 21,33% 29,00%

CTRL 17 42,65% 39,02% 48,75%

ChR2 14 53,05% 37,15% 65,92%

CTRL 17 39,05% 34,40% 42,04%

ChR2 14 79,09% 59,66% 84,45%

CTRL 17 46,19% 32,98% 64,17%

ChR2 14 78,64% 63,90% 81,56%

Statistical test and p values

Fig8C

Habituation 10min (HAB)

(illum side % time)

Mann-Whitney U-tests: 

 CTRL vs. ChR2: n.s.: p=0.463

Real-time place preference 10min 

(RTPP)

(illum side % time)

Mann-Whitney U-tests: 

 CTRL vs. ChR2: ****: p=0.00009

Conditioned place preference 10min 

(CPP)

(illum side % time)

Mann-Whitney U-tests: 

 CTRL vs. ChR2: ***: p=0.0009

Fig6B

Total number of nose pokes during 

base and stim

Related 

figures
Experimental conditions Groups Mice Medians

Interquartiles

Fig6F

Habituation 10min (HAB)

(illum side % time)

Mann-Whitney U-tests: 

 CTRL vs. ChR2: n.s.: p=0.088

Real-time place preference 15min 

(RTPP)

(illum side % time)

Mann-Whitney U-tests: 

 CTRL vs. ChR2: ****: p=0.00003

Conditioned place preference 5min 

(CPP)

(illum side % time)

Mann-Whitney U-tests: 

 CTRL vs. ChR2: *: p=0.045

ContextA 3min (CTXA)

(freezing time %)

Generalized 3min (gener)

(freezing time %)

Cued 1min (cued)

(freezing time %)

Mann-Whitney U-tests:

CTXA CTRL vs. ArchT: *: p=0.025;

gener CTRL vs. ArchT: *: p=0.026;

cued CTRL vs. ArchT: *: p=0.011

Wilcoxon-test:

base vs. stim: n.s.: p=0.722

Wilcoxon-test:

base vs. stim: *: p=0.018

Fig6E Nose poke ration stim/base
+/-0,47

+/-0,31

Student's t-test:

CTRL vs. ChR2: *: p=0.025;

In case of these rows means and +/-SD are 

presented

Total number of nose pokes during 

base and stim

Fig6D

11

7
ChR2

CTRL
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HAB 42,65% 39,02% 48,75%

RTPP 39,05% 34,40% 42,04%

CPP 46,19% 32,98% 64,17%

HAB 53,05% 37,15% 65,92%

RTPP 79,09% 59,66% 84,45%

CPP 78,64% 63,90% 81,56%

CTRL 12 44,22% 38,92% 56,21%

ChR2 9 41,10% 33,36% 53,73%

CTRL
12

50,79% 37,79% 62,26%

ChR2 9 63,63% 48,88% 84,37%

CTRL 12 43,58% 29,34% 62,55%

ChR2 9 80,76% 47,31% 86,29%

CTRL 8 20 15,5 25,5

ChR2 8 35 28 38,5

CTRL 8 17 12 28

ChR2 8 31,5 18,5 50

CTRL 8 18 14,5 26

ChR2 7 40 16 66

CTRL 8 20 7,5 34

ChR2 8 39,5 20 64

CTRL 8 13 10,5 27,5

ChR2 8 39,5 32,5 95

CTRL 8 32 14,5 48,5

ChR2 8 61 43,5 123

CTRL 8 18 8,5 29,5

ChR2 8 64 39,5 84

CTRL 8 15 9,5 28,5

ChR2 8 34 18,5 52

CTRL 8 14 7,5 19

ChR2 8 33,5 18 76

CTRL 8 10 7 21,5

ChR2 8 82,5 47,5 108

CTRL 8 21,5 15 28

ChR2 8 41,5 25 59,5

CTRL 8 9,5 2 16

ChR2 8 -41 -57,5 -15,5

CTRL 8 3 -1 10,5

ChR2 8 -0,5 -4,5 5

CTRL 15 57,42% 44,39% 70,99%

stGtACR2 14 49,52% 44,93% 56,23%

CTRL 15 60,67% 33,07% 66,47%

stGtACR2 14 24,25% 21,41% 30,44%

CTRL 15 55,83% 36,96% 76,35%

stGtACR2 14 35,49% 25,34% 43,99%

HAB 57,42% 44,39% 70,99%

RTPA 60,67% 33,07% 66,47%

CPA 55,83% 36,96% 76,35%

HAB 49,52% 44,93% 56,23%

RTPA 24,25% 21,41% 30,44%

CPA 35,49% 25,34% 43,99%

CTRL 15 0,00% 0,00% 0,00%

stGtACR2 14 0,00% 0,00% 0,00%

CTRL 15 0,00% 0,00% 4,58%

stGtACR2 14 4,66% 0,00% 7,57%

CTRL 15 11,00% 7,33% 16,56%

stGtACR2 14 10,13% 3,62% 22,33%

CTRL 15 21,15% 8,54% 28,77%

stGtACR2 14 24,85% 18,00% 37,47%

CTRL 15 10,87% 5,45% 21,55%

stGtACR2 14 26,32% 19,05% 42,78%

CTRL 15 2,36% 0,00% 4,37%

stGtACR2 14 7,83% 4,82% 16,87%

Fig8D

CTRL 17

Wilcoxon-tests:

HAB vs. RTPP: n.s.: p=0.653;

HAB vs. CPP: n.s.: p=0.407

ChR2 14

Wilcoxon-tests:

HAB vs. RTPP: **: p=0.0015;

HAB vs. CPP: **: p=0.0012

Illumulation side nosepokes

(day 3) CTRL vs. ChR2 day 3: n.s..: p=0.103

Illumulation side nosepokes

(day 4) CTRL vs. ChR2 day 4: m.n.s..: p=0.066

Illumulation side nosepokes

(day 5) CTRL vs. ChR2 day 5: *: p=0.035

Fig8F

Habituation 10min (HAB)

(illum side % time)
Wilcoxon-tests:

CTRL HAB vs. RTPP: n.s.: p=0.638;

CTRL HAB vs. CPP: n.s.: p=0.937;

ChR2 HAB vs. RTPP: *: p=0.015;

ChR2 HAB vs. CPP: *: p=0.015

Real-time place preference 10min 

(RTPP)

(illum side % time)

Conditioned place preference 10min 

(CPP)

(illum side % time)

Fig8I

Illumulation side nosepokes

(day 1)

Mann-Whitney U-test: 

CTRL vs. ChR2 day 1: *: p=0.031

Illumulation side nosepokes

(day 2) CTRL vs. ChR2 day 2: n.s..: p=0.114

Illumulation side nosepokes

(day 9) CTRL vs. ChR2 day 9: *: p=0.024

Illumulation side nosepokes

(day 10) CTRL vs. ChR2 day 10: **: p=0.0019

Illumulation side nosepokes

Extinction day (day 11) CTRL vs. ChR2 day 11: *: p=0.021

Illumulation side nosepokes

(day 6) CTRL vs. ChR2 day 6: n.s..: p=0.128

Illumulation side nosepokes

(day 7) CTRL vs. ChR2 day 7: *: p=0.014

Illumulation side nosepokes

(day 8) CTRL vs. ChR2 day 8: *: p=0.040

Fig8J

Nosepoke number differences   

day11-day10 ILLUM side
Mann-Whitney U-tests:

illum side CTRL vs. ChR2: **: p=0.0023;

NON side CTRL vs. ChR2: n.s.: p=0.461
Nosepoke number differences      

day11-day10 NON side

Fig9C

Habituation 10min (HAB)

(illum side % time)
Mann-Whitney U-test:

 CTRL vs. stGtACR2: n.s.: p=0.556

Real-time place aversion 10min 

(RTPA)

(illum side % time)

Mann-Whitney U-test:

 CTRL vs. stGtACR2: **: p=0.0016

Conditioned place aversion 10min 

(CPA)

(illum side % time)

Fig9G

ContextA 5min (CTXA)

(freezing time %)
Mann-Whitney U-tests:

 CTXA CTRL vs. stGtACR2: **: p=0.0064

 CTXB CTRL vs. stGtACR2: **:p= 0.0015
ContextB 5min (CTXB)

(freezing time %)

Fig9F

1st shock 1min

(freezing time %)
Mann-Whitney U-tests:

 1st shock CTRL vs. stGtACR2: n.s.: p=0.715;

 2nd shock CTRL vs. stGtACR2: n.s.: p=0.205;

 3rd shock CTRL vs. stGtACR2: n.s.: p=0.983;

 4th shock CTRL vs. stGtACR2: n.s.: p=0.256

2nd shock 1min

(freezing time %)

3rd shock 1min

(freezing time %)

4th shock 1min

(freezing time %)

Mann-Whitney U-test:

 CTRL vs. stGtACR2: *: p=0.015

Fig9D

CTRL 15

Wilcoxon-tests:

HAB vs. RTPA: n.s.: p=0.156;

HAB vs. CPA: n.s.: p=0.955

stGtACR2 14

Wilcoxon-tests:

HAB vs. RTPA: ***: p=0.00098;

HAB vs. CPA: **: p=0.0052
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5. Discussion 

 

5.1. Brainstem control of emotional balance 

 The brain processes emotional stimuli through a network of valence-encoding 

neural circuits, and the balance between these systems is essential for maintaining mental 

health (12,19). The mechanisms of emotional regulation are particularly significant in 

understanding psychiatric disorders like depression and anxiety, as these conditions often 

arise from dysfunctions in the brain's emotional processing systems (19,31,32,74). The 

LHb plays a central role in regulating emotional balance, and its dysfunction is closely 

linked to the development of depression (19,32,75,115). Previously, it was thought that 

LHb receive such information only from the forebrain (19,61,62,72,73). However, here 

we described two parallel pathways arising from the brainstem MRR vGluT2-positive 

and SVTg GABAergic neurons conveying aversive and reward-related information to the 

LHb, respectively (110,114). The identification and characterization of the surrounding 

pontine brainstem regions and their cell types, such as the serotonergic cells in the MRR 

and DR (87,116), cholinergic cells in the LDTg (117), and noradrenergic cells in the LC 

(116), were discovered early by using unique specific markers (TpH, ChAT, TH). 

However, identifying glutamatergic and GABAergic cells in the brainstem and mapping 

their connections has proven to be a much more challenging task. Cell-type-specific viral 

tract tracing techniques, combined with genetically modified mice enabled us to discover 

the MRR vGluT2-positive and the SVTg GABAergic neurons in the pontine brainstem. 

 

5.2. The role of MRR vGluT2-positive neurons in processing negative experiences 

 LHb neurons are activated by negative or harmful events, which is essential for 

making appropriate decisions (15,29). Additionally, the septo-hippocampal system 

(MS/VDB-HIPP) is also activated, facilitating memory formation from such events 

(112,118,119). However, there was no known neuronal population in the brain that could 

simultaneously activate both of these systems, contributing to the immediate experience 

of a negative event and its rapid encoding as a memory. Although it has long been 

hypothesized that MRR neurons play a crucial role in the efficient processing of negative 

experiences and the formation of memory traces, their previously identified cell types, 

and their connections could not fully explain these functions (84,94,120). In our work, 
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we identified a previously unknown vGluT2-positive glutamatergic neuronal population 

in the MRR that constitutes 20% of the neurons in this region and gives the largest 

projecting cell population of the MRR. Anatomically, we found that MRR vGluT2-

positive neurons innervate both the LHb and the HIPP-projecting MS/VDB neurons (Fig. 

13), as well as other valence-processing-related subcortical regions. Additionally, we 

observed that MRR vGluT2-positive neurons receive synaptic inputs from several 

negative experience processing brain areas. Based on these anatomical findings, we 

proposed that MRR vGluT2-positive neurons are ideally positioned to mediate the rapid 

and efficient acquisition and encoding of negative experiences. 

The LHb signals negative valence and negative reward-prediction errors by 

receiving rapid, immediate excitation during negative events or those expected to have a 

negative outcome (15,29,44,49,56,121). In vivo findings from my colleagues showed that 

MRR vGluT2-positive neurons are selectively and immediately activated by negative 

events (such as aversive airpuffs), but not activated by rewarding events (110). Our 

behavioral experiments revealed that activation of MRR vGluT2-positive neurons 

induced real-time and conditioned place avoidance, indicating that they encode negative 

valence and strongly suppressed motivation-driven behavior of mice. Furthermore, we 

found that the activation of MRR vGluT2-positive neurons during a negative experience 

is essential for the formation of a proper fear memory of an aversive event, whether 

context-based or associated with specific auditory cues. This likely occurs because, on 

the one hand, the activity of MRR vGluT2 neurons might be essential for the LHb during 

negative experiences. On the other hand, MS/VDB HIPP-projecting PV neurons cannot 

effectively initiate the hippocampal memory-forming network without the activity of 

MRR vGluT2-positive neurons. Therefore, we can conclude that MRR vGluT2-positive 

neurons serve a dual role during the acquisition of a negative experience: they activate 

the negative valence-encoding system, and they facilitate the rapid and efficient formation 

of a memory via the septo-hippocampal system (Fig. 13). 

 

5.3. The role of SVTg neurons in processing positive experiences 

 The LHb is not only involved in processing negative experiences, but during 

rewarding events or those predicting a reward, LHb neurons are inhibited, encoding 

positive valence (56,60,63). Because the LHb has a negligible number of interneurons 
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(65), a critical question arises: how and from where does this reward-encoding inhibitory 

signal reach the LHb? Upon examining all GABAergic inhibitory inputs of the LHb, we 

discovered a previously unknown cell population in the pontine brainstem, which we 

named the SVTg based on its location. Using anatomical tract tracing, we demonstrated 

that the SVTg indeed provides GABAergic axonal terminals that innervated LHb neurons 

(Fig. 13), making SVTg the largest purely GABAergic input of the LHb. Further 

anatomical investigation revealed that the SVTg GABAergic neurons innervate not only 

the LHb, but several other valence-processing subcortical regions, as well as subcortical 

regions involved in memory formation (Fig. 13). We also found that SVTg GABAergic 

neurons receive synaptic inputs from brain areas that process salient environmental 

stimuli (PRN, mRT, Gi), negative experiences (MRR, IPN, LHb, LH), positive 

experiences (OFC, LDTg, DR, VTA) and decision-making (ACC, ZI, SC, SNr). The 

valence circuitry is evolutionarily ancient, with the LHb present across species from 

fishes to humans (12,18,19,22). Using the highly SVTg-specific Satb1 

immunohistochemistry, we identified the SVTg neurons not only in mice but also in rat, 

monkeys, and humans, whereas previous studies reported Satb1-positive neurons under 

the fourth ventricle even in fishes (122). This suggests that the SVTg is evolutionarily 

highly conserved. 

 Fiber photometry findings of my colleagues showed that SVTg GABAergic 

neurons activated by both rewarding and reward-predicting stimuli conveying reward-

related inhibitory signals to the LHb (114). Our behavioral experiments showed that 

stimulation of SVTg GABAergic neurons or their axonal fibers in the LHb induces both 

acute and conditioned place preference in mice, suggesting that SVTg activation encodes 

positive valence. Conversely, inhibition of SVTg neurons resulted in place avoidance 

behavior in mice. These findings imply that the baseline activity of the SVTg is essential 

for maintaining a normal motivational state during environmental exploration and during 

a direct rewarding experience, they encode positive valence by suppressing the activity 

of the LHb. Moreover, we also found that when given a choice, the mice self-stimulated 

their SVTg GABAergic neurons and continued to try compulsively, even after it became 

ineffective, suggesting that these cells may also contribute to reward-seeking and 

addictive behavior. 
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 During a harmful, negative event, it is crucial that only a specific set of neurons 

encodes a negative experience to preserve scalability. At the behavioral level, this can 

prevent inappropriate fear responses or fear generalization. Over time, such processes 

could contribute to the development of disorders like anxiety or post-traumatic stress 

disorder (PTSD). Therefore, these systems may also require active inhibition during 

negative events. It is well known that a subset of LHb neurons are inhibited, rather than 

excited, by an aversive event (121,123). However, the source of this inhibition remains 

unknown. Fiber photometry findings of my colleagues revealed that SVTg GABAergic 

neurons also increase their activity during an aversive event, potentially mediating this 

partial inhibition in the LHb (114). Furthermore, our behavioral experiments 

demonstrated that inhibiting SVTg GABAergic neurons precisely during a negative 

experience significantly increased both contextual and generalized fear levels in mice. 

Thus, the SVTg GABAergic neurons not only inhibit the LHb during reward-related 

events, producing a positive experience, but also actively suppress the negative 

experience-encoding system of the brain during an aversive experience, preventing the 

network from over-activation. 

 

5.4. Interactions between MRR vGluT2 and SVTg GABAergic neurons 

 Investigating the brainstem control of the LHb, we identified both an excitatory 

(MRR vGluT2) and an inhibitory (SVTg GABAergic) neuronal population in the pontine 

brainstem that project to the LHb (Fig. 13). Further examining their anatomical 

projections, we found that both MRR vGluT2-positive and SVTg GABAergic neurons 

project to similar brain regions, including valence-encoding subcortical brain areas, as 

well as memory-related brain regions (Fig. 13). Our observations showed that these two 

populations are also interconnected with each other. MRR vGluT2-positive neurons 

innervate the SVTg, and the SVTg project back to the MRR (Fig. 13). While MRR 

vGluT2-positive neurons primarily receive inputs from negative experience-processing 

systems and are likely under PFC cortical control; SVTg neurons receive more diverse 

inputs, including areas processing salience, positive and negative stimuli, and are under 

OFC cortical control (110,114). Our behavioral experiments showed that activation of 

MRR vGluT2-positive neurons induces negative experiences and reduces motivation, 

whereas, conversely, stimulation of SVTg neurons promotes reward-seeking behavior. 
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The activity of these two neuronal populations also differentially affects fear memory 

formation. We found that while the activation of MRR vGluT2-positive neurons is 

necessary for the formation of fear memories, the SVTg GABAergic neurons help to 

prevent over-activation of the negative valence-processing circuitry during fear 

acquisition. Thus, the activity of these two neuronal populations must remain in balance 

during various events to enable appropriate emotional evaluation, which is essential for 

guiding decision-making in the given moment. Therefore, a balanced activity between 

MRR vGluT2-positive and SVTg GABAergic neurons is required for the maintenance of 

emotional stability. 

 

 
 

Figure 13. Summary of the anatomical connectivity of MRR vGluT2-positive and SVTg 

GABAergic neurons. Schematic image shows that the brainstem can control the emotional 

valence and memory circuitries via its anatomical connections. Both the MRR vGluT2-positive 

and SVTg GABAergic neurons innervate the LHb, which coordinate emotional evaluation. 

Moreover, these two neuronal populations also innervate each other and other subcortical 

memory processing centers. Abbreviations: DA: dopaminergic neurons, GB: GABAergic 

neurons, vG1/vG2/vG3: vGluT1/vGluT2/vGluT3. (Own figure) 
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5.5. Future therapeutic potential of MRR and SVTg 

 Hyperactivity of LHb neurons has been observed in depression, both in rodent 

models and in human individuals (19,32,77,79,124). In our studies, we demonstrated that 

the LHb receives inputs not only from the forebrain but is also significantly controlled by 

brainstem neurons. This brings up the important question of how these brainstem 

connections of the LHb might contribute to the development of psychiatric disorders such 

as depression. It can be reasonably hypothesized that the chronic hyperactivity of MRR 

vGluT2-positive neurons or the suppressed activity of SVTg GABAergic neurons could 

result in the hyperactivation of the LHb, which may contribute to the onset or the 

maintenance of depressive symptoms. Therefore, future therapeutic strategies targeting 

the inhibition of MRR vGluT2-positive neurons or the activation of SVTg GABAergic 

neurons may offer novel potential solutions for the treatment of depression. The early 

stages of Alzheimer's and Parkinson's diseases are known to be manifested in the pontine 

brainstem  (125–127). Therefore, one may speculate that the MRR and SVTg may also 

contribute to the development of emotional dysfunction in these diseases due to the lack 

of optimal, balanced control of LHb neurons. Therefore, understanding the vulnerability 

of the MRR and SVTg neurons in these processes may help us better understand not only 

psychiatric disorders but also the side effects of neurodegenerative diseases in the future. 
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6. Conclusions 

Despite significant advances in our understanding of brain function, the precise 

roles of several neurons and their pathways originating from subcortical regions remain 

largely unexplored. Further mapping of these regions and pathways will bring us closer 

to understanding how the brain operates as an integrated system, moving beyond 

localized functions to a more holistic understanding of neural interactions at the system 

level. Using multidisciplinary neuroscience tools from immunohistochemistry to 

optogenetic behavioral experiments, we found two previously unknown neuronal 

populations in the brainstem: the MRR vGluT2-positive and the SVTg GABAergic 

neurons. Our findings uncovered the functional neuroanatomy of these two neuronal 

populations and their crucial role in processing aversive and reward-related experiences, 

influencing behaviors such as fear memory formation and positive or negative valence 

assessment. As we deepen our knowledge of these specific valence-processing neural 

pathways, we move closer to a comprehensive model of how different brain regions, from 

the cortex and forebrain to the LHb and brainstem, interact to regulate complex emotional 

and cognitive functions. These insights are fundamental for building more accurate 

models of brain function, moving beyond the traditional focus on cortical areas to include 

the control of the brainstem in higher-order emotional processes. Additionally, 

pharmacologically targeting MRR vGluT2 or SVTg GABAergic neurons offers 

significant therapeutic potential for treating mood-related psychiatric disorders, such as 

depression and anxiety, where emotional dysregulation plays a central role. Therefore, 

this growing knowledge not only expands our understanding of the anatomical and 

functional architecture of the brain but also paves the way for innovative, more precise 

treatments with fewer side effects for diseases in neuropsychiatry.  
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7. Summary 

Assigning appropriate emotional value to experiences and events is a key function 

of the LHb (19,29,44,115). This process is essential for decision-making and mood 

regulation, supporting our ability to adapt to the environment and ensuring survival 

(72,76). Forebrain inputs to the LHb could not fully explain its involvement in fast 

decision-making (19,64,115). Neuronal populations located in the brainstem appeared to 

be suitable to fulfill this role, though innervating the LHb, but these pathways remained 

completely unexplored. Here, we found two previously unrecognized neuronal 

populations in the brainstem that densely innervate the LHb. We described the anatomical 

connections of the brainstem MRR vGluT2-positive neurons, which send excitatory 

axonal collaterals to the LHb (110). Additionally, we identified a previously unknown 

GABAergic pontine brainstem nucleus, the SVTg, which, in contrast, sends inhibitory 

axons to the LHb (114). Our optogenetic behavior experiments revealed that stimulation 

of MRR vGluT2-positive neurons induced a negative, aversive experience, while 

stimulation of SVTg neurons induced a positive, reinforcing experience in mice. 

Moreover, we found that inhibition of MRR vGluT2-positive neurons during aversive 

experience suppressed, while, on the contrary, inhibition of SVTg neurons during 

aversive experience increased fear responses of mice. Both of these brainstem neurons 

receive inputs from several valence and salience-processing subcortical and cortical brain 

areas that can influence the activity of these cells. Our findings establish two key neuronal 

hubs in the pontine brainstem that oppositely regulate emotional valence and motivated 

behaviors in rodents, uncovering novel, fundamental brain mechanisms. These neurons 

may also play a central role in depression-related mood disorders and might potentially 

provide future therapeutic targets for these diseases. 
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