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ABSTRACT 

 
Jason Chia-Tse Lee 

Psychiatric disorders such as post-traumatic disorders and schizophrenia often 

present with common comorbidities such as increased depression, anxiety, and decreased 

social motivations. However, the underlying neural circuit that may account for 

occurrence of multiple psychiatric comorbidities remained unidentified. The dopamine 

system has been known to play prominent roles regulating emotional states and 

motivations. We therefore hypothesized that alteration in the dopamine system may lead 

to comorbidities such as negative mood and social isolation commonly observed in many 

psychiatric disorders. In this thesis work, we first examined how the dopamine system 

processes known triggers of psychiatric disorders, such as fear-charged stimuli. We then 

examined how the dopamine system regulates normal social interactions as well as how 

an altered dopamine system affects social interactions  
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I. INTRODUCTION 
 

A. Statement of the problem 

 

Fear is a natural response that helps an organism learn and fight for survival. 

However, fear can become maladaptive. When this fear becomes excessive, such that an 

otherwise harmless stimulus triggers an unreasonable and exaggerated fearful response, 

pathological states can arise, resulting in fear generalization. Psychiatric disorders such as 

anxiety disorders, panic attacks, and post-traumatic stress disorders (PTSD) are examples 

of excessive fear generalization (Mahan and Ressler, 2012). According to the Anxiety 

and Depression Association of America, anxiety related disorders are the most common 

mental illness in the United States, affecting millions of Americans 18 years and older. 

Additionally, PTSD plagues a large proportion of war veterans returning home. Together, 

anxiety-related disorders place a substantial economic burden on the health care system. 

Treatment such as psychotherapy, behavioral therapy, and drugs (SSRIs, SNRIs, GABA 

antagonists) are available. However, in many cases they are either ineffective or only 

resolve a fraction of symptoms of anxiety-related disorders. Intriguingly, many 

psychiatric disorders are often present with comorbidities such as depression, anxiety, 

and social disability, suggesting a common neural network malfunction that leads to a
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multitude of behavioral deficits (Figure 1)(Allsop et al., 2014; Hofmeijer-Sevink et al., 

2012). By studying the neural circuits underlying maladaptive fear and its accompanying 

comorbidities, scientists may one day develop novel therapeutic approaches to treat 

debilitating psychiatric diseases and disorders like PTSD, anxiety disorders, 

schizophrenia, and autism. 

In addition, as part of the BRAIN initiatives commenced by the National Institute of 

Health, there is ongoing effort to understand how single cell activities collectively 

contribute to complex behavioral output. Recently, a power-of-two, specific-to-general 

combinatorial connectivity logic comprising of specific neural cliques has been proposed 

to account for the ability of the brain to organize cognitive processing and adaptive 

behaviors. As the major valence center of the brain, the dopamine system may constitute 

a much simpler, dichotomous computation for the brain: either good or bad. Nonetheless, 

understanding how DA neurons contribute to network computation may shed light on 

how pathological changes in DA can lead to psychiatric disorders, especially given 

previous studies demonstrating that DA dysfunctions can lead to changes in network 

synchronization (Brown et al., 2001). 
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Figure 1. A common neural pathway may account for comorbidities observed in some psychiatric 

disorders. It is well known that many psychiatric disorders are present with similar comorbidities, such as 

prominent depression, elevated anxiety, and reduced social motivation. Identification of a common neural 

pathway subserving these functions may provide better therapeutic treatment for psychiatric patients. 
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B. Statement of Specific Aims 

Dopamine (DA) neurons are increasingly recognized as participants in processing 

aversive experiences (Cohen et al., 2012b; Lammel et al., 2014; Ungless et al., 2004). 

Dopamine neural activities are, in part, governed by glutamatergic afferent inputs. 

Specifically, N-methyl-d-aspartate (NMDA) receptors on DA neurons regulate burst 

(phasic) type firing activities in these neural populations and are known to regulate 

plasticity both in vitro and in vivo (Grace et al., 2007; Kitai et al., 1999; Ungless et al., 

2001). However, it is unclear how changes in DA neuronal bursting activities can 

contribute to an organism’s overall maladaptive responses, such as anxiety, depression, or 

social avoidance, following exposure to aversive experiences. 

We recently generated a line of DA-specific NMDA receptor knockout mice (DAT-

NR1-KO) using Cre-LoxP recombination technique. Physiologically, this knockout 

strategy is predicted to show impaired burst firing of DA neurons, leading to reduced 

phasic firing (Wang et al., 2010; Wang et al., 2011; Zweifel et al., 2009). We subjected 

these animals to a variety of behavioral paradigms and observed behavioral deficits in 

these KO mice as compared to the wild type (WT) animals. Specifically, we observed 1) 

increased anxiety and depressive phenotype following aversive stimuli, and 2) decreased 

sociability and social preference. Importantly, these two deficits are reminiscent of post-

traumatic stress disorder (PTSD) and negative symptoms commonly observed in patients 

suffering from psychiatric disorders such as schizophrenia or autism. 



5 

Consequently, studying the underlying differences in neural responsivities in WT and 

DAT-NR1-KO animals among these various behavior paradigms will be a valuable tool 

to better understand the underlying cause of PTSD and negative symptoms in some 

psychiatric disorders.  

Based on our observation, we postulate three novel hypotheses as follows: 1) 

phasic excitation mediated by the NMDA receptors in DA neurons serves as a safety 

learning signal to prevent excessive fear generalization; 2) NMDA knockout-induced 

reduction in DA neurons’ population burst probabilities leads to impaired sociability; 3) 

DA neurons constitute a dichotomous connectivity logic encoding valence.   

To test these hypotheses, we propose the following aims and accompanied 

experiments: 

Aim 1: To identify dopamine neurons and characterize their responsivities to 

aversive stimuli presentation in both WT and KO mice. 

We will use transgenic mice (DAT-Cre/Ai32) and KO mice (DAT-NR1-KO) expressing 

light opsin channelrhodopsin-2 in DA neurons by transgenic breeding and viral injection, 

respectively, to identify putative DA neurons. By combining large-scale in vivo 

recordings with optogenetics and pharmacology, we will readily identify DA neurons and 

study their responses to aversive stimuli presentation. Furthermore, we will use 

hierarchical cluster analysis to determine the DA population responsivities to aversive 

stimuli. 

Aim 2: To determine the effects of DA-specific NMDA-R KO on anxiety and 

depressive behavior following acute or chronic traumatic events. 
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We will subject WT and KO animals to two different behavioral paradigms of traumatic 

exposure, either acute or chronic, and study the behavioral outcome on anxiety and 

depressive phenotype. The first paradigm involves intense acute traumatic foot shock 

with pre and post-shock anxiety assessment. The second paradigm involves chronic 

traumatic tail suspension over three days with pre and post-suspension anxiety and 

depression assessment. 

Aim 3: To determine the effects of DA-specific NMDA-R KO on social interaction 

behaviors 

Due to the lack of DA neural recordings during rodent social behaviors in current 

literature, we will record and study DA responsiveness in freely behaving WT and KO 

mice using open chamber social interaction and three-chamber social interactions 

paradigms to access sociability and social preference. 

By examining the above key questions, we should reveal crucial insights into how 

midbrain DA neurons regulate fear processing and social cognition such as social 

motivation. 
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II. Literature Review 
 

A. Fear Circuit 

In 1937, a pioneering work reported that removal of bilateral temporal lobes in 

Rhesus monkeys result in the lack of emotions such as anger and fear (Kluver and Bucy, 

1997). Deeper understanding of how fear and emotions are regulated by the brain is 

derived from studies using Pavlovian fear conditioning. In Pavlovian fear conditioning, a 

neutral stimulus (such as a tone, termed conditioned stimulus), is paired with an aversive 

stimulus (such as a footshock, termed unconditioned stimulus). Following numerous 

sessions of tone and shock pairing, a subject animal responds to the tone alone with 

defensive behavior such as freezing upon learning its association with the footshock.  

Since then, a number of brain structures have been identified to constitute the fear circuit 

(Figure 2). The following section will examine specific structures in the fear circuit in 

detail. 

Amygdala 

The amygdala is thought to be the center in which emotionally relevant external 

sensory stimuli are processed. The amygdala receives sensory inputs of all modalities in 

the lateral amygdala (LA). Disruption of this important sensory center can lead to 

impaired fear conditioning. For instance, auditory input from the auditory cortex and the 

auditory thalamus terminate at the lateral amygdala, and lesion of the LA reduced both 
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Figure 2. The fear circuit consists of multiple brain structures. Studies using pavlovian fear 

conditioning have implicated the amygdala (Amy), prefrontal cortex (PFC), hippocampus (Hipp), and the 

nucleus accumbens (NAc) in fear processing.
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freezing and cardiovascular response in fear conditioning (LeDoux et al., 1990). 

Furthermore, single unit recordings have demonstrated that some neurons in the LA 

respond to both sound and footshock in anesthetized rats, suggesting the capability of LA 

to serve as a convergent fear processing center (Romanski et al., 1993).  

Interestingly, the context or environment in which the animal was conditioned 

also elicits fear response, a phenomenon called contextual fear conditioning. The basal 

and accessory basal amygdala, which receives projections from the ventral hippocampus 

are important for contextual fear conditioning (Phillips and LeDoux, 1992). Together, all 

amygdaloid sensory centers project to the central nucleus of the amygdala (CE), which 

serves as the output center to the individual system that gives rise to fear responses 

(LeDoux et al., 1988; Van de Kar et al., 1991). Because fear conditioning is a process of 

learning, scientists also investigated neural plasticity in the amygdala in the form of long-

term potentiation (LTP). LTP is thought to be the critical mechanism subserving learning 

and memory (Malenka and Nicoll, 1999). Indeed, it is shown that fear conditioning 

induced changes in local field potential similar to that of LTP inductions (Rogan et al., 

1997). Consistently, fear acquisition and expression can be blocked by intra-amygdaloid 

infusions of NMDA receptor antagonists (Maren et al., 1996). 

Hippocampus 

The hippocampus is well known for its place cells, which is thought to encode 

visuospatial information about the environment (Rotenberg and Muller, 1997). It is thus 

not surprising that hippocampal lesion prior to training lead to deficits in contextual fear 

conditioning (Maren et al., 1997). In addition to its role as a sensory relay, the 

hippocampus is thought to store contextual fear memory within a limited time window, as 
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shown by a lesion study demonstrating that recent contextual fear memory but not remote 

contextual fear memory is impaired following dorsal hippocampal lesions (Kim et al., 

1993). Importantly, plasticity mediated by NMDA receptors is vital for proper fear 

processing in the hippocampus. Indeed, ablations of NMDA receptors in the 

hippocampus result in abnormal contextual fear conditioning and memory (Young et al., 

1994).   

Prefrontal cortex 

Fear extinction is a process by which the conditioned responses, such as freezing, 

can become desensitized to the conditioned stimulus that was previously paired with an 

unconditioned stimulus. Fear extinction is usually achieved by repeatedly presenting the 

conditioned stimulus in the absence of the previously accompanying unconditioned  

stimulus. The process of fear extinction is thought to be formation of a new memory 

rather than the erasure of old memory (Myers and Davis, 2002), and the prefrontal cortex 

is an important structure in storage and expression of fear extinction. Indeed, electrolytic 

lesions of the medical prefrontal cortex attenuate fear extinction in rats (Morgan et al., 

1993). Furthermore, single unit recordings in the prefrontal cortex has identified neurons 

that become responsive to the conditioned stimulus only after fear extinction has been 

achieved, a process thought to inhibit fear in subsequent exposure to conditioned stimuli 

(Milad and Quirk, 2002). In human studies using fMRI, activation of the prefrontal cortex 

has also been noted to occur following fear extinction (Gottfried and Dolan, 2004). 

Interestingly, the prefrontal cortex does not participate in the acquisition of extinction 

memory, evident by the fact that short-term fear extinction remains intact in rats with 

prefrontal cortex lesion (Quirk et al., 2000). Instead, acquisition of extinction memory 
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likely involves the basolateral amygdala (Falls et al., 1992; Mao et al., 2006). Since 

PTSD patients are known to exhibit persistent exaggerated fear response following 

repeated stimuli exposure, it is thus conceivable that the fear extinction may be impaired 

in these patients. A study confirmed that PTSD patients exhibit reduced fear extinction as 

compared to healthy controls (Wessa and Flor, 2007). 

Nucleus accumbens 

Like the hippocampus, the nucleus accumbens (NAc) appears to be crucial for 

contextual fear conditioning. Indeed, impaired contextual fear conditioning has been 

reported in rats receiving NAc electrolytic lesion (Riedel et al., 1997) as well as voltage-

gated sodium channel blocker, such as bupivacaine (Haralambous and Westbrook, 1999).  
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B. Dopamine in Fear Processing 

The majority of DA neurons are located in the ventral tegmental area (VTA) and the 

substantia nigra pars compacta (SNc) of the brain, which constitute the 

mesocorticolimbic pathway and the nigrostriatal pathway, respectively (Figure 3).  DA 

neurons, specifically those located in the ventral tegmental area, are extensively studied 

for their roles in reward (Schultz, 2013; Wise, 2008). In the natural environment, rewards 

serve as positive reinforcers for an organism to perform a specific behavior, such as 

feeding and sex. The initial evidence that DA may have rewarding properties came from 

pharmacological studies using DA antagonists in self-administration studies. When 

trained in an operant lever-pressing task to obtain amphetamine or cocaine, mice treated 

with neuroleptic dopamine antagonists exhibited decreased frequency of lever pressing as 

compared to saline treated mice, suggesting that the rewarding effects of amphetamine or 

cocaine was diminished in the dopamine antagonist treated group (Risner and Jones, 

1980; Yokel and Wise, 1976). The same phenomenon was observed in the food reward 

instrumental task (Wise and Schwartz, 1981; Wise et al., 1978). Using 

electrophysiological recordings, Schultz demonstrated that robust DA phasic firing 

occurs at the time of unexpected liquid reward obtainment (Schultz, 1998). However, 

when the reward is fully predicted by a preceding stimulus (tone or light) to predict the 

occurrence of rewards, the phasic activities associated with reward is no longer present. 

Instead, DA neurons would then respond to reward-predicting stimulus (Mirenowicz and 

Schultz, 1994). Furthermore, in the presence of a reward -prediction cue, the apparent 



15 

 

omission of reward illicit suppression of DA neuron firing at the time of previous reward 

occurrence (Mirenowicz and Schultz, 1994). Together, these data suggest that DA 

neurons respond to unexpected changes in rewarding stimuli (reward-prediction error), a 

property crucial for reinforcement learning (reward driven) leading to adaptive behaviors. 

The dopaminergic system is an ideal candidate to exert regulation on fear processing due 

to its vast projection targets. In fact, DA neurons project to all of the aforementioned 

brain structures known to participate in fear processing (Figure 3)(Oades and Halliday, 

1987; Simon et al., 1979). Indeed, micro-dialysis studies have shown that DA 

concentration can increase in the target area downstream of VTA, such as the nucleus 

accumbens, in response to aversive stimuli (Young, 2004). Using in vivo 

electrophysiological recordings, a number of studies have characterized DA neurons in 

the VTA and SNc as responsive to aversive stimuli across multiple species of animals. In 

general, a subgroup of DA neurons (aversive-inhibited type) exhibit suppression during 

aversive stimuli, while another subgroup of DA neurons (aversive-activated type) exhibit 

excitation during aversive stimuli (Figure 4)(Brischoux et al., 2009; Matsumoto and 

Hikosaka, 2009; Mileykovskiy and Morales, 2011; Wang and Tsien, 2011b). However, a 

definitive conclusion cannot be drawn about how DA neurons respond to aversive stimuli 

for the following reasons: First, many of the studies reported previously were done in 

anesthetized animals. It is well-known that state of the animal (anesthetized state vs 

awake state) can alter the responses of DA neurons (Koulchitsky et al., 2012). Second, 

the aversive conditioning paradigm varies greatly between studies. Several studies used 

CS-US pairing with predictive cue (Matsumoto and Hikosaka, 2009; Mirenowicz and 

Schultz, 1996), while others used US alone (Ungless et al., 2004). Third, the aversive
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Figure 3. DA neurons project to all regions of the fear circuit. Most of our DA neurons are located in 

the midbrain ventral tegmental area (VTA) and substantia nigra pars compacta (SNc). From the midbrain, 

DA neurons project to all known regions that participate in fear processing, suggesting that DA system may 

play a crucial role in fear processing.  
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stimuli used (airpuff, footshock, pinch, bitter taste) are of different sensory modalities 

and also differ in intensities across studies.  Fourth, no comparison study has been made 

for multiple types of aversive stimuli on the same DA neurons. Lastly, dopamine 

identifications may not be reliable in studies using only waveform characteristics 

(Ungless and Grace, 2012a). Taken together, a rigorous comparison study for DA neuron 

responsivities to multiple stimuli is much needed. 

Studies using fear conditioning have made tremendous strides on the role that 

VTA DA neurons play in processing fearful experiences.  In general, excessive dopamine 

neurotransmission appeared to promote conditioned fear responses, whereas inhibition of 

dopamine neurotransmission attenuate conditioned fear (Pezze and Feldon, 2004). 

Indeed, a study using DA deficient mice showed that fear-potentiated startles following 

fear conditioning is attenuated in these mice, while restoration of DA by L-DOPA or 

viral rescue restored the fear-potentiated startle response (Fadok et al., 2009). 

Interestingly, activation of dopamine receptor subtypes seems to exert opposite functions  

in fear processing. In rats, systemic D1 receptor antagonist SCH23390 inhibits the 

acquisition of conditioned fear, whereas D1 receptor agonist enhances it (Borowski and 

Kokkinidis, 1998; Inoue et al., 2000). Systemic D2 receptor antagonists, on the other 

hand, enhance freezing responses following footshock, while D2 agonist quinpirole 

inhibits it (Blackburn and Phillips, 1990; Nader and LeDoux, 1999a). Furthermore, 

several studies, including those of our lab, have shown that the vast majority of DA 

neurons show firing inhibition in vivo during aversive stimuli (Matsumoto and Hikosaka, 

2009; Ungless et al., 2004; Wang and Tsien, 2011b). Together, these evidences suggest 

that VTA DA neurons may serve as an important control point for fear-related learning.  
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Figure 4. Two types of DA neurons respond to aversive-stimuli in an opposing manner. (Left) A 

representative aversive-inhibited type DA neuron showing suppression of firing during aversive stimuli. 

(Right) A representative aversive-activated type DA neuron showing elevation of firing during the same 

aversive stimuli in simultaneous recordings.  
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The following sections examine the actions of dopamine in specific targets of the 

fear circuits. 

Amygdala 

Radioactive ligand labeling has demonstrated the presence of D1 and D2 DA 

receptors in the amygdala of rats (Boyson et al., 1986). Like systemic injections, intra-

amygdalar administration of D1 receptor antagonists inhibits freezing following second 

order CS-US pairing, suggesting that D1 receptors are important for fear memory 

retrieval and fear expression in the amygdala (Nader and LeDoux, 1999b). In addition, 

amygdalar D1 receptors also appear to play an important role in fear memory formation, 

as administration of D1 antagonists prior to training prevented fear conditioning 

(Guarraci et al., 1999).  Intriguingly, amygdalar D2 antagonists inhibited fear memory 

formation, which is the opposite effect of systemic D2 antagonists (Guarraci et al., 2000). 

This is because systemic administration of D2 antagonists act at the level of the VTA, 

resulting in an overall increase in DA tone experienced by the amygdala, thereby 

preferentially activating amydalar D1 receptors (Dreyer et al., 2010; Nader and LeDoux, 

1999a). 

Medial Prefrontal Cortex 

VTA DA neurons project to the deep cortical layers of the mPFC (Beier et al., 

2015). It has long been recognized that stress activates DA projections to the mPFC 

(Cabib et al., 1988; Thierry et al., 1976). This is further confirmed by microdialysis 

studies showing increased DA levels in the mPFC following stress exposures 

(Abercrombie et al., 1989; Hamamura and Fibiger, 1993). In the mPFC, dopamine 

activities appeared to be anxiolytic following aversive stressors (D'Angio et al., 1988; 
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Morrow et al., 1999). Indeed, DA receptor agonist administration during the recall phase 

of fear conditioning reduced the freezing behavior in rats (Pezze et al., 2003).  In 

addition, DA likely exerts influence on fear extinction in the prefrontal cortex. 

Nucleus Accumbens 

Dopamine level in the NAc is increased following exposure to several types of 

stressors and aversive stimuli. For instance, both footshock and tail pinch result in 

increased extracellular level of dopamine in the NAc (Abercrombie et al., 1989; Kalivas 

and Duffy, 1995). Intriguingly, anxiogenic drugs can induce elevated levels of dopamine 

release in the NAc, suggesting the importance of dopamine signaling in fear processing 

and stress coping (McCullough and Salamone, 1992). Given the role that dopamine plays 

in associative prediction error, researchers suspected that CS-US associative learning 

may also reply on dopamine signaling. Indeed, dopamine release in the NAc is more 

robust in CS-US pairing than that elicited by the CS or the US alone (Young et al., 1993). 

Hippocampus 

As mentioned previously, neural plasticity in the form of LTP within the 

hippocampus is necessary for contextual fear conditioning (Young et al., 1994). In vitro 

brain slice in the hippocampal CA1 region demonstrated that the presence of dopamine 

during tetanic induction of LTP is necessary for long-term LTP maintenance (Frey et al., 

1990). In addition, dopaminergic blockers and antagonists both prevented the 

development of LTP following tetanic stimulation (Frey et al., 1990). Together, these 

data provide evidence that DA can modulate fear processing in the hippocampus.   
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C. Dopamine in Social Interactions 

A clinical hallmark of schizophrenia is reduced social interaction and increased 

social isolation. Intriguingly, anti-psychotic drugs used to treat schizophrenia exert their 

therapeutic actions by altering dopamine metabolism (Davis et al., 1991). This finding 

suggests that social interactions may, in part, be mediated by DA circuits in the brain. 

Using cyclic voltammetry, Robinson and colleagues demonstrated that dopamine 

concentration transients are observable in the striatum during a brief period (30s) of 

interactions with same sex-conspecific (Robinson et al., 2002). Furthermore, dopamine 

transients also have been reported in sexual interactions and copulatory behaviors 

(Robinson et al., 2001). Consistently, a study using fiber photometry and calcium 

imaging reported the presence of calcium transients in tyrosine hydroxylase (TH) positive 

cells in the VTA during same-sex social interactions in mice (Gunaydin et al., 2014). In 

addition, both optogenetic and chemogenetic activation of VTA TH neurons can lead to 

increased social interaction in rodents (Ben-Shaanan et al., 2016; Gunaydin et al., 2014).  

Despite these pioneering studies, how DA neurons contribute to social 

interactions remained unclear (Figure 5) for the following reasons: First, both cyclic 

voltammetry and calcium imaging only indicate the presence of neural activities. This 

can be particularly troublesome due to the existence of multiple firing patterns in DA 

neurons. Second, some GABAergic neurons have been shown to be TH positive in the 

VTA (Lammel et al., 2015), complicating the interpretation of previous findings. Third, a 

molecular substrate that accounts for the apparent increase in neural activities during
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social interactions has not been proposed. As a result, one major aim of this particular 

work is to characterize DA neural activities during social interactions using large-scale in 

vivo eletrophysiological recordings and to identify the potential molecular substrate 

responsible for the increased activities.  
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Figure 5. DA neural activations during social interactions. The molecular substrate that 

contribute to the apparent increased  DA neural activities and how such increased in activity leads to social 

interactions remained unknown. 
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D. Regulation of DA Firing 

 

Firing Pattern of DA Neurons 

DA neurons exhibit two types of firing patterns. Tonic firing consists of a single 

spike of irregular intervals. Burst (phasic) firing is composed of a string of spikes with 

progressively decreased amplitude and increased interspike intervals. In the literature, 

burst firing is defined as when two spikes occur within 80 msec or less, and burst 

termination is defined as when two spikes following a string of spikes are more than 160 

msec apart (Grace and Bunney, 1984c).  

Afferent Control: Excitatory 

DA firing is regulated by both afferent excitatory and inhibitory inputs . Afferent 

inputs onto DA neurons have been shown to arise from numerous brain regions such as 

the prefrontal cortex (PFC), subthalamic nucleus (STN), and pedunculopontine tegmental 

nucleus (PPTg)(Naito and Kita, 1994; Sesack and Pickel, 1992). Afferent control of 

dopamine firing consists predominantly of excitatory neurotransmission as bath 

application of ionotropic NMDA receptor antagonist CPP and AP-5 reduce burst firing 

activities (Chergui et al., 1993; Overton and Clark, 1992).  Interestingly, administration 

of NMDA receptor antagonists specifically impairs burst firing activities without 

affecting tonic activities (Overton and Clark, 1992). DA tonic activities, on the other 

hand, are thought to be driven by spontaneous slow depolarization of the membranes, 
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resembling that of pace-maker activities (Grace and Bunney, 1984c). Afferent inputs 

consisting of acetylcholine have also been reported (Picciotto et al., 2012).  

Afferent Control: Inhibitory 

In addition to glutamatergic afferents, acetylcholine and GABAergic afferents 

have also been demonstrated in DA neurons. Importantly, DA neural activities are also 

under potent control by GABAergic neurons. For instance, midbrain DA neurons receive 

inhibitory GABAergic input from the striatum, globus pallidus, ventral pallidum, and the 

rostromedial tegmental nucleus (Celada et al., 1999; Floresco et al., 2003; Jhou et al., 

2009). Inhibition of DA neurons by GABAergic input represents an important modulator 

on animal behaviors. For instance, activating GABAergic neurons in the VTA by 

channelrhodopsin is sufficient to promote conditioned place aversion in mice (Tan et al., 

2012).
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E. Afferent Control of DA and Behavior  

Studies have examined the importance of afferent control on DA activities and 

animal behaviors. Early studies using a locally administered glutamate antagonist showed 

that glutamatergic input onto DA neurons were crucial for behavioral sensitization and 

reward learning (Tzschentke, 2007; Wolf, 1998). Recently, our lab, along with others, has 

also utilized Cre-LoxP technology to genetically knockout NMDA receptors NR1 subunit 

(DAT-NR1-KO) in DA neurons to examine the resulting phenotypes. As observed in 

pharmacological studies, ablations of DA NMDA receptors lead to changes in reward 

seeking and behavioral sensitization. For instance, NMDA receptors knockout mice do 

not exhibit cocaine or nicotine seeking in conditioned place preference tasks (Engblom et 

al., 2008; Wang et al., 2010). While they are normal in a variety of tasks such as motor 

learning and motor activities, DAT-NR1-KO mice are unable to learn habitual behavior, 

as shown by the fact that their goal-directed response was maintained following extended 

training in both lever pressing task and maze tasks (Wang et al., 2011). 
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F. NMDA receptors in Social Interactions 

Early investigation using whole brain genetic knockdown of the NMDA receptors 

during development has been shown to result in impaired social behaviors such as social 

grouping and nesting (Mohn et al., 1999). Deletion of NMDA receptors on GABAergic 

interneurons as well as parvalbumin (PV) interneurons during development can also lead 

to pathological changes in social behaviors (Belforte et al., 2010; Saunders et al., 2013). 

Together, these studies give rise to the notion that the presence of functional NMDA 

receptors is crucial during critical periods of development for proper social behaviors.     

Furthermore, we have previously demonstrated that forebrain NMDA receptors are 

crucial for normal social motivations and social memory (Jacobs and Tsien, 2017). In 

addition, social cognition memory can be enhanced or attenuated simply by manipulating 

NMDA receptor’s subunit compositions in the forebrain (Jacobs and Tsien, 2012).
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Abstract 

It is not uncommon for humans or animals to experience traumatic events in their 

lifetimes. However, the majority of individuals are resilient to long-term detrimental 

changes turning into anxiety and depression, such as post-traumatic stress disorder 

(PTSD). What underlying neural mechanism accounts for individual variability in stress 

resilience? Hyperactivity in fear circuits, such as the amygdalar system, is well-known to 

be the major pathophysiological basis for PTSD, much like a “stuck accelerator.” 

Interestingly, increasing evidence demonstrates that dopamine (DA) – traditionally 

known for its role in motivation, reward prediction, and addiction – is also crucial in 

regulating fear learning and anxiety. Yet, how dopaminergic (DAergic) neurons control 

stress resilience is unclear, especially given that DAergic neurons have multiple subtypes 

with distinct temporal dynamics. Here, we propose the Rebound-Excitation Theory, 

which posits that DAergic neurons’ rebound-excitation at the termination of fearful 

experiences serves as an important “brake” by providing intrinsic safety-signals to fear-

processing neural circuits in a spatially and temporally controlled manner. We discuss 

how DAergic neuron rebound-excitation may be regulated by genetics and experiences, 

and how such physiological properties may be used as a brain-activity biomarker to 

predict and confer individual resilience to stress and anxiety. 
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Introduction 

In describing emotions as natural selection traits, Darwin observed that fear is 

universal across multiple species (The Expression of Emotions in Man and Animals. 

Chicago, IL: Chicago Press). Despite its biological importance, fear can become 

dysregulated, such that an otherwise harmless situation or neutral cue can later trigger an 

unreasonable and exaggerated fearful response, resulting in psychiatric disorders, such as 

anxiety disorders, panic attacks, and post-traumatic stress disorders (PTSD)(Mahan and 

Ressler, 2012). PTSD patients exhibit avoidance behaviors, hypervigilance, and sleep 

disturbance. They also experience persistent negative mood and flashbacks about the 

traumatic event (Diagnostic and Statistical Manual of Mental Disorders V). Investigation 

into the fear circuit has revealed that PTSD could arise due to enhanced fear-learning or 

fear-sensitization (Rau et al., 2005; Rosen and Schulkin, 1998), reduced or delayed fear 

extinction (Blechert et al., 2007; Rothbaum and Davis, 2003), or impaired safety-learning 

processes (Jovanovic et al., 2012; Jovanovic et al., 2009; Kazama et al., 2013). One key 

criterion for PTSD diagnosis is the exposure to a traumatic or stressful event. However, it 

is well-known that only a small percentage of individuals develop PTSD following 

trauma or stressors (Kessler et al., 1995). What are the neural mechanisms responsible for 

the inter-individual variability in stress resilience?  

Indeed, the interest in stress resilience has increased in recent years. Several 

genetic studies have identified potential molecular contributors to stress resilience 

involving neural circuits, such as the serotoninergic circuit and hypothalamic–pituitary–

adrenal axis (Cohen et al., 2012a; Murrough and Charney, 2011; Polanczyk et al., 2009; 

Ressler et al., 2011; Stein et al., 2009; Zhou et al., 2008). Interestingly, resilience and 
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susceptibility to a stressor, such as using social defeat protocols in rodents, have also 

been attributed to the mesolimbic dopamine (DA) circuit (Krishnan et al., 2007). 

However, how dopaminergic (DAergic) neural activities on a network level contribute to 

resilience or susceptibility remains unclear. Here, we wish to propose the Rebound-

Excitation Theory, which posits that the DAergic neuromodulatory circuit generates 

spatially and temporally precise safety signals upon the termination of fearful stimuli, 

which act as important innate brakes on fear signals in the brain. Importantly, this 

intrinsic rebound-excitation signal can be modified by repeated exposure to aversive 

experiences, as well as by associative safety-signal learning via pairing with conditioned 

stimulus (CS, such as a neutral tone), via NMDA receptors on DAergic neurons.  

DA CIRCUIT DIVERSITY AND COMPLEXITY 

DAergic neurons are well-known to subserve a wide range of biological 

functions, such as learning and memory (Grecksch and Matties, 1981), motivation 

(Everitt and Robbins, 2005; Wise, 2004), reward prediction error (Schultz, 1998, 2013), 

salience and valence (Bromberg-Martin et al., 2010; Matsumoto and Hikosaka, 2009), 

addiction (Grace, 2000; Volkow et al., 2009), and wanting (Berridge, 1996; Berridge et 

al., 2009). Recently, a growing body of evidence suggests that DA may also play a 

crucial role in regulating fear memory and behaviors (Abraham et al., 2014; Fadok et al., 

2009; Nader and LeDoux, 1999a; Pezze and Feldon, 2004; Roitman et al., 2008). Micro-

dialysis and fast-scan cyclic voltammetry studies have also shown that DA concentrations 

change in DAergic projection areas, such as the nucleus accumbens (NAc), in response to 

aversive stimuli (Pezze and Feldon, 2004; Young, 2004). Moreover, in vivo 

electrophysiological studies in rodents and monkeys have also reported heterogeneous 
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DAergic responses to aversive events (Brischoux et al., 2009; Cohen et al., 2012b; 

Fiorillo et al., 2013b; Matsumoto and Hikosaka, 2009; Mileykovskiy and Morales, 2011; 

Ungless et al., 2004; Wang and Tsien, 2011b; Zweifel et al., 2011). However, 

understanding how DAergic neurons subserve fear processing is proving to be a difficult 

task. For instance, DAergic neurons exhibit both tonic and burst type firing modes 

(Grace, 1991a; Grace and Bunney, 1984a; Johnson et al., 1992), both of which exert 

distinct DA release profiles that act on separate DA receptor populations (Richfield et al., 

1989). Moreover, DAergic neurons are diverse in nature and can be classified by multiple 

criteria, such as anatomical locations (Dahlstroem and Fuxe, 1964), input-projections 

(Beier et al., 2015; Lammel et al., 2008; Lammel et al., 2011; Swanson, 1982), distinct 

response dynamics to rewards, and aversive stimuli (Bromberg-Martin et al., 2010; 

Fiorillo et al., 2013a; Fiorillo et al., 2013b). Adding more dimensions to the circuit 

complexity, DAergic firing exhibits temporal and spatial dynamics that must also be 

taken into consideration. For example, multi-phasic temporal dynamics in DAergic 

neurons have been reported in studies using unexpected (unconditioned) aversive stimuli 

(Fiorillo et al., 2013a; Wang and Tsien, 2011b). Consistent with such complex dynamics, 

we recently described computational classifications of DAergic subtypes based on their 

distinct inter-spike-interval dynamics (Li et al., 2015). Such classifications were further 

verified by optogenetic methods (Li et al., 2015). In addition, downstream targets 

receiving DAergic projections can send feedback projections to modulate DA activities 

(Gao et al., 2007; Gariano and Groves, 1988; Lisman and Grace, 2005). Likewise, local 

controls of DAergic activities by GABAergic neurons can further add to the complexity 

of DA signal regulation (Carr and Sesack, 2000; Steffensen et al., 1998; Tan et al., 2012). 
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REBOUND-EXCITATION THEORY 

In order to understand the role that DAergic neurons play in processing traumatic 

experiences, the aforementioned DA circuit complexity necessitates the need to 

systematically compare and contrast how distinct subpopulations of DAergic neurons 

respond to emotionally traumatizing events. Emerging evidence clearly suggests that 

DAergic neurons readily respond to aversive stimuli, including air-puffs to the eyelids of 

monkeys, or administering bitter tastant quinine in awake rats or tail pinches or foot-

shocks to anesthetized rats. However, how the same DAergic neurons respond to a 

variety of fearful stimuli has rarely been investigated. Thus, the tuning properties of 

distinct DAergic neuron subtypes remain unclear. Moreover, anesthetized states 

examined in some of the literature could alter the hedonic state of the stimuli and thus the 

neural responsivities (Koulchitsky et al., 2012; McCutcheon et al., 2012). Furthermore, 

while negative stimuli – such as air-puffs to the eye or administration of quinine to the 

mouth, or tail pinch under anesthetized state – are aversive in nature, they are not 

appropriate as PTSD-inducing models.  

To specifically examine how DAergic neurons respond to traumatic fear in real-

life events, we used laboratory versions of fearful unconditioned stimuli (US) (such as an 

earthquake, free fall, or foot-shocks) that induce profound fear memory and rapid cardiac 

responses in freely behaving mice (Liu et al., 2014). Combined with pharmacological and 

optogenetic methods, chronic in vivo recordings of VTA DAergic neural activities in 

freely behaving mice have shown two major types of DAergic neuron responses: fear-

inhibited and fear-excited DAergic neurons (Wang and Tsien, 2011b). Notably, we 

observed that many aversive-inhibited DAergic neurons show phasic rebound-excitation 
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responses at the offset of unexpected aversive stimuli (Wang and Tsien, 

2011b)(Figure 6). This unique response pattern to fearful US has lent us the idea that 

offset phasic rebound-excitation of this particular sub-population of DAergic neurons 

may act as a critical safety signal to encode the termination of a fearful event. The signal 

strength of this phasic DA release, time-locked to the termination of fearful events, will 

exert immediate as well as long-term changes in downstream targets, thereby setting up 

the different thresholds for each individual’s resilience to stress and anxiety. 

TESTING THE REBOUND-EXCITATION THEORY EXPERIMENTALLY 

The Rebound-Excitation Theory predicts that attenuation or lack of rebound safety 

signals following fearful stimuli leads to stress susceptibility, whereas strong rebound 

safety signals confer stress resilience. Furthermore, the Rebound-Excitation 

Theory predicts that a rebound safety signal is likely to be evolutionarily conserved 

across multiple species and is subject to modulation via experience-dependent synaptic 

plasticity. One of the most powerful ways to study stress resilience is to directly examine 

individual stress response variability following a stressor (Yehuda et al., 2006). As a 

result, testing for rebound-excitation in human PTSD vs. trauma resilient populations 

could prove invaluable. However, present imaging techniques, such as functional 

magnetic resonance imaging (fMRI) and EEG, have limited temporal and spatial 

resolution, which makes rebound-excitation study in humans difficult. This may change 

with development of transformative BRAIN technologies in future. 
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Figure 6. Representative amygdalar fear circuits (blue) with DA circuit (red) involvement. 

DA units showing rebound-excitation to two distinct types of fearful stimuli: free fall (top) and earthquake 

(bottom). Rebound-excitation occurs at the termination of fearful stimuli and is proposed to serve as an 

innate safety signal to modulate fear-related learning and behaviors by broadcasting to downstream targets 

such as the amygdala (Amy), nucleus accumbens (NAc), prefrontal cortex (PFC), or hippocampus (Hipp). 
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On the other hand, large-scale in vivo electrophysiological recordings in freely 

behaving laboratory animals now allows single neural unit activity to be accessed in real 

time with high temporal and spatial resolution (Lin et al., 2006). In addition, reliable 

identification of DAergic neuron subtypes can be achieved by using optogenetics and 

computational analysis (Li et al., 2015). Therefore, initial efforts to test the Rebound-

Excitation Theory may be fruitful in animal models. Much like that of the human 

population, a fraction of wild-type laboratory animals are known to be more susceptible 

to stressors than others (Cao et al., 2010; Cohen et al., 2012a; Taliaz et al., 2011). Thus, 

the Rebound-Excitation Theory can be initially tested by screening and comparing DA 

rebound-excitation in stress-susceptible vs. stress-resilient animals. 

Genetic manipulation in laboratory animals that alters rebound-excitation safety 

signals can also be useful. For example, we have produced DA neuron-specific NMDA 

receptor knockout (DA-NR1-KO) mice (Wang et al., 2010) and have shown that the 

NMDA receptors in DAergic neurons play a critical and specific role in regulating phasic 

firing patterns of the DAergic neurons (Wang et al., 2011). Given the reported excessive 

fear generalization in this mutant model (Zweifel et al., 2011), this knockout model offers 

a rare opportunity to examine the circuitry dynamics by which DAergic neuron NMDA 

receptors modulate rebound-excitation safety signals and fear behaviors. This mouse 

model can also be used to test whether repeated exposure to aversive US may enhance 

rebound-excitation-based safety-signals in normal animals vs. little or no enhancement 

effect on PTSD-sensitive models. 

Targets and Actions of DAergic Neuron Rebound-Excitation 
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What are the potential mechanisms through which DA rebound-excitation safety 

signals alleviate fear and fear overgeneralization? In general, this innate safety signal can 

come from three major sources of regulation: (1) the intrinsic DAergic neuron properties, 

such as ion channels and receptor compositions that produce rebound phasic firings; (2) 

downstream targets that detect and process DAergic neuron rebound excitation; and (3) 

cortical and subcortical feedback to the DA circuits. 

 Obviously, DAergic neurons’ safety signals may directly modulate downstream 

targets’ neural and biochemical activities. Phasic firing by DAergic neurons can result in 

robust DA release (Chergui et al., 1994; Gonon, 1988), leading to the elevation of DA in 

a variety of neural circuits [i.e., the prefrontal cortex (PFC), striatum, amygdala, 

hippocampus, etc.]. For example, DA is known to induce short-lived excitatory responses 

via D1 receptors in downstream neurons (Gonon, 1997). The time window in which DA 

mediates structural changes, such as dendritic spine enlargement is also precise, in the 

range of seconds or less (0.3–2 s)(Yagishita et al., 2014). Furthermore, manipulating 

DAergic firing has been shown to produce acute behavioral changes (Gunaydin et al., 

2014; Tye et al., 2013). Moreover, DA is known to be involved in the induction and 

maintenance of long-term potentiation (LTP) in the amygdala and hippocampus, 

respectively (Bissiere et al., 2003; Frey et al., 1990). DAergic neurons are well-known to 

project to the PFC, which is important for processing emotional information (Bush et al., 

2000). For example, we recently showed that neurons in the anterior cingulate cortex 

exhibited diverse responses in response to traumatizing events, such as mild blast events, 

which mimicked the combat experiences of war fighters when witnessing an explosion of 

a road-side bomb (Xie et al., 2013). Importantly, we showed that robust-pattern 
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reverberation occurs frequently in the ACC of blast-exposed animals (Xie et al., 2013). 

Pattern reverberation is a process by which real-time memory patterns and traces are 

replayed shortly after emotionally charged, episodic events (Chen et al., 2009; Lin et al., 

2005). DA rebound-excitation may modulate pattern reverberation of fearful memories in 

downstream targets, such as the ACC and hippocampus. Abnormal pattern reverberation 

due to alteration in DA rebound-excitation may manifest as PTSD symptoms, such as 

flashbacks. Effects of DA rebound-excitation on real-time memory traces can be 

examined using large-scale recording and decoding methods (Lin et al., 2005; Zhang et 

al., 2013). In addition, a DA signal may modulate adult neurogenesis in the dentate gyrus 

(Baker et al., 2004; Hoglinger et al., 2004; Kippin et al., 2005; Takamura et al., 2014), 

which has been linked to stress and depressive behaviors (Schloesser et al., 2009; Snyder 

et al., 2011), as well as to reduced clearance of fear memory traces (Feng et al., 2001). 

 Furthermore, changes in rebound-excitation-based intrinsic safety signals can 

likely manifest at multiple circuit levels given the DA circuit complexity. For instance, 

dysregulation from upstream DAergic afferent inputs (Geisler and Zahm, 2005) may alter 

rebound-excitation safety signals, perhaps by influencing local GABAergic control 

within the VTA. Dysfunction in feedback control from cortical and subcortical sites (Gao 

et al., 2007; Gariano and Groves, 1988; Lisman and Grace, 2005) may also cause 

pathological alterations in rebound-excitation and fear-related behaviors. This can be 

highly interesting because cortical and subcortical inputs to DAergic neurons can serve as 

an important mechanism to create Pavlovian learning paradigms under which associative 

safety-learning can occur. This would enable a set of Pavlovian neural substrates – which 

have been extensively studied under Prediction Error theory and temporal difference 
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(TD) models – to be recruited to generate CS/US pairing-triggered safety-learning signal 

(which is distinct from the innate rebound-excitation-mediated safety signals as we 

described here). Moreover, abnormal expression of DA receptors or mutations in DA 

receptors’ intracellular signal transduction may lead to instances in which the rebound-

excitation of DAergic neurons is intact but is unable to activate downstream targets. 

 Another possible physiological effect of DA is to regulate neural network 

synchronization and oscillation. Neural synchronization and oscillation are thought to be 

an important mechanism by which networks of neurons coordinate their activities in a 

temporally meaningful pattern to generate cognition, perception, and behaviors (Buzsaki 

and Draguhn, 2004; Singer, 1999; Varela et al., 2001). One study examining cortical 

input to the hippocampus and Schaffer-collateral found that DA can modulate the 

excitatory drive onto pyramidal and GABAergic interneurons (Ito and Schuman, 2007). 

Additionally, therapeutic dosage of DA agonist levodopa has been shown to cause the 

frequency synchronization between the globus pallidus and subthalamic nucleus to shift 

from low frequency (<30 Hz) to high frequency (~70 Hz)(Brown et al., 2001). Moreover, 

recent studies using neuroimaging techniques, such as magnetoencephalography (MEG) 

and functional magnetic resonance imaging (fMRI), have found irregular network 

synchrony and oscillations in PTSD patients (Cohen et al., 2013; Dunkley et al., 2015). 

Therefore, rebound-excitation of DAergic neurons on modulating fear circuits should be 

investigated at multiple levels. 

Rebound-Excitation Theory Offers a New Approach to Study PTSD 

 The Rebound-Excitation Theory predicts that rebound-excitation consistency 

across multiple fearful experiences may, in part, account for inter-individual variability in 



 

40 

 

stress resilience. We have previously observed rebound-excitation to be similar between 

distinct fearful events (Wang and Tsien, 2011b). Therefore, a stress resilience index may 

be constructed by accessing rebound-excitation in individual subjects, and such a 

resilience index may serve as a useful predictor in clinical settings to screen individuals 

that may be stress-susceptible. Indeed, we have recently developed fear resistance indices 

in mice based on inter-individual variability in cardiac responses [heart rate variability 

(HRV)] across multiple fearful experiences (Liu et al., 2014). Given that PTSD patients 

had abnormal HRV (Tan et al., 2011), in the future, it will be of great interest to study the 

correlation between inter-individual variability of rebound-excitation signals and HRV. 

Such potential correlation may provide a mechanistic framework to examine predictive 

values of HRV in the human population. 

 Moreover, the proposed theory should open new avenues to develop novel 

therapeutic strategies for studying and treating PTSD. For instance, DA burst firing has 

been shown to increase at the onset and offset of voluntary exercises (Wang and Tsien, 

2011a). Therefore, exercise with an appropriate time regimen might be explored as a way 

to improve behavioral therapy. In fact, exercises can enhance neurogenesis in the 

hippocampus (van Praag et al., 1999), a process linked with reducing depression (Hill et 

al., 2015; Sahay et al., 2011; Snyder et al., 2011). It is encouraging that a pilot study in an 

adolescent with PTSD showed that aerobic exercises reduced the symptoms of PTSD 

(Newman and Motta, 2007). Rebound-excitation signals can also be used as a brain-

activity biomarker to screen novel compounds for their in vivo drug efficacies in 

preclinical PTSD research. 
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 In literature, external CS (such as a neutral tone) have been used to create 

Pavlovian association and turning CS into the predictive safety-learning cues about 

signaling the absence of fearful US in animal models (Christianson et al., 2012; 

Christianson et al., 2011; Fernando et al., 2015; Jovanovic et al., 2010; Jovanovic et al., 

2009; Kazama et al., 2013). This powerful associative learning process utilized Pavlovian 

conditioning paradigms by repeated pairing of CS with US. Interestingly, PSTD models 

and patients exhibit impaired ability to suppress fear response even in the presence of 

conditioned safety-learning cues, despite they can learn normally in Pavlovian fear 

conditioning (Jovanovic et al., 2012). This suggests that PTSD deficit was not a result of 

simple failure in associative learning, but rather specific defects in generating innate 

safety signals as well as prediction errors based on extinction or discrimination learning. 

It further highlights the need to differentiate the neural mechanisms underlying 

conditioned safety-learning of external neutral cues vs. the safety signals derived from 

DA rebound excitation. It would be of great interest to examine how DAergic neuron 

rebound excitation signal interacts and influences external safety-learning process, or 

vice versa, and whether such associative dynamics can be further modeled by prediction 

error based on TD learning model (Glimcher, 2011; Schultz, 2013). Because real-life 

traumatic events rarely occurred by the predictive CS, DA rebound-excitation theory now 

offers a novel approach to analyzing innate DA safety signal in response to unpredictable 

US, thereby leading explanation as to how the brain can taper down the otherwise 

excessive neural trace reverberation that typically followed upon fear experiences (Chen 

et al., 2009; Lin et al., 2005; Xie et al., 2013; Zhang et al., 2013). 
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 This critical distinction between the proposed rebound-excitation theory and TD 

model should and can be tested experimentally; for example, DAergic neuron rebound-

excitation should be observed upon US stimulation alone without repeated CS/US 

pairing. Rebound-excitation signals the termination of the aversive US itself. As a result, 

variations in stimulus durations can be used, together with repeated trials, to further 

define dynamic modulation of its rebound responses, in a similar way that TD learning 

model and prediction error theory have been examined. Because repetition of aversive 

US can lead to varying degrees of behavioral habituation or sensitization, we postulate 

that the repeated presentation of US over trials will lead to stronger DAergic neuron 

rebound-excitation signal in PTSD-resilient animals vs. diminished rebound-excitation in 

PTSD-prone animals, and this process should be dependent on the NMDA receptors of 

the DAergic neurons. It is conceivable that this intrinsic safety signal based on DAergic 

neuron rebound-excitation is advantageous for an organism’s overall survival given the 

unpredictability of aversive stimuli in nature in terms of types, duration, as well as 

intensity. Defects in this innate safety-signal due to genetic mutations in the relevant 

circuits can make the animals vulnerable to PTSD and impair safety-learning in general. 

Better understanding of both the innate safety-signaling mechanisms, gene mutations, and 

Pavlovian condition-based safety-learning mechanisms can lead to novel insights to 

PTSD pathogenesis. 

 In summary, the proposed Rebound-Excitation Theory specifies that DAergic 

neurons generate intrinsic safety signals at the termination of unconditioned fearful 

events in a spatially and temporally precise manner. Impairment in the production and 

reception of this safety signal constitutes a potentially genetic defect in the brake on the 
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fear system. Restoration of this rebound-excitation signal may offer a much-needed new 

avenue for developing pharmacological and behavioral therapeutic strategies to treat 

psychiatric disorders. 
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Abstract: 

The analysis of cell type-specific activity patterns during behaviors is important for 

better understanding of how neural circuits generate cognition, but has not been well 

explored from in vivo neurophysiological datasets. Here, we describe a computational 

approach to uncover distinct cell subpopulations from in vivo neural spike datasets. 

This method, termed “inter-spike-interval classification-analysis” (ISICA), is 

comprised of four major steps: spike pattern feature-extraction, pre-clustering analysis, 

clustering classification, and unbiased classification-dimensionality selection. By 

using two key features of spike dynamic - namely, gamma distribution shape factors 

and a coefficient of variation of inter-spike interval - we show that this ISICA method 

provides invariant classification for dopaminergic neurons or CA1 pyramidal cell 

subtypes regardless of the brain states from which spike data were collected. 

Moreover, we show that these ISICA-classified neuron subtypes underlie distinct 

physiological functions. We demonstrate that the uncovered dopaminergic neuron 

subtypes encoded distinct aspects of fearful experiences such as valence or value, 

whereas distinct hippocampal CA1 pyramidal cells responded differentially to 

ketamine-induced anesthesia. This ISICA method should be useful to better data 

mining of large-scale in vivo neural datasets, leading to novel insights into circuit 

dynamics associated with cognitions. 

 

Introduction 

One of the goals of the BRAIN Initiative is to understand how the brain generates 

cognition in real time and how various circuit cellular components (i.e. distinct neuron 
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types) contribute to such cognitive computations. At the moment, the neuroscience 

field is undergoing a major technological transformation that allows simultaneous 

recordings of increasingly large numbers of neurons from rodents to monkeys and 

humans (Brown et al., 2004; Buzsaki, 2004; Schwarz et al., 2014; Zhang et al. , 2013). 

As such, unprecedented large amounts of neural spike datasets already exist or will be 

collected. There is a strong need for in-depth data mining in order to gain novel 

insights into various cognitive tasks and behavioral states(Brown et al., 2004; Chen et 

al., 2009; Powell and Redish, 2014; Tsien et al., 2013; Zhang et al., 2013). Much of 

the information within large-scale spike datasets, such as the identity and types of 

distinct neuron subtypes, has yet to be fully explored. 

Herein, we set out to establish a general computational approach capable of 

uncovering and profiling cell subtypes from any neural spike datasets. We set the goal 

for ourselves that such computation-based cell-profiling methods should produce 

robust cell classifications that are invariant over the different brain states, which are 

known to alter cell-firing rates or spike patterns. Our computational approach 

described here - (ISICA) - emphasized on the identification of a key set of spike-

activity pattern dynamics that can reflect the distinct properties for each classified cell 

type. Moreover, the computation-based profiling methods should be applicable to 

various neuron populations within a region and across multiple brain areas. 

Accordingly, the present study selected two types of cells as a test bed, namely the 

CA1 pyramidal cells of the hippocampus and dopaminergic neurons (DA) from the 

ventral tegmental area (VTA) in the mouse brain. These two types of cells were chosen 

for computational profiling not only because of their importance in cognition, but also 
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the widely held assumption of their apparent morphological homogeneity. In addition, 

the extensive knowledge on these cells accumulated in the literature (Averbeck et al., 

2006; Cohen et al., 2012b; Fiorillo et al., 2013b; Klausberger et al., 2003; Lammel et 

al., 2012; Salinas and Sejnowski, 2001; Ungless and Grace, 2012a) can enable us to 

compare and evaluate the effectiveness of our method. More importantly, we applied 

optogenetic methods to validate the ISICA-identified DA neuron subtypes. Finally, we 

conducted two sets of functional analysis experiments for further characterizations of 

ISICA-identified cell subtypes. 

Results 

Identification of key features from spike activity patterns for unit classification  

Neurons in the brain can fire in a wide frequency range and generate complex, 

evolving activity patterns. Such dynamic firing changes reflect the summation of the 

unique channel compositions and membrane excitability, ongoing synaptic inputs, and 

varying degrees of neural/hormonal modulation resulting from both the external and 

internal events(Brown et al., 2004; Kepecs and Lisman, 2003; Maimon and Assad, 

2009). Therefore, spike patterns contain a lot of information. At present, it is not clear 

whether and what features among in vivo dynamic spike patterns can be used for cell 

classification. We set our goal to identify a set of key features from spike patterns that 

would correspond to the intrinsic cell identities. 

Among multitudinous means of characterizing spike activity patterns, the inter-

spike interval (ISI) is known to contain key information on several fundamental 

properties(Lundstrom and Fairhall, 2006; Oswald et al., 2007; Rathbun et al., 2007; 

Reich et al., 2000; Shih et al., 2011): 1) the intrinsic properties of a neuron, especially 
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the properties of its membrane due to the cell ontogeny; 2) neural network interactions 

based on how the circuits are wired during development or by experiences; and 3) the 

nature of external and internal inputs to the neurons, which can vary from moment to 

moment. From our large-scale neural recording in behaving mice, we often observed 

that neurons from the different brain regions - such as the prefrontal cortex (PFC), 

hippocampus, striatum, and VTA - exhibit diverse ISI patterns (Figure 7A). This has 

prompted us to investigate the variations in ISI patterns as a starting point for profiling 

dynamic properties of the recorded neurons. We devised an Inter-Spike Interval 

Classification Analysis (ISICA, for short) approach to study neuron subtype profiles. 

This ISICA consists of four computational analysis steps (Figure 8A): 1) feature 

extraction from spike dynamic patterns; 2) pre-clustering analysis on these extracted 

features; 3) performing classification and clustering analyses to examine neuronal 

feature subtypes in different dimensions. During this step, various 

classification/clustering methods can be used - such as k-means, spectral clustering, 

support vector machine (SVM) and Boosting, etc.; 4) determining the optimal 

dimension from which the best classification/clustering can be selected in an unbiased 

manner. 

In the “spike-pattern feature-extraction” step, we focused on two key features: 

shape parameter k of the Gamma distribution model and coefficient of variation cv, to 

characterize the spike properties of each neuron. We used the Gamma distribution 

model (red curves in the second block of Figure 8B) to describe the overall shape of a 

given neuron’s inter-spike interval histogram (ISIH). Gamma distribution is defined by 

a shape parameter k > 0 and a scale parameter θ > 0 (see Methods). Between these two 
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Figure 7. Representative Recordings for in vivo analysis. (A) Neural activity patterns of the primary 

neuron types were recorded in four well-studied brain regions, that is, pyramidal cells in the ACC, medium 

spiny neurons in the striatum, pyramidal cells in the CA1 region of hippocampus and DA neurons in the 

VTA. (B) Neural activity patterns of these four primary neuron types show massive variations, and these 

variations can be well described by and cv . Red curves are the Probability Distribution Function of 

Gamma distribution for each neuron. 
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Figure 8. The proposed ISICA-based method. (A) A flow charter diagram for the ISICA-based 

profiling steps. (B) Illustration of identifying neuron subtypes using the proposed ISICA-based method 
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parameters, k provides an effective way to measure the ISIH. Gamma with k = 1 

becomes the exponential distribution, and the ISI distribution fits a Poisson process. 

ISI distributions with k > 1 indicate that the neuron discharges more frequently in short 

and long intervals than the exponential distribution. When k < 1, the peaks of ISI 

distributions shift away from zero. Gamma with k = ∞ is the distribution of no variance 

and the spike train is perfectly regular. We found that the ISIHs of the major neuron 

types, exemplified from four different brain regions; namely, the prefrontal cortex 

(PFC), CA1, striatum (STR), VTA, can be described by the Gamma distribution model 

(Figure 7b). Thus, k provides a parametrical measurement of spike activity patterns. 

We used another feature to describe spike activity patterns, namely, the coefficient 

of variation (cv), which is a parameter-free measurement describing the spike train 

irregularity. In the statistics, the cv is a standardized measure of dispersion of a 

probability distribution. In the proposed method, cv is defined as the ratio of the 

standard deviation of the ISI to the mean of the ISI. Exponential distributions 

(suggesting a Poisson process) have a cv of 1. ISI with a smaller cv shows a more 

regular spike activity pattern than the Poisson process, while a larger cvmeans that the 

neuron discharges more irregular spike activity pattern than the Poisson 

process. k and cv are negatively correlated, that is, ISIs with a larger k have a 

smaller cv and vice versa. 

Upon the feature extraction, we asked if there were multiple neuron subtypes that 

can be identified in the recorded spike datasets. The shape parameter k of the Gamma 

distribution model and coefficient of variation cv can be statistically tested for normal 

distribution using the D’Agostino and Pearson omnibus normality test (Figure 8B). 
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After non-normal distribution was detected, a set of classification/clustering analyses 

was conducted to unbiasedly uncover the neuron subtypes. In the present study, we 

chose the k-means clustering method to cluster the extracted features (Figure 8B). As a 

popular method for cluster analysis in data mining, k-means clustering aims to 

partition n observations into k clusters in which each observation belongs to the cluster 

with the nearest mean, serving as a prototype of the cluster. In this classification step, 

a set of clustering results with different numbers of clusters can be calculated by 

setting a different k. 

The final step was to determine the optimal dimension, which gives the best 

classification. We carried out this unbiased selection (Figure 8B) by using the “jump 

method”22 (see Methods). The jump method determined the number of clusters that 

maximized efficiency while minimizing error by information-theoretical standards. 

Here, the jump method was used to determine the numbers of clusters in the neuron 

population by assessing the “distortion,” which is a measure of within-cluster 

dispersion [equation (1)]. The true number of clusters was selected as the sharpest 

jump of the distortion curve [equation (2)]. 

To test our ISICA computational classification approach, we used neural spike 

activity datasets recorded from the hippocampal CA1 region and VTA in freely 

behaving mice during awake and sleep periods, as well as under general anesthesia or 

episodic experiences (Chen et al., 2009; Kuang et al., 2010; Wang and Tsien, 2011b). 

We investigated on CA1 pyramidal cells and VTA DA neurons, respectively, as 

examples to demonstrate the usefulness of this computational-profiling approach. 

http://www.nature.com/articles/srep12474#ref22
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Profiling of CA1 pyramidal cell subtypes based on the ISICA method during the 

awake period 

We first examined spike dynamics and ISI profiles of hippocampal CA1 pyramidal 

cells. The neural datasets were obtained from two behavioral states - namely, the quiet 

awake period and the slow-wave sleep (SWS) period. The CA1 region of the 

hippocampus plays a crucial role in long-term memory formation(Squire and Zola-

Morgan, 1988). While the inhibitory CA1 interneurons have been long-recognized to 

be very diverse(Freund and Buzsaki, 1996; Klausberger and Somogyi, 2008), CA1 

pyramidal cells have been traditionally considered as a morphologically homogenous 

population. However, recent in vitro (Graves et al., 2012) and in vivo experiments 

(Mizuseki et al., 2011), as well as anatomical studies (Mizuseki et al., 2011), suggest 

that CA1 pyramidal cells may not come as a homogenous population, as widely 

thought. Therefore, we investigated how the ISICA method would profile CA1 

pyramidal cells using the spike datasets collected under the quiet awake period. A total 

of 70 well-separated CA1 putative pyramidal cells from three mice were used for the 

present analysis of extracting ISI features (see Methods). As shown in Figure 

9a, p values of the D’Agostino and Pearson omnibus normality tests showed that 

both k and cv were not unimodally distributed, suggesting that there were multiple sub-

populations of CA1 pyramidal cells. From the k-means clustering method and the jump 

method, our analyses suggested two well-separated, pyramidal cell sub-populations 

(Figure 9B). The numbers of pyramidal cells in these two distinct clusters were 36 

(blue dots in Figure 9B) and 34 (yellow dots in Figure 9B), respectively. Also, we used  

a bootstrap analysis to verify that the data were indeed best represented by two clusters  
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Figure 9.  Profiling hippocampal CA1 pyramidal cells based on neural activity patterns under the 

awake state (A) Distributions of k and cv during the quiet awake state. p values from the D’Agostino 

and Pearson omnibus normality test indicated that there are discrete sub-populations within 

hippocampal CA1 pyramidal cell population. (B) Distances from two cluster centers revealed a 

significant separation of two pyramidal cell subtypes. (C) A hierarchical clustering analysis showed 

that the inter-cluster distance of two clusters was significantly higher than the intra-cluster distance. (D) 

Distributions of k and cv for two pyramidal cell subtypes. The bar graphs showed that these two 

pyramidal cell subtypes had significant differences in k and cv. 
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(see Methods). Finally, hierarchical clustering analysis further showed that the inter-

cluster distance of two clusters was significantly higher than the intra-cluster distance 

(Figure 9C). These two neuron sub-populations showed no significant difference in 

their waveform (t-test, Figure 10A). As expected from the clustering, these two 

pyramidal cell sub-populations had significant differences in k (0.460 ± 0.013 vs. 

0.983 ± 0.027, p < 1E-26) and cv (1.705 ± 0.046 vs. 1.100 ± 0.030, p < 1E-15)(Figure 

9D). These results provided strong evidence for the existence of two distinct pyramidal 

cell sub-populations in the CA1. 

Profiling CA1 pyramidal cells under the SWS state 

Since firing patterns could vary significantly in different brain states, we asked 

whether the ISICA-based classification remains invariant over different brain activity 

states. As such, we investigated the spike activity patterns of these 70 CA1 pyramidal  

cells using the data collected during the SWS period. The D’Agostino and Pearson 

omnibus normality test again suggested the non-unimodal distributions of 

both k and cvfeatures (Figure 11A). Two well-separated clusters were revealed using 

the k-means cluster analysis and the jump method. The optimality of this clustering 

result was verified by a bootstrap analysis (Figure 11B). A hierarchical clustering 

analysis further confirmed that these two clusters were well-separated (Figure 11C, D). 

Most importantly, we observed that individual memberships of these two clusters 

uncovered under the SWS state were in complete agreement with those identified 

using the spike activity patterns recorded from the quiet awake state. In fact, k and cv 
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Figure 10. Waveform of neuron subtypes (A), Mean waveforms of two CA1 pyramidal cell 

subtypes. (B), Mean waveforms of two VTA DA neuron subtypes. Dashed lines denote SD. 
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Figure 11. Profiling the hippocampal CA1 pyramidal cells based on neural activity patterns under the 

SWS state. (A) Distributions of k and v c under the SWS state. p values from the D’Agostino and Pearson 

omnibus normality test indicated that there are discrete sub-populations within hippocampal CA1 

pyramidal cell population. (B) Distances from two cluster centers revealed a significant separation of two 

pyramidal cell subtypes. (C) A hierarchical clustering analysis showed that the inter-cluster distance of two 

clusters was significantly higher than the intra-cluster distance. (D) Distributions of k and v c for two 

pyramidal cell subtypes. The bar graphs showed that these two pyramidal cell subtypes had significant 

differences in and k and cv 
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measured under these two states remained closely or proportionally matched, almost in 

a linear relation with linear correlation coefficients of 0.92 and 0.91 

for k and cv between the two states, respectively (Figure 12A and 12B). Both features 

were independent of the neuron’s mean firing rates (Figure 12C–F). The linear 

correlation coefficients between the mean firing rates and k are 0.13 under the quiet 

awake state (Figure 12C) and 0.09 under the SWS state (Figure 12D), and the linear 

correlation coefficients between the mean firing rates and cv are 0.02 under the quiet 

awake state (Figure 12E) and 0.10 under the SWS state (Figure 12F). Taken together, 

these analyses suggested that the ISICA-based cell classification remained robust and 

invariant over different brain states. 

CA1 pyramidal cells are known to burst, which is believed to be important for 

these excitatory principal cells to represent and process information(Kepecs and 

Lisman, 2003; Kepecs et al., 2002; Magee and Johnston, 1997). In the literature, the 

burst is usually defined as the ISI shorter than 10 ms. These bursting dynamics should 

be intrinsically covered by shape parameters and the coefficient of variation. We 

measured the burst index, which is defined as the ratio of bursting ISIs to all ISIs. 

Since CA1 pyramidal cells tend to exhibit bursting patterns, we examined whether two 

pyramidal cell sub-populations, identified by the k and cv feature extraction, would 

reflect or capture the difference in the burst index. We found that these two pyramidal 

cell subtypes indeed showed significant differences in burst indices under the quiet 

awake state (0.285 ± 0.016 vs. 0.027 ± 0.003, p < 1E-22) (Figure 12G) and the SWS 

state (0.325 ± 0.014 vs. 0.040 ± 0.005, p < 1E-27) (Figure 12H), suggesting that the 

ISICA method is highly sensitive to distinguish different bursting cells. For 
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Figure 12. k and cv were robust across different brain states. (A) k showed linear relation under 

the awake and SWS states. (B) cv showed linear relation under awake and SWS states. (C,D) k was 

independent of neuron’s mean-firing rates under the awake or SWS states. (E,f) cv was independent of 

neuron’s mean-firing rates under the awake or SWS two states. (G) Distributions of burst index of two 

pyramidal cell subtypes under the awake state. (H) Distributions of burst index of two pyramidal cell 

subtypes under the SWS state. The bar graphs showed that these two pyramidal cell subtypes had 

significant differences in burst index under two distinct brain states.  
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convenience in this study, we termed these two subgroups of CA1 cells, identified by 

this ISICA method, as the high-bursting pyramidal cells and low-bursting pyramidal 

cells, respectively. 

Profiling CA1 pyramidal cells under ketamine-induced anesthetized state 

Since the ISICA-classified CA1 pyramidal cells possess the fundamental 

differences in intrinsic spike properties, we asked whether these subtypes may perform 

or serve different functions. To examine their functional significances, we examined 

how the high-bursting and low-bursting pyramidal cells reacted to ketamine-induced 

anesthesia. Ketamine can induce an anesthetic state referred to as “dissociative 

anesthesia”, that is, the patient is incapable of associating the input of afferent stimuli, 

and integrating information and signals to the conscious mind is reduced or blocked 

(Alkire et al., 2008; Sinner and Graf, 2008). Dissociative anesthesia produced by 

ketamine has been postulated to be a result of reduced activation in the thalamocortical 

structures and increased activity in the limbic system and hippocampus. We compared 

the response characteristics of CA1 pyramidal cell subtypes between the quiet awake 

state and the ketamine-induced anesthetized state by measuring mean firing rates, burst 

indexes, the dynamic changes of the ISIHs and power-density relationships. 

Under the quiet awake state there was no difference in the mean firing rates of the 

high-bursting and low-bursting pyramidal cell subtypes (Figure 13A, the low-bursting 

pyramidal cells: 2.792 ± 0.351 Hz, the high-bursting pyramidal cells: 

2.658 ± 0.362 Hz, p > 0.8). Interestingly, ketamine-induced anesthesia reduced firings  
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Figure 13. Two pyramidal cell subtypes showed significant differences upon ketamine-

induced anesthesia. (A) Mean-firing rates of two pyramidal cell subtypes during the awake and 

anesthetized states. (B) Burst index of two pyramidal cell subtypes during the awake and anesthetized 

states. (C) ISIHs of two pyramidal cell subtypes under the anesthetized state. Asterisks and the gray 

region showed that the low-bursting pyramidal cells showed significantly higher firing probabilities 

than the high-bursting pyramidal cells under the anesthetized state. (D) Average local field potential 

power spectra under the awake and anesthetized states. The dotted box indicated Delta frequency band. 

Compared with the local field potential power spectra under the awake state, the anesthetized state 

showed significant higher power at Delta frequency band (1–4 Hz).  
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of both cells. Yet, the high-bursting pyramidal cells were affected to a much greater 

degree than that of the low-bursting pyramidal cells (0.129 ± 0.024 Hz 

vs.1.283 ± 0.267 Hz. p < 1E-4). Moreover, the burst index of these two pyramidal cell 

subtypes changed in seemingly “opposite” directions upon ketamine-induced 

anesthesia (Figure 13B). Specifically, the burst index of the low-bursting pyramidal 

cells appeared to show a small, but not statistically significant, increase during 

anesthesia (0.027 ± 0.003 vs. 0.042 ± 0.009, p > 0.1), whereas the high-bursting 

pyramidal cells exhibited a significant decrease in the burst index upon ketamine 

injection (0.285 ± 0.016 vs. 0.130 ± 0.016, p < 1E-8) (Figure 13B). In addition, while 

the ISIHs of both pyramidal cell sub-populations showed no significant difference 

under the quiet awake state (Figure 14), the low-bursting pyramidal cells exhibited 

significantly higher firing probabilities at 400 ~ 1600 ms ISIs than those of the high-

bursting pyramidal cells (Figure 13C). This range of increased ISIs corresponded to 

the Delta frequency band (1–4 Hz)(Dworak et al., 2011), as evident from the power-

density analysis (Figure 13D). These experiments supported the notion that ISICA-

classified pyramidal cell subtypes exhibited different functional regulations during 

ketamine-induced anesthesia. 

Profiling VTA DA neuron subtypes during the awake and sleep periods 

To evaluate the general utility of the ISICA method, we then analyzed the DA 

neurons recorded from the VTA region of freely behaving mice during the awake 

period. DA neurons in the VTA are well-known to represent rewards and positive 

motivational information (Morris et al., 2004; Ungless and Grace, 2012a). Recently, 

DA neurons are also found to respond to aversive stimuli  
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Figure 14. The ISIHs of both pyramidal cell sub-populations showed no significant difference under 

the quiet awake state. 

 

 

 

 

 

 

 

 

 

 



 

65 

 

(Fiorillo et al., 2013a; Fiorillo et al., 2013b; Matsumoto and Hikosaka, 2009; 

Mileykovskiy and Morales, 2011; Mirenowicz and Schultz, 1996; Wang and Tsien, 

2011b). These emerging results suggest that DA neurons are not a homogenous 

population. 

A total of 53 well-separated VTA putative DA neurons were recorded and 

analyzed from 14 mice during the quiet awake period (see Methods). The D’Agostino 

and Pearson omnibus normality test suggested that there were multiple subtypes in the 

VTA DA neuron population (Figure 15A), and two well-separated clusters were 

identified by the unbiased clustering analysis (Figure 15B), with 26 and 27 DA 

neurons in each cluster (Figure 15C). No significant difference was observed in the 

waveform of these two subtypes (t-test, Figure 10B). As expected, k (1.249 ± 0.245 vs. 

2.667 ± 0.513, p < 1E-15) and cv (1.681 ± 0.330 vs. 0.705 ± 0.136 Hz, p < 1E-5) were 

significantly different between those two DA neuron subtypes (Figure 15D). Therefore, 

the ISICA method uncovered two distinct major subtypes of putative DA neurons.  

To further examine the robustness of the ISICA method, we conducted 

classification analysis on the VTA DA neuron datasets recorded under the SWS state. 

We recorded 40 DA neurons under the SWS state from the VTA regions of 17 mice. 

Based on the proposed ISICA method, we also uncovered two well-separated DA 

neuron subtypes (18 and 27 DA neurons in each cluster) (Figure 15E–G), and those 

two DA neuron subtypes showed significant differences on k (1.307 ± 0.279 vs. 

3.554 ± 0.838, p < 1E-10) and cv (2.086 ± 0.445 vs. 0.594 ± 0.140 Hz, p < 1E-3) under 

the SWS state (Figure 15H). 
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Figure 15. Profiling the VTA DA neurons based on neural activity patterns under the awake and 

SWS state. (A) Distributions of k and v c under the awake state. p values from the D’Agostino and Pearson 

omnibus normality test indicated that there are discrete sub-populations within VTA DA neuron population. 

(B) Distances from two cluster centers revealed a significant separation of two DA neuron subtypes. (C) A 

hierarchical clustering analysis showed that the inter-cluster distance of two clusters was significantly 

higher than the intra-cluster distance. (D) Distributions of k and v c for two DA neuron subtypes. The bar 

graphs showed that these two DA neuron subtypes had significant differences in and v c . (E) Distributions 

of k and v c under the SWS state. (F) Distances from two cluster centers revealed a significant separation of 

two DA neuron subtypes. (G) The inter-cluster distance of two clusters was significantly higher than the 

intra-cluster distance. (H) Distributions of k and v c for two DA neuron subtypes. The bar graphs showed 

that these two DA neuron subtypes had significant differences in k and cv. 
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Out of these 40 DA neurons, 28 DA neurons were recorded in the same set of mice 

under the awake and the SWS states. We found that k and cv measured under these two 

states remained highly consistent for these 28 units, and the linear correlation 

coefficients of k and cv between the two states were 0.92 and 0.91, respectively (Figure 

16A, B). Both features were independent of the neuron’s mean firing rates (Figure 

16C–F). The linear correlation coefficients between the mean firing rates and k were 

0.13 under the quiet awake state (Figure 16C) and 0.09 under the SWS state (Figure 

16D). The linear correlation coefficients between the mean firing rates and cv were 

0.02 under the quiet awake state (Figure 16E) and 0.10 under the SWS state (Figure 

16F). Most importantly, we found that each and every one of these 28 neurons 

identified under the awake state was in complete agreement of those obtained under 

the SWS state. Therefore, the invariant membership under the awake and sleep states, 

again, suggested the ISICA method had captured the key spike features for cell 

classification. Because k and cv of DA neurons reflected more on the regularity of 

spike-activity patterns, for convenience, we termed these two subgroups of DA 

neurons as irregular-spiking DA neurons (smaller k and larger cv) and the regular-

spiking DA neurons (larger k and smaller cv), respectively. 

Verification of VTA DA neurons using combined pharmacology and optogenetics  

To further verify that the members of the two clusters uncovered by the ISICA 

method were DA neurons, pharmacological and optogenetics methods were used in a 

subset of experiments. As shown in Figure 17A, these neurons decreased their firing 

upon injection of D2 agonist apomorphine (1 mg/kg, i.p.)(Pan et al., 2005; Wang and 

Tsien, 2011b), confirming that the neurons used in the clustering analysis were DA 
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Figure 16. k and cv of VTA DA neurons were tightly correlated between the awake and SWS 

states. k and cv of VTA DA neurons were robust across different brain states (linear correlation 

coefficients of k and cv between two states were 0.76 (A) and 0.72 (B) respectively) and were 

independent of neuron’s firing rates (absolute values of linear correlation coefficients were less than 

0.21, (C–F). Dash lines showed the results of the linear regressions.  
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Figure 17. Two VTA DA neuron subtypes showed significant responsive difference under 

pharmacological method, optogenetics stimuli and aversive stimuli. (A) Cumulative spike activity 

of these two DA neurons in response to the apomorphine injection. (B) Optogenetics experiment for 

labeling DA neurons with ChR2. (C) Customized optrode was implanted and placed at the VTA. (D) 

Optically evoked neural activity of the two simultaneously recording VTA DA neurons (blue: regular -

firing DA neuron, yellow: irregular-spiking DA neuron). Regular-spiking DA neurons: 12 neurons, 

latency: 3.74 ± 0.23 ms. Irregular-spiking DA neurons: 9 neurons, latency: 5.4 ± 0.76 ms. (E) Left 

block: the response of one representative regular-firing DA neuron upon aversive stimuli (0.5 s 

earthquake, as denoted by the red bars), shown as the format of perievent raster. Right block: the 

response of the regular-firing DA neuron population upon aversive stimuli, shown as Z score. (F) The 

response of one representative irregular-firing DA neuron and the irregular-firing DA neuron 

population upon fearful stimuli. In (E) and (F), the distributions of the responses of two VTA DA 

neuron subtypes during aversive stimuli delivery were shown as black dots.  
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neurons. We then injected adeno-associated virus, coding the floxed 

channelrhodopsin-2 (ChR2) and green fluorescent protein (GFP), into the VTA region 

of a DAT-Cre mouse (Figure 17B, see Methods). This DAT-Cre line allowed ChR2 

only to be expressed in DA neurons(Wang et al., 2011). The optrode was then 

implanted and placed into the VTA (Figure 17C). We found that light-stimulation 

evoked time-locked activation of these two subtypes of DA neurons (Figure 17D). 

Interestingly, regular- and irregular-spiking DA neurons seemed to exhibit different 

time latencies of optically evoked responses, with the regular-firing DA neurons at 

3.74 ± 0.23 ms (n = 12) and the irregular-spiking DA neurons at 5.40 ± 0.76 ms (n = 9). 

The differences in latencies provided strong evidence that the two major DA neuron 

clusters, identified by the ISICA method, represent intrinsically distinct DA neuron 

subtypes. 

Distinct responses to fearful events by these two distinct DA neuron subtypes 

Finally, we asked whether these two DA cell subgroups - namely, irregular-spiking 

DA neurons and regular-spiking neurons - exhibit different functional encoding 

properties. Accordingly, we investigated their responses to fearful or aversive events 

by using the earthquake and elevator-drop paradigms as described previously (Wang 

and Tsien, 2011b). Interestingly, the regular-firing DA neurons suppressed their firing 

by aversive stimulus presentation (Figure 17E). In contrast, the irregular-firing DA 

neurons increased their firing upon fearful stimuli deliveries (Figure 17F). This 

experiment demonstrated that the DA subtypes, identified by the ISICA method, 

exhibited distinct functional responses to fearful information. 
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Discussion 

Traditionally, the methods in identifying cell subtypes relied on 

immunohistological and molecular/genetic profiling, and/or juxtacellular recording 

and labeling (which are usually conducted on brain slices or in anesthetized animals). 

Unfortunately, these methods are difficult to implement in freely behaving animals, 

especially for large-scale neural recording experiments. More recently, the genetically 

encoded opsin-based approach in combination with the previously developed 

Cre/loxP-mediated genetic methods43 have been applied to aid cell classification 

(Kvitsiani et al., 2013; Senn et al., 2014; Tsai et al., 2009). By and large, optogenetic 

classification studies relied on the popular promoters, such as CaMKII promoters, PV 

and SOM promoters. In most cases, it limits the optogentic labeling to one type of 

neuron per mouse Cre line and also to a few neurons located closer to the optic fiber 

tip where light can reach. As such, optogenetic approaches still remain to be improved, 

especially if researchers want to match the traditional cell subtype classifications 

described in the literature. 

In the present study, we have developed the ISICA method that can be readily 

applied to any neural spike dataset which already exists or will be generated. Our 

analyses provided several important insights for this computational approach. First, we 

have successfully identified two key features - namely, the Gamma distribution shape 

factors k and coefficient of variation cv - that can be used to achieve consistent 

classification across different brain states (i.e. the awake state vs. the SWS state). In 

the CA1, the ISICA method uncovered two distinct pyramidal cell subtypes. 

Interestingly, several laboratories reported the existence of two distinct pyramidal cell 

http://www.nature.com/articles/srep12474#ref43
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groups receiving different projections from different cortical or subcortical regions 

(Graves et al., 2012; van Groen et al., 2003). One in vivo study using local field 

potential information and vertical probes reported that CA1 pyramidal cells in the 

superficial layer and deep layer of the hippocampal CA1 region have distinct 

responses to inputs, spiking properties and output influences (Mizuseki et al., 2011). 

Intriguingly, another recent study also described that pyramidal cells throughout the 

CA1 and subiculum regions are topographically organized along the proximal-to-distal 

axis, with cells displaying the regular-spiking pattern (i.e. late-bursting cells) 

predominating in CA1 and the proximal subiculum and cells showing the bursting 

pattern (i.e. early-bursting cells) predominating in the distal subiculum (Jarsky et al., 

2008). At the moment, it is not clear how such classifications relate to each other. It 

would be of great interest to determine whether low-bursting and high-bursting 

pyramidal cell sub-populations uncovered by our ISICA method would relate to those 

distinct pyramidal cell types along the superficial-deep axis of the CA1/subiculum cell 

layer (van Groen et al., 2003; Vinogradova, 2001) or along the dorsal-ventral axis 

(proximal-to-distal axis) distributed late-bursting and early-bursting pyramidal cells as 

observed from in vitro hippocampal slices (Graves et al., 2012). It should be noted that 

burst may change spike form (Connors and Gutnick, 1990; McCormick et al., 1985). It 

seems that with well-isolated units, such changes may not significantly affect cell 

classifications, but will require further investigations. 

Second, our ISICA method uncovered two distinct DA neuron subtypes from the 

mouse VTA region. Again, the classification membership remained invariant across 

different brain activity states (awake vs. sleep). More importantly, the optogenetic 
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experiments have verified their DA cell identity. Surprisingly, the optogenetic 

experiments discovered that the irregular-spiking DA neurons had the latency at 5.4 ms 

upon light stimulation. On the other hand, the regular-spiking DA neurons had a 

shorter latency (3.7 ms). It raises an important question as to their underlying cellular, 

molecular and circuitry mechanisms. Future experiments will be needed to address 

these questions. 

Third, we further investigated the relationship between the ISICA-based cell 

classification and functional significances of those cell subtypes. By examining how 

CA1 pyramidal cells would respond to ketamine-induced anesthesia or how DA 

neurons encode fearful information, we demonstrated that ISICA-classified cell 

subtypes indeed exhibit distinct encoding properties. In the case of the CA1 pyramidal 

cells, Ketamine, an uncompetitive NMDA receptor antagonist, selectively increased 

Delta power of the low-bursting pyramidal cell subtype. This may well reflect the 

distinct NMDA receptor subunit compositions on these cells. It is also possible such 

differential responses may result from a non-NMDA receptor mechanism, because 

ketamine also acts on the nicotinic and muscarinic Ach receptors, or opioid receptors 

(Sinner and Graf, 2008). 

In the case of DA neurons, we uncovered that the ISICA-classified DA neuron 

subtypes exhibited remarkably different responses to fearful stimuli. The reward-

coding theories previously described that DA neurons would be inhibited by or would 

not respond to aversive stimuli (Schultz, 2002). In a good agreement with the reward-

coding theory, our analysis reveals that the regular spiking DA neurons showed a 

temporal suppression in firing during the aversive events. In contrast, the irregular-
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spiking DA neurons increased firing during earthquake or elevator-drop. Yet this 

observation is in consonance with the recent observations that putative DA neurons 

can respond to aversive stimuli, such as air-puff or electrical shock (Brischoux et al., 

2009; Fiorillo et al., 2013a; Fiorillo et al., 2013b; Wang and Tsien, 2011b). Our 

present study extended these observations by providing the first optogenetic evidence 

for confirming this type of DA neuron identity. 

While DA neurons are known to fire action potentials phasically or tonically 

(Grace and Bunney, 1984c; Schultz, 2007), it is important to note that ISICA-classified 

DA cells both possess such properties upon fearful stimuli. It has been shown that 

phasic activities of VTA DA neurons depend on NMDA receptors(Wang et al., 

2011) and inputs from the nucleus pedunculopontinus (Lodge and Grace, 2006a) and 

the laterodorsal tegmental nucleus (Lodge and Grace, 2006b), whereas the tonic firing 

patterns may affect the postsynaptic mechanisms. Interestingly, based on temporal 

response dynamics during “Early” and “Middle” fear response periods, we noted that 

these two VTA DA neuron subtypes could be further divided into four subcategories 

(Figure 18A): 1) Subcategory-1a, Exc-Inh neurons (significant excitation during 

“Early” period and significant inhibition during “Middle” time-window period, blue 

stars in Figure 18C and 18C), biphasic, 2) Subcategory-1b, Exc-None neurons 

(significant excitation during “Early” period and no significant change during “Middle” 

period, blue circles in Figure 18B and 18 C), monophasic, 3) Subcategory-2a, Inh-

None  
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Figure 18. Diverse responses of VTA DA neurons upon aversive stimuli. (A), The responses of 

four representative VTA DA neurons upon aversive stimuli, shown as the format of peri-event raster. The 

color bars above denote four different periods, the red/black arrows indicate that the firing rates of neurons 

increase/decrease significantly. Red bars in the middle of peri-event raster plots show the time periods of 

stimuli (0.5s earthquake). (B), Scatter plot of responses of four DA neuron subcategories upon aversive 

stimuli. (C), One-way ANOVA analysis of the mean firing rates of four VTA DA neuron subcategories 

during four periods. The firing rates of DA neurons during “Early,” “Middle” and “Late” periods were 

normalized as the percentages of the firing rates during “Baseline” period. 
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neurons (significant inhibition during “Early” period and no significant change during 

“Middle” period, yellow circles in Figure 18b and 18c), monophasic, 4) Subcategory-

2b, Inh-Exc neurons (significant inhibition during “Early” period and significant 

excitation during “Middle” period, yellow stars in Figure 18b and 18c) biphasic. Taken 

together, these results suggested the richness of VTA DA neuron subtypes.  

Although the ISICA method is currently focused on pyramidal cells and DA 

neurons, the ISICA method holds the promise to profile different cell types in various 

brain regions. For instance, one can explore additional features that would profile 

vastly more complex forms of interneuron types (Freund and Buzsaki, 1996; 

Klausberger and Somogyi, 2008) and GABAergic neurons (Ungless and Grace, 2012a). 

We envision that this ISICA method can be further combined with network oscillatory 

properties for providing finer classification (i.e. gamma, theta and ripple) among 

different brain or behavioral states(Klausberger and Somogyi, 2008; Kuang et al., 

2010; Tricoire et al., 2011; Zhang et al., 2012). 

In summary, we described an unbiased computational classification method for 

profiling cell subtypes from in vivo neural spike datasets. This ISICA method should 

be highly complementary to other classification methods (i.e. cre/lox-mediated cell 

type-specific tracing, optogenetic manipulation and juxtacellular recording and 

labeling) for brain activity mapping. It can be particularly valuable to generate a 

census of neuron subtypes in the brain, especially under the context of cognition and 

behavior.
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Abstract 

 

NMDA receptors in the forebrain are crucial for social cognition, such as social 

memory formation. However, how midbrain NMDA receptors modulate social cognition 

remains elusive. Here, we report that mice with conditional DA-specific NR1 knockout 

show normal object and social recognition memories, but exhibit profound impairment in 

sociability. Using an inducible and reversible knockout model, we found that such 

impairments can be readily induced and rescued even in the adulthood. In vivo neural 

recordings further show that social interactions are accompanied by increased phasic 

firing of two subtypes of DA neurons in the wild-type mice, whereas loss of NMDA 

receptors in the VTA DA neurons blunted phasic firing of these VTA neurons. Taken 

together, these observations suggest that NMDA receptors in the adult midbrain DA 

neurons are crucial for generating normal motivational signals for social interactions, 

making them potential therapeutic targets in treating psychiatric disorders, such as autism 

and schizophrenia. 

Introduction 

Many psychiatric disorders, such as schizophrenia and autism spectrum disorders, 

are often accompanied by profound impairment in social cognition (Couture et al., 2006; 

DiCicco-Bloom et al., 2006). Understanding the molecular and neural mechanisms that 

modulate social cognition is thus an important step for developing novel treatment for 

social-related disorders.  Yet, social cognition has multiple components, including social 

learning and memory, social bonding, as well as social motivation, each likely involving 

different neural circuits and cellular substrates (Chevallier et al., 2012; Hitti and 

Siegelbaum, 2014; Smith et al., 2016; Young and Wang, 2004). 
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Previous studies have demonstrated that dopamine dysregulation contributes to 

both autism spectrum disorders and schizophrenia (Carlsson, 1988; Grace, 1991b; Howes 

and Kapur, 2009; Manago et al., 2016). Located in the midbrain, dopamine (DA) neurons 

are known to subserve important aspects of cognitive functions such as motivation (Wise, 

2004), wanting (Berridge et al., 2009), and reward/incentive salience towards foods or 

illicit stimulant drugs (Schultz, 1998; Wise and Rompre, 1989). It is thus conceivable that 

DA neurons may also be important for social motivation and social valence. Indeed, 

recent studies using calcium imaging and fiber photometry have detected elevated 

calcium transients in the ventral tegmental area (VTA) during novel object recognition 

and social interactions in mice (Gunaydin et al., 2014). Though encouraging, calcium 

transient only serve as a marker of neural activities. In DA neurons, the presence of 

neural activities alone, such as indicated by calcium imaging, is not sufficient to dissect 

the neural mechanism in social interactions. Notably, DA neurons receive glutamatergic 

afferent inputs (Bonci and Malenka, 1999; Kitai et al., 1999; Watabe-Uchida et al., 2012) 

to regulate discharge modes such as tonic and phasic firing, which are thought to result in 

different dopamine release profiles or ion channel regulation that subserve different 

cognitive functions. As a result, further investigation is warranted to understand how 

different modes of firing affect social interactions. Furthermore, uncovering the 

molecular substrates responsible for mediating the change in firing pattern during social 

interactions is also crucial.   

 NMDA receptors are the main glutamatergic receptors on DA neurons gating 

glutamatergic inputs (Bonci and Malenka, 1999; Grace and Bunney, 1984b; Kitai et al., 

1999; Watabe-Uchida et al., 2012), and have been shown to mediate DA burst firing 
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activities (Overton and Clark, 1992) . Interestingly, dysfunctions of NMDA receptors 

have been noted to lead to psychiatric disorders as well as learning and memory 

impairment (Tang et al., 1999; Tsien et al., 1996). Together, these observations lead us to 

hypothesize that NMDA receptors on DA neurons may regulate social interactions via 

burst-dependent firing activities.  

To test this hypothesis, we set out to apply a series of conditional gene knockout 

approaches to generate both DA neuron-specific NMDA receptor knockout mice (DA-

NR1-KO)(Wang et al., 2011; Zweifel et al., 2009) as well as inducible and reversible DA 

neuron-specific NMDA receptor knockout mice (iDA-NR1-KO).  We then tested these 

mutants in several social and non-social memory paradigms. Finally, we employed large-

scale in vivo electrophysiological recordings to characterize DA neurons and investigated 

their responses to non-social and social interactions.  

Results 

DAT-NR1-KO exhibits deficits in sociability but not in associative object and social 

recognition memory 

To investigate the role that DA NMDA receptors play in non-social and social 

interactions, we used a strain of DA-specific NMDA receptors KO (DAT-NR1-KO) mice 

we described previously (Wang et al., 2010; Wang et al., 2011). These mice are normal in 

appearance, motor skills, as well as goal-directed behavior (Wang et al., 2011). Because 

NMDA receptors are crucial for associative learning and memory (Tang et al., 1999), we 

decided to investigate object recognition and social recognition memory in these mutant 

mice. We first subjected these mice to a novel object recognition test to assess non-social 

recognition memory (Figure 37A). During the training phase, mutants and littermate 
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control mice were allowed to freely explore two identical objects. There were no 

differences between the mutants (n = 9 mice) and the controls (n = 9 mice) in terms of 

total time spent exploring objects (p > 0.05, unpaired two-tailed t test, Mann-Whitney 

U)(Figure 37B). During the recall test, one of the original objects was replaced with a 

novel object (Figure 37A). Preferences for novel objects during recall phase suggest 

normal memory for familiar objects. Both DAT-NR1-KO and control mice spent 

significantly more time investigating the novel object than the familiar object (WT, p < 

0.05; KO, p <0.01, pairwise two-tailed t test)(Figure 37C), indicating normal object 

recognition memory. Next, we used a social discrimination test to investigate social 

recognition memory (Figure 37D). During the training phase, DAT-NR1-KO mice spent 

significantly less time exploring the novel conspecific than that of control mice (p < 0.05, 

unpaired two-tailed t test, Man-Whitney U)(Figure 37E), indicative of reduced social 

motivation in the mutants. However, in the recall session, both mutant and littermate 

control mice spent significantly more time investigating the novel conspecific than the 

familiar conspecific (WT, p < 0.001; KO, p < 0.05, unpaired two-tailed t test, Man-

Whitney U)(Figure 37F, G). Taken together, these data suggest that DAT-NR1-KO mice 

are normal in object and social recognition memory. However, social motivation was 

impaired in DAT-NR1-KO mice, as indicated by reduced exploration time during the 

training phase.  

To further explore social motivation in the mutants, we subjected these mice to a 

three-chamber sociability paradigm as previously described (Figure 38A)(Moy et al., 

2004). We found that control littermates spent significantly more time in the social 

chamber than in the non-social chamber, suggesting stronger preference for the social  
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Figure 19. Objection and social memory are intact in DAT-NR1-KO mice  (A) Illustration of 1h novel 

object recognition paradigm.  (B) Interaction time with objects did not differ between control and KO 

during training. (C) Control littermate and KO mice showed greater percentage of interaction time with 

novel objects in the recall session. (D) Illustration of 1h social discrimination paradigm. (E) KO animals 

spent significantly less time sniffing and investigating the social stimulus mouse during training. (F) 

Control littermate and KO mice spent significantly more time investigating the novel(G) Percentage of time 

spent investigating the novel conspecific by the control and KO mice during the recall phase. Red, WT; 

green, KO. All data shows mean ± s.e.m.*P<0.05; ** P<0.01; *** P<0.001.  
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chamber (p < 0.0001, one-way ANOVA, Bonferroni Post-hoc)(Figure 38B). However, 

unlike that of control littermates, DAT-NR1-KO mutants did not show preference for the 

social chamber (p > 0.05, one-way ANOVA, Bonferroni Post-hoc)(Figure 38B).We also 

analyzed the amount of time each animal spent in close interactions (within 3 cm) with 

the wired cup in each chamber, and we found that KO animals spent significantly less 

time in close interactions with the wired cup enclosing the social target than that of 

controls (p < 0.05, two way ANOVA, Bonferroni Post-hoc)(Figure 38C). Collectively, 

these data suggest that DAT-NR1-KO mutants showed significant impairment in 

sociability and preference for social interactions. Interestingly, in an additional three-

chamber social novelty test, we observed that social novelty seeking and social memory 

was normal in DAT-NR1-KO mutants (Figure 38D), consistent with previous findings 

(Zweifel et al., 2009). 

Sociability deficits resulting from DA-specific NMDA receptor ablation is inducible 

and reversible in adulthood 

Because abnormality during neural development has been linked to autism 

spectrum disorders and schizophrenia, we wanted to test whether or not social deficits 

could be induced by post-developmental ablation of DA NMDA receptors. To answer 

this question, we generated an inducible and reversible strain of DA-specific NMDA 

receptor knockout mice (iDAT-NR1-KO) using the tet-O and tTA system as previously  
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Figure 20. Sociability is impaired by DA specific NR1 ablation. (A) Illustration of three-chamber 

sociability paradigm. (B) Control littermates spent significantly more time in the social chamber than in the 

non-social chamber, whereas KO mice did not exhibit preference for either chamber. (C) Control 

littermates spent significantly more time in close interaction with the social target than that of KO mice. 

(D) Social memory is also intact as measured by three-chamber social memory/novelty seeking task. Red, 

WT; green, KO. SC, social chamber; MC, chamber; NSC, non-social chamber. All data shows mean ± 

s.e.m.*P<0.05; ** P<0.01; *** P<0.001. **** P<0.0001. 
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described (Cui et al., 2004; Shimizu et al., 2000). In these mutant mice, DA NMDA 

receptors knockout is induced only when fed with doxycycline in drinking water. We 

confirmed that the knockout is indeed inducible using immunohistochemistry staining. 

iDAT-NR1-KO mice fed with regular drinking water expressed GFP-tagged NMDA 

receptors (Figure 39A), whereas those fed with doxycycline for 5 days showed no GFP-

tagged NMDA receptors in VTA DA neurons (Figure 39B). We subjected these mice to 

the three-chamber sociability paradigm as described. The first set of the sociability test 

was conducted under normal conditions (normal drinking water), prior to any 

doxycycline treatment. We found that under normal conditions, both control littermates 

(n = 7) and iDAT-NR1-KO (n = 7) mice spent significantly more time in the social 

chamber than in the non-social chamber (Figure 39C), suggesting normal sociability in 

both strains. Next, we treated both groups with doxycycline in drinking water for 1 week 

to induce the knockout condition in the inducible strain. Interestingly, following one 

week of doxycycline treatment, impaired sociability was observed in iDAT-NR1-KO 

mice (Figure 39D). In contrast, social chamber preference was normal in control (Figure 

39D), indicating that NMDA receptors knockout from doxycycline treatment was 

responsible for the impaired sociability observed in iDAT-NR1-KO. Next, we examined 

whether the impairment in sociability could be rescued with restoration of the DA 

NMDA receptors’ expression. We therefore replaced the doxycycline water with normal 

drinking water for one month to allow for restoration of DA NMDA receptors. We then 

subjected these mice again to the three-chamber sociability test. We found that after 

being placed on normal drinking water for a month, iDAT-NR1-KO spent significantly 

more time in the social chamber than in the non-social chamber  (Figure 39E), similar to  
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Figure 21. Impaired sociability was rescued in iDAT-NR1-KO following NMDA receptors 

restorations. (A) Section of the VTA showing GFP fluoresce in iDAT-NR1-KO on regular drinking water. 

Red, TH; Green, GFP (B) Section of the VTA showing no GFP fluoresce in iDAT-NR1-KO on 

doxycycline treatment after 5 days. Red, TH; Green, GFP (C) Under normal drinking water conditions 

(pre-doxy), control littermate and iKO mice showed greater preference for the social chamber than the non-

social chamber for both close interactions (left) and time spent in chamber (right). (D) Following 1 week of 

doxycycline treatment in drinking water, the iKO mice no longer showed preference for the social chamber, 

while strong social chamber preference remained intact in control mice (E) One month of normal drinking 

water immediately after doxycycline treatment rescued the sociability in iKO mice. Red, WT; green, iDAT-

NR1-KO. For time spent in chamber, data was analyzed with one-way ANOVA with Bonferroni Post-hoc 

analysis. For time in close interactions, data was analyzed with two-way ANOVA with Bonferroni Post-

hoc analysis. All data shows mean ± s.e.m.*P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001. 
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that observed in the control littermates (Figure 39E). Taken together, these data suggest 

that sociability resulting from ablated DA NMDA receptors is inducible but reversible in 

adulthood. 

DAT-NR1-KO mutants exhibit impaired phasic firing during social interactions 

Next, we set out to investigate the underlying neural mechanism that may be 

altered in DAT-NR1-KO mice. We employed large-scale in vivo electrophysiological 

recordings to record DA activities, as previously described (Figure 40A)(Wang and 

Tsien, 2011b), in the VTA of WT and DAT-NR1-KO mice. DA neurons were selected 

based on broad triphasic waveform (Figure 40B) and suppression of firing following D2 

agonist apomorphine injection (Figure 40C). Because DA neuron identification based 

solely on electrophysiological characteristics could be unreliable (Ungless and Grace, 

2012b), we also recorded in a subset of DAT-Cre (n = 2) and DAT-NR1-KO (n = 1) mice 

injected with AAV carrying Cre-dependent channelrhodopsin 2 (ChR2). In this subset of 

animals that expressed ChR2 on DA neurons, 20 Hz light pulses were applied in addition 

to the above criteria. 20 Hz light pulses induced depolarization of DA neurons (Figure 

40D), with waveforms nearly identical to that of native firing, suggesting that the light 

induced depolarization was not artifacts. With these criteria, we recorded a total of 38 DA 

neurons from eight WT mice and 26 DA neurons from six DAT-NR1-KO mice.  We then 

subjected these freely behaving WT and KO mice to non-social interactions (novel 

object) or dyadic social interactions (conspecific juvenile male or female) in an open field 

on three separate occasions (Figure 41A). Following three minutes of baseline, the 

recorded animal was allowed to interact with a novel object, a novel male mouse, or a  
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Figure 22. Identification of DA neurons in vivo. (A) Illustration of electrode implant (B) DA neuron 

exhibiting broad, triphasic waveform and simultaneously recorded non-DA neuron on the same tetrode 

recordings. (C) DA neuron showing firing suppression following apomorphine injection. (D) DA neuron 

responding to 20Hz blue light stimulation. The Inserted sublet showed light-induced waveforms (red) 

overlapping with waveforms from native firing.  
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Figure 23. DA burst firing failed to elevate in DAT-NR1-KO during social interactions. (A) 

Illustration of open field interaction paradigm (B) Top left, an open chamber plotted with five minutes of 

dyadic social interactions in a WT mice (orange, DA burst firing events; green close interactions (< 3cm). 

Top right, a plot showing the same DA neuron with burst firing events plotted against the distance between 

two mice. Bottom left, an open chamber plotted with five minutes of dyadic social interactions in a KO 

mice. Bottom right, a plot showing the same DA neuron with burst firing events plotted against the distance 

between two mice. (C) Firing rate did not differ between social interactions and object interactions in fear-

inhibited DA neurons. (D) Percentage of spikes fired in burst was significantly elevated during social 

interactions. (E) Number of spikes occurring within a burst was significantly increased during social 

interactions. (F) Burst duration was not significantly different between social interaction and object 

interactions.  
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novel female mouse chosen at random for five minutes. The process was repeated until 

the recorded mice had interacted with all three stimuli (>30 minutes home rest between 

sessions)(Figure 41A). We then compared tonic and burst firing for each genotype during 

each interaction. We found that burst firing events in KO animal is significantly reduced 

during social interactions (Figure 41B, D, E). Specifically, we found that firing rates of 

DA neurons did not differ significantly between non-social and social interactions for 

both WT and KO animals (Figure 41C). However, in WT animals, percent spikes fired in 

burst were significantly elevated during social interactions as compared to that of novel 

object interactions, an effect that was not observed in KO animals (Figure 41D). 

Similarly, the number of spikes in burst was also significantly elevated during social 

interactions but not during novel object interactions for WT mice but not in KO mice 

(Figure 4E). Interestingly, burst duration was not elevated during social interactions for 

both genotype (Figure 4F). Together, these data suggest that DA NMDA receptors 

modulate social interaction via burst firing and may serve as a key substrate in social-

related psychiatric disorders.  

Discussion 

Collectively, this study provides evidence for the first time that NMDA receptors 

on DA neurons modulate social motivations by regulating burst type firing in DA 

neurons. Our findings are consistent with previous studies showing that NMDA receptors 

are crucial for modulating social behaviors (Duncan et al., 2004; Halene et al., 2009). 

Furthermore, by using an inducible and reversible knockout model, we demonstrate that 

post-developmental disruption of DA-specific NMDA receptors lead to social deficits 

that are reversible in adulthood. This observation is encouraging and implies that certain 
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aspects of social deficits seen in schizophrenia and autism patients can be potentially 

reversed in adulthood. However, it is worth noting that ablated NMDA receptors on 

GABAergic neurons in postnatal pups results in social deficits that were not observed if 

the ablation occurred during adolescence (Belforte et al., 2010). Thus, the different 

cellular components of the neural circuits and cell types play distinct roles during early 

neural development and/or cognitive computation in adulthood.  Importantly, object and 

social recognition memory as well as social novelty seeking were intact in our mutants, 

suggesting these cognitive functions did not require DA NMDA receptors. Instead, object 

and social recognition memory are critically dependent on NMDA receptors in the 

forebrain excitatory neurons, as we have previously demonstrated that forebrain NMDA 

receptors knockout in the cortical and hippocampal principal neurons lead to impairment 

in both object and social recognition memory (Jacobs and Tsien, 2016). 

Using large-scale in vivo electrophysiological recordings, we provide evidence 

that burst firing activities in DA neurons are selectively elevated during social 

interactions in WT animals. In our KO model, the social-interaction-specific elevation of 

burst was not observed. Importantly, novel object interactions did not induce burst firing 

elevation in both WT and KO, consistent with our observation that both strain exhibit 

similar exploration time for novel object. Taken together, these data suggests that DA 

NMDA receptors gate social motivations by increasing burst firing probabilities. 

Interestingly, the KO mice showed reduction in the absolute value of burst firing and the 

inability to elevate burst firing during social interactions. We cannot therefore attribute 

the reduction in social interaction to one or the other. However, we hypothesize that the 

inability to elevate burst firing during social interactions may be the major factor 
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contributing to the deficits, as sudden changes in DA concentration exert greater 

influence on receptor activations (Dreyer et al., 2010)  

Material and Methods 

Mice  

The generation of DAT-NR1-KO has been previously described (Wang et al., 

2010; Wang et al., 2011). The inducible and reversible DA neuron NMDA receptor 

knockout mice (iDAT-NR1-KO) were generated using our previously published 

procedures (Cui et al., 2004; Shimizu et al., 2000). These mice expressed the DAT-Cre 

transgene, a NR1-GFP transgene under the control of the tet-O promoter, tetracycline 

transactivator (tTA) transgene, and the homozygous floxed – NR1 gene. Animals used in 

this study are maintained on the C57/BL6 background. Animals were group housed with 

three to five animals per cage and were kept on a 12hr light/dark cycle in the Augusta 

University Animal Facility with food and water given ad libitum. Littermates lacking the 

Cre-transgene were used as experimental control. For electrophysiological studies, male 

C57/BL6 mice 3 to 8 months old and DAT-NR1-KO from 5 to 10 months old were used. 

All experimental procedures were approved by the Augusta University IACUC review 

board. 

Electrode construction and surgeries 

Electrode construction and recordings were performed as described previously 

(Lin et al., 2006; Wang and Tsien, 2011). Briefly, a recording wire (90% platinum, 10% 

iridium, 13 μm, California Fine Wire Company, Grover Beach,CA, USA) was folded 

twice and then twisted together manually. A heat gun was then used to solder the 

recording wire for 6 seconds. Each tetrode was placed into polyimide tubes attached to a 
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custom movable microdrive. Unilateral 32-channel tetrode microdrives were used in this 

study. Five days prior to the surgery, mice were moved from the standard cage to a 

customized circular home cage. Mice were handled daily for 10 minutes each day prior to 

surgeries. On the day of the surgery, mice were anesthetized with Ketamine/Xylazine 

(80/12mg/kg, i.p.). Five bur holes were made on the skull: four for the head screws to 

secure the electrode arrays in place, and one above the insertion site for the electrodes. 

The movable electrode arrays were then planted toward the VTA in the right hemisphere 

(3.4 mm posterior to bregma, 0.5mm lateral, and 3.8 to 4.5 mm ventral to the brain 

surface). The electrode arrays were secured in placed with dental cement and the screws. 

Following surgeries, mice were allowed to recover for at least 3-5 days before recording 

began and were handled daily. A subset of animals (n = 2 for DATCre, n = 1 for DAT-

NR1-KO) were injected with an adeno-associated virus (AAV, serotype 9) carrying Cre 

inducible channelrhodopsin (ChR2) and green fluorescent protein under the control of an 

actin promoter, and optotrodes were constructed and implanted as described previously 

(Li et al., 2015). 

In vivo recordings and units sorting 

Following recoveries, mice were monitored daily for neural activities in the 

experiment room. The neural activities were recorded by a Plexon multi-channel 

acquisition processor system with spikes filtered at 250-8000Hz and digitized at 40kHz. 

The electrode bundles were lowered with the custom movable screw on the microdrive 

each day if no putative dopamine activities were observed. Once putative dopamine 

neural activities were observed, the animal was allowed to habituate one more day prior 
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to experiment to ensure stability of the recorded units. On the day of the experiment, 

mice were injected with apomorphine (1mg/kg, i.p.) at the end of all experiments to help 

identify dopaminergic neurons. A subset of mice (n = 2 for DAT-Cre, n = 1 for DAT-

NR1-KO) with ChR2 expression on DA neurons were also stimulated with blue light 

(473-nm, 10mW, 20 pulses, 20Hz, diode pumped solid state laser) to further assist with 

DA neuron identification. The recorded neuronal activities were then sorted and 

separated into distinct units using the MClust 3.5 program. For the present analysis, only 

units with less than 0.1% spike intervals within a 1-ms refractory period and >15 

isolation distance were used. All DA units were selected post-experiment based on three 

criteria: characteristically-broad triphasic waveform, and suppression of firing in 

response to apomorphine injection, as well as responsivities to light stimulation in a 

subset of animals. 

Three-chamber sociability 

Three-chamber sociability and social novelty tests were performed as described 

previously with minor modifications (Moy et al., 2004). Briefly, the apparatus was made 

from clear Plexiglas, with each chamber measuring 20 cm in width x 45 cm in length x 

40 cm in height. The dividing walls were opened in the middle section to allow access to 

each chamber. Target mice used were juvenile mice from 4 weeks to 5 weeks old. Prior 

to experiment, target mice were habituated to wire containment cups (Galaxy cup, 

Spectrum Diversified Designs) used in the experiment for at 6 least 2 days for 10 minutes 

each. All subject mice undergoing the sociability test were 6 to 10 months old males. On 

the day of the experiment, the subject mouse was introduced to the middle chamber to 

habituate for 10 minutes with the dividing walls closed off. Following habituation, a 
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novel conspecific male enclosed in the wire cup was introduced into one chamber 

(designated “social-chamber”), and an empty wire cup was introduced to the contralateral 

chamber (designated “non-social chamber”). The side containing the novel conspecific 

was alternated and counterbalanced. Access to both chambers was then opened, and the 

subject animal was allowed to freely explore for 10 minutes. For the social novelty test, 

the subject animal was then returned to the middle chamber. A novel target mouse was 

then introduced to the wire cup in the chamber previously containing no social target 

(now designated “stranger 2”). The subject mouse was then allowed to explore for 

additional 10 minutes. All animals were then returned to their respective home cages. The 

behavioral chamber was cleaned thoroughly with 70% ethanol before starting the next 

experiment. For sociability, the amount of time that the subject animal spent in each of 

the chamber (social vs non-social vs middle) was recorded and scored. For social novelty, 

the amount of time the subject animal spent in each of the chambers (stranger 1 vs 

stranger 2 vs middle) was then recorded and scored. The experimenter was blinded to the 

genotype of subject mice. 

Novel object recognition 

Object recognition memory was tested as we described previously (Jacobs and 

Tsien, 2016; Tang et al., 1999). Prior to experimentation, mice were habituated to a long 

plastic rectangular box (55 cm x 32 cm x 20 cm) for 10 minutes for three days. On the 

day of training, two identical novel objects were placed 7 cm away from opposite walls in 

the rectangular box. The subject mouse was then placed inside the box to explore for 5 

minutes, after which the animal was transferred back to the home cage. During the recall 
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test, the animal was placed back into the same box, but with one of the familiar objects 

replaced with a novel object. The animal was allowed to explore for 5 minutes and 

then returned to the home cage. The time each animal spent interacting with objects was 

recorded and scored. Interaction was defined as the animal’s nose pointing toward the 

stimulus object within 2 cm of the object. An exploratory preference index was 

constructed by dividing the amount of time spent exploring the novel object by the 

total amount of time exploring either objects. The experimenter was blinded to the 

genotype of subject mice. 

Social discrimination paradigm 

Social recognition memory was tested as we described previously (Jacobs and 

Tsien, 2016; Jacobs and Tsien, 2012). Briefly, prior to experimentation, mice were 

habituated to a rectangular box (55 cm x 32 cm x 20 cm) and a wired enclosure cup for 

10 minutes for three days. On the day of the experiment, a juvenile stimulus mouse was 

placed within the wire enclosure. The subject mouse was then allowed to freely explore 

the stimulus mouse for five minutes. After five minutes, both animals were placed back 

into their respective home cages. The interaction chamber was cleaned with 70% ethanol. 

At the recall session, the original stimulus mouse was placed back into the wired 

enclosure. An additional wire enclosure was added, containing a novel stimulus mouse. 

The subject mouse was then allowed to explore both stimulus mice for five minutes. The 

time each animal spent interacting with stimulus mice was recorded and scored. 

Interaction was defined as defined previously. An exploratory preference index was 

constructed by dividing the amount of time spent exploring the novel social stimulus by 
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the total amount of time exploring either social stimuli. The experimenter was blinded to 

the genotype of subject mice. 

Open field non-social and social interactions 

On the day of the experiment, the recorded mouse was placed in the interaction 

chamber (50 cm diameter, 40 cm tall) for habituation for 30 minutes. The recorded mouse 

was then transferred back to the home cage to rest for 30 minutes. Following home rest, 

the recorded mouse was placed in the interaction chamber for 3 minutes of habituation 

followed by 5 additional minutes during which a novel object (non-social), a novel 

conspecific male (social), or a novel conspecific female (social) was placed in the 

chamber at random. Following interactions, the recorded mouse was transferred back to 

the home cage to rest for at least 30 minutes before starting the next interaction 

paradigms. The process was repeated until each recorded mouse had interacted in all four 

experimental conditions. 

Immunohistochemistry  

Mice were perfused transcardially with 0.01M phosphate buffered saline (pH 

adjusted to 7.4) for 3 to 4 minutes until no blood was detected in the infused saline. 

Perfusion solution was then changed to 4% paraformaldehyde in 0.01M PBS for 20 to 30 

minutes until the body hardened. Brains were then removed and stored overnight in 4% 

paraformaldehyde solution at 4 degrees Celsius. Following overnight fixation, the brains 

were transferred to 30% sucrose for cryoprotection for two days until the brains do not 

float in the concentrated sucrose solution. Brain slices were cut using a cryostat at 40 µm 

per section and placed in 0.01M PBS, free floating. As a control for staining, all sections 

were stained on the same day using the same prepared solutions throughout the staining 
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procedure. For staining, sections were washed with 0.3% Triton X-100 in 0.01M PBS (3 

washes, 15 minutes each, with agitation) and then incubated in blocking solution (0.3% 

Triton X-100 in 0.01M PBS containing 5% goat serum) for two hours at room 

temperature with agitation. The sections were washed again (3 washes, 15 minutes each, 

with agitation) and then incubated with primary antibody (anti-tyrosine hydroxylase 

antibody, Millipore AB152, 1:1000; anti-GFP antibody, Abcam AB 13970, 1:1000; 

diluted in 0.3% Triton X-100 in 0.01M PBS) at 4 degrees Celsius overnight with 

agitation. As a control, all sections were stained on the same day using the same prepared 

solutions. The following day, slices were washed (3 washes, 15 minutes each, with 

agitation) and then incubated in secondary antibody (Alex 633 goat anti-rabbit, 

ThermoFisher A-21070, 1:500; Alexa 488 goat anti-chicken, Abcam 150169, 1:500; 

diluted in 0.3% Triton X-100 in 0.01M PBS) for two hours at room temperature with 

agitation and protected from light. Afterwards, sections were washed in 0.01M PBS only 

(3 times, 15 minutes, with agitation). Sections were then mounted on precleaned 

microscope slides (Fisherbrand, frosted), and air-dried in darkness. Mounting media 

(VectaShield Antifade) were applied onto the sections, and the sections were covered 

with coverslips. Confocal microscope (Zeiss LSM 780) was used to obtain the 

fluorescence images.  

Statistical analysis 

Data were analyzed using a pairwise two-tailed t test, unpaired two-tailed t test (Mann 

Whitney U), one-way ANOVA with Bonferroni Post-hoc analysis, one-way ANOVA 

with Tukey’s multiple comparison, or two-way ANOVA with Bonferroni Post-hoc test 

where appropriate using GraphPad prism 7.02. 
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V. DISCUSSION 
 

 

 

The overall aim in our study was to examine, on a population level, how VTA DA 

neurons subserve both fear processing and social motivation. A common mechanism in 

fear processing and social motivation may explain why abnormal fear and social deficits 

are often present as comorbidities in many psychiatric disorders. Using genetic 

manipulation, optogenetics, in vivo eletrophysiological recordings, and behavioral assays, 

we provided novel insight into how DA neurons participate in both fear processing and 

social motivations. Our findings are as follows: 

Fear Processing 

1. At least two populations of DA neurons exist that can be separated using 

computational analysis of firing patterns  

2. Unlike the specific-to-general variable responses seen in pyramidal neurons, DA 

neurons exhibit uniform responsivities to four fearful stimuli regardless of 

subtypes 

 

Social Cognition 

1. DA neurons play an important role social motivation by increasing burst firing, 

which is dependent on  DA NMDA receptors 
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2. DA NMDA receptors are not necessary for social memory formation 

3. Social deficits caused by ablation of NMDA receptors are inducible and 

reversible in adulthood, independent of development 

In literature, at least two types of DA responsiveness to aversive stimuli have been 

reported (Matsumoto and Hikosaka, 2009; Wang and Tsien, 2011b). To facilitate 

identification of these neural subtypes without the need of exposure to fearful 

experiences, we devised a computational method (ISICA) to characterize neurons based 

on interspike interval (ISI) distribution and spike activity firing patterns. We identified 

two types of DA neurons that differ in their ISI and firing probability. Consistent with 

previous findings, we found a group of DA neurons responding to fear stimuli with firing 

inhibition, while another group responding to fear stimuli with firing excitation. 

Importantly, neural classification based on ISICA appears to be reliable regardless of the 

state that the animal is experiencing. This feature is crucial for in vivo data analysis 

across various types of behavior. Anecdotally, fearful events appear to be the only time 

these two groups of neurons differ in responsivities. For example, both groups respond 

identically to social interactions with elevation of burst firing. Although these two groups 

of DA neurons have been hypothesized to encode salience and valence (Matsumoto and 

Hikosaka, 2009), no study to-date has yet to dissect the functional difference between 

them and how they contribute differently to fear processing. Nevertheless, our analytical 

method and findings represent an initial step for future investigation into DA subtypes 

and their respective functional circuits using in vivo electrophysiological recording 

methods.  
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Although DA neurons have been demonstrated to respond to aversive stimuli, no 

comparison to-date has been done across multiple fearful stimuli for a single cell or on a 

population level. Understanding how fearful stimuli are encoded and processed by DA 

neurons may advance our understanding of the computational role of DA in the fear 

circuit.  We therefore examined DA neural responsivities to multiple types of unpredicted 

aversive stimuli. Our results indicate that regardless of their subtypes, DA neurons 

uniformly respond to multiple types of fearful stimuli in their predicted manner. That is, 

aversive-inhibited type showed firing inhibition during shaking, free fall, foot shock, and 

airpuff stimulations; aversive-activated type showed firing excitation during shaking, free 

fall, foot shock, and airpuff stimulations. Additionally, we also showed that unlike 

forebrain excitatory pyramidal neurons, DA neurons demonstrated general responsivities 

to all fearful stimuli. Together, these findings suggest that DA neurons, as we 

hypothesized, may indeed serve as a dichotomous valence center, which is able to assign 

value (good or bad) to multiple types of fearful experiences that an organism may 

encounter throughout its lifetime. Computationally and evolutionarily speaking, the 

dichotomous encoding serves as an efficient and simple way to deal with large amount of 

salient information in the environment and allow adaptive behaviors. However, its 

simplicity also represents a vulnerable system that can be pathologically altered to 

manifest diseases and disorders. Indeed, we proposed the Rebound-Excitation Theory to 

describe, in details, how alteration in DA circuits may lead to psychiatric disorders such 

as PTSD. In short, the Rebound-Excitation Theory argues that DA activities may serve as 

an important temporal safety signal to prevent the development of PTSD.  
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In the social interaction study, we used a battery of tests to measure social cognition 

in our mutant mice. While social recognition memory and object recognition memory 

remained intact DAT-NR1-KO exhibited deficits in social motivation/approach, which 

was evaluated using both one-chamber and three-chamber social interaction paradigms. 

However, DAT-NR1-KO mutants exhibited normal social interaction time in social 

novelty seeking and social memory recall tasks. This suggests that social memory, social 

novelty seeking, and social motivation may be a distinct aspect of social cognition that is 

modulated by separate neural circuits, and that intact social memory combined with 

social novelty seeking can compensate for reduced social motivation to increase social 

interactions.  

To further examine the neural mechanism underlying the social deficits, we 

utilized large-scale in vivo electrophysiological recordings to measure VTA DA activities 

during non-social and social interactions. Sustained elevation of burst type firing was 

observed during social interactions in WT mice. However, DAT-NR1-KO did not 

increase bursting during social interactions, which likely account for the reduced social 

interactions. Importantly, burst firing elevation appears to be specific for social 

interactions only, as neither interaction with a novel object nor explorations in a novel 

chamber induce such changes. It is noteworthy that because DAT-NR1-KO exhibit 

reduced burst firing even during resting states, we cannot determine for certain if the 

reduction in social interactions resulted from an absolute reduction in burst firing or from 

the inability to elevate burst firing during social interactions. The answer is likely to be 

the latter since high frequency, burst-like stimulation during social interactions can 

increase social interactions even in WT animals (Gunaydin et al., 2014) 
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Notably, both fear-inhibited DA neurons and fear-activated DA neurons appear 

indistinguishable in their responsivities during social interactions, as both subtypes 

showed elevated percentage of spikes fired in burst and number of spikes in burst during 

social interactions. In the literature, it is postulated that fear-inhibited DA neurons encode 

valence while fear-activated DA neurons may encode motivational salience (Matsumoto 

and Hikosaka, 2009). It is likely that fear-inhibited DA neurons may encode social 

valence while fear-activated DA neurons may encode social motivational salience. In the 

case of social interactions, it is conceivable that both social valence and salience systems 

are simultaneously activated to achieve normal social behaviors. Using optogenetics, 

viral tracing, and in vitro electrophysiological recordings, DA neurons that differ in input 

and projection has been reported (Lammel et al., 2008; Lammel et al., 2011; Lammel et 

al., 2012). Future investigation of input and projections in fear-inhibited neurons and 

fear-activated DA neurons may be of clinical value. For instance, it is conceivable that 

social valence and social salience signals may alter social cognition and motivations 

differently. Indeed, optical stimulation of DA neurons that project to the NAc, a valence 

processing hub, increases social interactions, whereas stimulation of DA neurons 

projecting to the mPFC, a major salience center, do not alter social interactions 

(Gunaydin et al., 2014) 

Paradoxically, in social defeat paradigms, mice that are susceptible to social 

defeat stress exhibit social avoidance behavior correlated with increased DA neuron 

firing rates and bursting events (Cao et al., 2010; Krishnan et al., 2007) (however, also 

see stress studies showing decreased DA neuron firing rates and bursting (Friedman et 

al., 2008; Tanaka et al., 2012; Tye et al., 2013). One possibility is that social stress 
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recruits additional neural circuits, such as the stress circuit from the amygdala and the 

medial prefrontal cortex, to modulate social avoidance behaviors. Another possibility is 

that optimal functions of DA neurons (inverted U) are necessary for normal social 

behaviors, and that either hypo- or hyperactivity in DA neurons may be detrimental to 

social behaviors. Indeed, directional NMDA receptors and DA dysfunctions have been 

observed in several animal models of schizophrenia and autism-like behaviors (Blundell 

et al., 2010; Budreck et al., 2013; Chung et al., 2015; Lodge and Grace, 2008). Clinically, 

the inverted-U nature of optimal DA neuron functions has significant implications for 

treatment of social behavior deficits. Future therapeutic strategies may require physicians 

to offer individualized treatment that tailors to the underlying neural alterations on a case-

by-case basis. 

Taken together, these findings provide evidence that the DA system serves as a 

major processing center for fear processing and social motivation, and offer an 

explanation for why certain comorbidities are commonly observed in psychiatric diseases 

and disorders.  

 

Future Direction 

Future investigation into the anatomical and functional distinction in subtypes of DA 

population is of high significance. Specifically, projection should be investigated using 

retrograde tracing. Projection sites such as the prefrontal cortex, the amygdala, and the 

nucleus accumbens should be targeted. Furthermore, retrograde opsin induction and 

expression, should be used to investigate how activation or suppression by 

channelrhodopsin or archaerhodopsin, respectively, affect circuit dynamics and 
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behavioral outputs in various tasks involving social cognition and fear processing. In 

addition, the Rebound-Excitation theory should be investigated using large screening of 

wild type animals to identify vulnerable animals to study their rebound safety signal. 

Additionally, the rebound safety signal should be examined in a temporally specific 

manner using optogentics to verify the importance of time-locked rebound excitation. 

Investigations of downstream actions of DA circuits are also important for manifestation 

of behaviors.
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VI. Summary 
 

In short, we have demonstrated that midbrain DA neurons subserve both fear processing 

and social motivation. Using in vivo recordings, our data indicated that DA neurons in 

mice consist of at least two distinct populations that provide uniform valence signal in 

multiple types of fearful events. Furthermore, DA neurons exhibit elevated burst firing 

probabilities during social interactions only, but not novel object interactions. These 

findings are further supported by behavioral data showing alterations in DA activities can 

lead to pathological social interactions. Together, these data have significant clinical 

implications for various psychiatric disorders. Indeed, manipulation of DA circuit may be 

an attractive venue to offer targeted therapy for patients suffering from PTSD, 

generalized anxiety disorder, schizophrenia, and autism to reduce or even reverse 

symptoms in adulthood.  
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