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Abstract 

Ventral tegmental area GABA neurons mediate stress-induced blunted reward-seeking 

Daniel C. Lowes 

 

Decreased reward-seeking, often called anhedonia, forms a core symptom of depression. 

Often, decreased reward-seeking appears as impaired reward anticipation. Stressful experiences 

precipitate depression and disrupt reward-seeking, but it remains unclear how stress causes 

anhedonia. To determine how stress alters neural communication, we recorded simultaneous 

neural activity across limbic brain areas as mice underwent stress and discovered a stress-induced 

4 Hz oscillation in the nucleus accumbens (NAc) local field potential (LFP) that predicts the degree 

of subsequent blunted reward-seeking. This 4 Hz oscillation exhibited strong coherence between 

the ventral tegmental area (VTA) and the NAc. Through pharmacological inhibition of the VTA, 

we found that VTA neural activity is necessary for the generation of the 4 Hz oscillation, and 

extracellular recordings of multi-unit activity in the VTA reveal that VTA neural activity leads the 

phase of the 4 Hz NAc oscillation. 

We used transgenic mouse lines to selectively express the inhibitory opsin 

Archaerhodopsin in dopamine (DA), GABA, and glutamate neurons in the VTA. We combined 

cell type specific optogenetic inhibition with extracellular single-unit recordings in the VTA and 

LFP recordings in the NAc to identify the phase-locking of specific cell type spiking with the NAc 



 

 

4 Hz oscillation, as well as to identify the extent to which VTA populations contribute to the 

generation of the 4 Hz NAc oscillation. We found that VTA GABA neuron firing leads the phase 

of the 4 Hz NAc oscillation, and that VTA GABA activity is necessary for the generation of the 4 

Hz NAc oscillation. This result led us to determine whether rhythmic VTA GABA activity 

contributes to stress-induced anhedonia. 

Surprisingly, while previous studies on blunted reward-seeking focused on DA 

transmission from the VTA to the NAc, we found that VTA GABA neurons mediate stress-induced 

blunted reward-seeking. Inhibiting VTA GABA neurons during stress disrupts stress-induced NAc 

oscillations and rescues reward-seeking. By contrast, mimicking this signature of stress by 

stimulating NAc-projecting VTA GABA neurons at 4 Hz in the absence of stress reproduces both 

oscillations and blunted reward-seeking. Finally, we found that stress disrupts VTA GABA, but 

not VTA DA, neural encoding of reward anticipation. Thus, stress elicits rhythmic VTA-NAc 

GABAergic activity that induces VTA GABA mediated blunted reward-seeking.
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Chapter 1: Introduction  

1.1 Anhedonia in psychiatric disorders 

Reward processing deficits, often called “anhedonia”, are debilitating symptoms of major 

depressive disorder (MDD). The French psychologist Théodule-Armand Ribot initially defined 

anhedonia as the inability to experience pleasure (1). Today, the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-5) similarly defines anhedonia as ‘markedly diminished interest or 

pleasure in all, or almost all activities most of the day, nearly every day’ (2). Either anhedonia or 

depressed mood must be present for a diagnosis of MDD. Anhedonia is present in 37-95% of MDD 

patients, but is not effectively treated by antidepressants (3, 4). Thus, the presence of anhedonia is 

predictive of poor treatment outcome (5), and forming a better understanding of anhedonia is an 

important goal for the development of more effective antidepressants.  

Complicating the issue, the historically vague definition of the symptom “anhedonia” refers 

to a deficit in reward processing without specifying an aspect of the reward experience as 

dysfunctional. For example, neuroscientists divide the reward experience into “wanting”, “liking”, 

and “learning” stages depending on whether the individual is seeking reward, experiencing reward, 

or updating their expectation of the reward’s value (6, 7). Others also propose option generation 

(thinking of rewarding actions to take) and option selection (choosing to partake in a rewarding 

action) as additional parts of reward processing (8). As a clinical determination of “anhedonia” 

could result from impairment in any one or combination of these phases of reward processing, 

there is a need for specificity in both the classification and the diagnosis of reward processing 

deficits. 

To improve the classification and research of psychiatric disorders, the National Institute of 

Mental Health (NIMH) developed the Research Domain Criteria (RDoC) (9). The RDoC 
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comprises endophenotypes seen in psychiatric disorders that are divided into six domains: negative 

valence, positive valence, cognitive systems, systems for social processes, arousal/regulatory 

systems, and sensorimotor systems. Within each of these domains, the NIMH proposes a set of 

behavioral constructs as well as genes, molecules, cells, circuits, physiology, behavior, self-report 

measures, and paradigms to increase the translational potential of preclinical and clinical research. 

Of interest for reward processing research, the positive valence domain includes constructs that 

correspond to “wanting”, “liking”, and “learning”. 

While the diagnosis of MDD still relies on the imprecise DSM anhedonia symptom, there is 

evidence that more specific criteria may have comparable validity. Asking subjects if they had 

“diminished drive” was a strong predictor of MDD comparable to the DSM-IV anhedonia 

symptom “markedly diminished interest or pleasure in most or all activities” (10-12). The standard 

anhedonia symptom was not directly compared to “diminished drive” in the same study, but 

diminished drive was second only to depressed mood in its ability to identify MDD (11). This 

finding is impressive, as depressed mood is a core symptom that is necessary for the diagnosis of 

MDD. This result suggests that the general symptom of anhedonia could be replaced with the more 

specific symptom of diminished drive without sacrificing diagnostic power, and that anhedonia in 

MDD may specifically reflect decreased motivation. 

People with schizophrenia and substance use disorders can also experience anhedonia. In 

schizophrenia, anhedonia can occur as a negative symptom, as can avolition and asociality (2). As 

people with schizophrenia also experience positive and cognitive symptoms as well, anhedonia in 

schizophrenia can be different than anhedonia in MDD. While anhedonia in schizophrenia can 

include similar reductions in reward anticipation and motivation as in MDD, it can also involve 

the inappropriate allocation of attention to non-reward cues (13-15). In substance use disorders, 
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anhedonia is present during withdrawal, where it is thought to reflect impaired sensitivity of the 

dopamine system to rewards (16-18). The anhedonia present in withdrawal also differs from that 

of MDD, as people experience decreased motivation for non-drug-related stimuli while 

experiencing increased drug craving. As anhedonia is a core symptom of MDD, I will focus mostly 

on anhedonia as it relates to this disorder, although anhedonia in schizophrenia appears to share 

some similarities with anhedonia in MDD. 

Many existing animal models of MDD utilize behaviors that are not directly translatable to 

human behavior (19, 20). Clinical studies with human subjects provide the most reliable way to 

study anhedonia in depression, as researchers can perform specific measurements to differentiate 

“wanting”, “liking”, and “learning” and to provide a richer understanding of reward processing in 

people with MDD.  

 

1.1.1 Wanting 

The anticipation or “wanting” phase before reward appears to be the key part of reward 

processing impaired in people with anhedonia. “Wanting” can itself describe behaviors related to 

incentive salience, including reward cue-evoked anticipatory responses, engaging in motivated 

behavior to obtain a reward or reward-predicting cue, or the conscious expectation of a future 

reward (6, 7). Different neural circuits may underlie these subcomponents of “wanting”, although 

most clinical studies of “wanting” rely on reported expectation of future rewards. However, there 

is some evidence that both reward expectation and motivated behavior are impaired in people with 

anhedonia. 

Numerous studies find that subjects with MDD or schizophrenia report reduced enjoyment 

when rating prospective, retrospective, or hypothetical rewarding experiences (21-24). 
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Researchers have measured anticipatory anhedonia using the Hamilton Depression Rating Scale 

(HDRS). Developed as a method of diagnosing depression, the HDRS is a 17-item semi-structured 

clinical interview used to rate the severity of a wide variety of symptoms, such as depressed mood, 

feelings of guilt, and insight (25, 26). Perhaps as a consequence of surveying a wide range of 

symptoms, the HDRS total score is a weak index of depression severity (27). Still, researchers 

have found utility in focusing on specific sections of the HDRS. One section of the HDRS focuses 

on work and interests. In this part of the HDRS the interviewer asks subjects how they spend their 

time outside of work, whether they feel interested in doing those things, and whether there is 

anything they are looking forward to do (25, 26, 28). Researchers can use the results of this section 

of the HDRS to approximate anticipatory pleasure.  

Interestingly, self-reported reward expectation appears to be related to motivation to pursue 

a reward. Reward processing research commonly uses the progressive ratio task to study 

motivation. In this task, the experimental subject must perform a behavior (e.g., nosepoke or lever 

press for rodents, or mouse click or key press for humans) a certain number of times to earn a 

reward. After successfully earning a reward, the number of responses needed to earn an additional 

reward will increase according to the reward schedule of the task. Eventually, the subject decides 

that the reward is no longer worth the number of responses needed to earn the reward, and ceases 

to perform the behavior. Researchers refer to the final schedule at which the subject decides to 

stop responding is referred to as the “breakpoint”, and report this value as a measure of motivation. 

Researchers find that self-reported reward expectation from the HDRS correlates with the 

motivation to view cartoons, as measured by calculating a breakpoint for click-cost (28). 

As an attempt to standardize the measurement of self-reported reward anticipation and reward 

consumption as separate parts of the reward experience, researchers developed the Temporal 
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Experience of Pleasure Scale (TEPS) (29). This scale has 10 items to measure anticipatory pleasure 

and 8 items to measure consummatory pleasure. Using TEPS, researchers found decreased 

anticipatory pleasure in subjects with subsyndromal depression, MDD, and schizophrenia (30, 31). 

As with HDRS, studies using TEPS to measure reward anticipation find a relationship between 

self-reported expectation and the motivation to work for rewards. In subjects with MDD, 

anticipatory pleasure as measured by TEPS correlates with the proportion of high-cost/high-reward 

trials chosen in the Effort Expenditure for Rewards Task (EEfRT) (30, 32). In each trial of the 

EEfRT, subjects must decide whether to perform a more difficult high-cost task (i.e., press a key 

with a non-dominant pinky finger 20 times in 4 seconds) for a larger possible reward, or an easier 

low-cost task (i.e., press a key with a dominant index finger 10 times in 4 seconds) for a smaller 

possible reward. As further evidence that motivation is impaired in people with anhedonia, subjects 

with MDD chose fewer high-cost/high-reward trials than healthy controls, instead preferring to 

perform low-cost/low-reward trials.  

While specialized surveys like TEPS improve the measurement of anticipatory versus 

consummatory pleasure, they still have the confound of measuring hypothetical experiences that 

may not reflect in-the-moment attitudes. To circumvent this confound, studies using experience 

sampling page subjects intermittently over the course of a week and ask them to journal their 

current and future activities as well as their experienced or expected enjoyment of these activities. 

Using experience sampling, researchers found that patients with schizophrenia engage in fewer 

goal-directed tasks (e.g., making dinner, running an errand, working or studying) than healthy 

controls (33). In addition, subjects with schizophrenia anticipate experiencing less pleasure from 

future activities (especially goal-directed activities) than healthy controls. However, the actual in-

the-moment enjoyment (consummatory pleasure) of goal-directed activities was similar between 
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patients and controls. The authors of this study found similar results from a TEPS survey, with 

patients with schizophrenia reporting normal consummatory pleasure levels but decreased 

anticipatory pleasure levels. However, a different study with a larger sample size of patients with 

MDD and patients with schizophrenia reported both consummatory and anticipatory anhedonia 

using TEPS (31). As symptom presentation can be very variable in MDD and schizophrenia, this 

larger sample size may better detect reward processing changes that might not be present in all 

patients (34-36). Other studies using experience sampling find that mildly depressed subjects 

spend less time engaged in activities likely to result in future rewards, engage in fewer activities 

overall, and engage less time in tasks that were likely to result in immediate rewards (37). 

Interestingly, experience sampling also reveals that MDD subjects report that tasks they were 

engaged in require more effort than healthy controls (38). This result provides further evidence 

that “wanting” is impaired in MDD both with respect to reward anticipation and the motivation to 

exert effort to work for rewards. 

 

1.1.2 Liking 

“Liking” refers to the hedonic reaction to a reward during its consumption. In mice, this is 

measured with the amount of licking in response to different concentrations of sweet solution in a 

gustometer task (39, 40), or by measuring the number of orofacial expressions in response to a 

sweet solution (40, 41). In humans, we can also assess liking by measuring orofacial responses to 

sweet solutions, although we can more simply ask subjects to rate the perceived pleasantness of a 

sweet solution (42). This method finds no reduced hedonic appreciation of rewards in MDD (43-

46). This data is consistent with the previously mentioned studies using TEPS and experience 
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sampling, suggesting that anhedonia in psychiatric disorders does not reflect an impairment of in-

the-moment appreciation of pleasurable stimuli (22, 24, 47). 

As mentioned above, one study using TEPS finds higher levels of consummatory anhedonia 

in both MDD and schizophrenia patients compared to healthy controls (31). However, a different 

TEPS study using fewer subjects found only differences in anticipatory anhedonia scores between 

subjects with schizophrenia and healthy controls (33). This discrepancy suggests there may be a 

difference in effect size between the two measurements, where the difference in consummatory 

anhedonia scores in schizophrenia is small compared to the difference in anticipatory anhedonia 

scores. Consistent with this interpretation, within each study the measured percent change in 

anticipatory anhedonia was 1.6-3.6 fold larger than the measured percent change in consummatory 

anhedonia (31, 33). Alternatively, the need for a larger sample size may indicate that 

consummatory anhedonia is a less common presentation of anhedonia in schizophrenia, reflecting 

another way in which schizophrenia is a heterogeneous disorder (36). 

Some researchers have used the Snaith-Hamilton Pleasure Scale (SHAPS) to measure 

consummatory anhedonia, although the validity of this application is unclear. SHAPS is a self-

report survey that asks subjects to rate how strongly they agree with statements like “I would be 

able to enjoy my favorite meal” (48). SHAPS can detect a greater anhedonia score in MDD and 

schizophrenia patients compared to control subjects (28, 49, 50). Unfortunately, SHAPS does not 

make a clear distinction between anticipatory and consummatory anhedonia, as the statements 

presented to subjects are all hypothetical future reward events (“I would be able to enjoy…”). As 

such, SHAPS score strongly correlates with the work and interests section of the HDRS (51). 

However, a study that used SHAPS score as a measure of consummatory anhedonia did not find a 

correlation between SHAPS and motivation, despite finding a correlation between motivation and 
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the work and interests section of the HDRS (28). Interestingly, this study found no difference 

between MDD and control subjects in the reported “liking” of humorous cartoons, which may 

further support the hypothesis that there is relatively less consummatory anhedonia than 

anticipatory anhedonia in MDD (28). 

 

1.1.3 Learning 

There is evidence of cognitive distortions in MDD, such that positive experiences are weighed 

less when updating future expectations, and negative experiences are weighed more when updating 

future expectations (52). This cognitive symptom predicts the first onset of a depressive episode 

and is hypothesized to be a vulnerability factor for MDD (53, 54). Many of the studies looking at 

cognitive function in MDD do not test the impact of this distortion on learning a reward task, 

however.  

One method to study reward processing is a response bias task. In one version of this task, 

subjects must correctly identify whether a short mouth or a long mouth briefly appears on a cartoon 

face. The subjects receive reward feedback after some correct responses, in an asymmetric design. 

For example, a subject may receive reward feedback after 75% of trials in which they correctly 

identify the short mouth, but only after 25% of trials in which they correctly identify the long 

mouth. In healthy subjects, this experimental design produces a response bias toward the stimulus 

that more frequently rceives feedback (55). Several studies using this behavior find that subjects 

with MDD, unlike healthy controls, do not develop a response bias towards the stimulus that more 

frequently receives reward feedback (55-58). Interestingly, baseline response bias is predictive of 

persistent MDD after 8 weeks of treatment (59). 
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Other experimental tasks also reveal a deficit in reward learning in MDD. Healthy controls 

learned a task with positive feedback better than medicated and unmedicated subjects with MDD 

(60). In the same report, healthy controls and unmedicated MDD subjects learned a task with 

negative feedback equally, although medicated subjects with MDD learned the negative feedback 

task more slowly. In a study looking at rates of learning a reward task, researchers found that 

subjects with MDD had impaired reward learning, and this impairment in reward learning 

correlated with anhedonia severity (61). Researchers also found impaired reward learning in 

unmedicated subjects with MDD (62). It should be noted that it is difficult to dissociate pure 

reward learning from reward anticipation, as the purpose of reward learning is to update the 

expectation for future rewards. Thus, future studies designed to disambiguate wanting and learning 

are needed to confirm the presence of reward learning deficits in anhedonia. 

 

1.1.4 Behavioral activation and conclusion 

The prevailing evidence suggests that anhedonia mainly presents as a deficit in motivation 

(wanting), with possible smaller contributions of impaired liking and learning. Clinicians have 

developed a cognitive behavioral treatment known as behavioral activation has been developed to 

try to restore normal engagement in rewarding activities in anhedonic individuals. While the 

enjoyment of rewarding activities appears to remain intact in disorders like MDD, the motivation 

to pursue such activities and the ability to update the expectation of future enjoyment of the activity 

is impaired. To circumvent this deficit, the practice of behavioral activation involves scheduling 

enjoyable activities. Thus, although an individual may not initially have the desire to engage in an 

activity, performing the rewarding activity as scheduled will still be enjoyable. Meta-analysis 

indicates a large effect of behavioral activation in helping subjects with MDD (63), and there is 
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also evidence that behavioral activation increases striatal activation during reward anticipation in 

subjects with MDD (45). Behavioral activation can be an effective strategy to help people suffering 

from anhedonia, although there is much we do not know about how anhedonia manifests itself at 

a neural circuits level. Thus, there is a need to learn more about the neural circuits underlying 

anhedonia, as a better understanding of the neural basis of anhedonia may help us to improve on 

the success of behavioral activation and to develop new treatments for this endophenotype.   

 

1.2 Reward processing at the neural circuit level 

1.2.1 VTA DA neurons encode reward prediction error 

The mesolimbic dopamine (DA) system has long been established as important in reward 

processing. Electrical stimulation of this pathway is reinforcing (64), a result which has been 

replicated with optogenetic stimulation of VTA DA neurons (65, 66). In addition, DA receptor 

antagonists inhibit responding for rewards (67, 68) and addictive drugs modulate the DA system 

(16). 

Singe neuron recordings of midbrain dopamine neurons reveal that these neurons change 

their firing rate in response to delivered or omitted rewards. Midbrain DA neurons exhibit tonic 

action potential firing and phasic bursts of activity (69). In a Pavlovian task in which monkeys 

learned to associate an auditory cue with the delivery of a juice reward, midbrain DA neurons 

exhibit a phasic increase in firing rate in response to reward delivery during training (70, 71). As 

the monkeys learned the task, phasic DA firing shifted earlier in time to coincide with the 

presentation of the reward-predicting auditory cue (72, 73). When the researchers delivered a 

reward when the monkeys did not expect it, DA neurons would again exhibit burst firing in 

response to the reward (71, 74, 75). Conversely, when the researchers presented a reward-
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predicting cue but omitted the reward or delivered the reward later than expected, there was a 

decrease in DA firing below baseline (72, 74, 76, 77). These early studies relied on 

electrophysiological identification of DA neurons, which is not always reliable (78, 79). However, 

researchers later replicated these results with single unit recordings from optogenetically identified 

VTA DA neurons (80-82). 

The findings that DA neuron firing rates increase in response to unexpected rewards, do not 

change in response to expected rewards, and decrease in response to unexpected reward omission 

lead to the hypothesis that DA neurons encode reward prediction error (RPE), the difference 

between actual reward value and predicted reward value: 

ὙὩύὥὶὨ ὴὶὩὨὭὧὸὭέὲ Ὡὶὶέὶ ὙὖὉ ὃὧὸόὥὰ ὶὩύὥὶὨ ὺὥὰόὩὴὶὩὨὭὧὸὩὨ ὶὩύὥὶὨ ὺὥὰόὩ 

Notably, this theory suggests that VTA dopamine neurons integrate inputs containing reward 

expectation information and actual reward information. The prevailing RPE model is the temporal 

difference (TD) error model: 

‏ ὶ ‎ὠ ὠ 

Where ŭt is the TD error, or the RPE at time t; rt is the reward at time t; γ is a discounting factor 

between 0 and 1 that weights recent rewards, and ὠ is the expected value at time t (73). When γ 

is close to 1 and no immediate reward is present, the TD error approximates the derivative of value: 

‏ ὠ ὠ  

‏
Ὠὠ

Ὠὸ
 

Notably, the values of ὠ  and ὠ change over the course of time, and by definition ὠ  describes 

the value at a timepoint immediately after ὠ. Thus, when an animal begins to expect reward (e.g., 

when a reward-predicting cue is presented), the value of ὠ  increases (increasing ), and there 
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is a positive TD error observed as a burst of VTA DA neuron firing. As the time of the expected 

reward arrives, the value of ὠ  returns back to its baseline level, producing a negative value of 

. If the expected reward is not delivered, a negative TD error occurs and VTA DA neuron firing 

rate decreases. However, if the reward is delivered as expected, the reward value term cancels out 

 and VTA DA firing does not change. A recent study validates the application of this model to 

VTA DA neuron activity (83). 

 The RPE signal produced by VTA DA neurons is essential for reward learning. 

Optogenetic stimulation of VTA DA neurons during reward delivery artificially increases the RPE 

signal of these neurons and enhances reward learning (84). Similarly, inhibiting VTA DA neurons 

during reward delivery artificially decreases the RPE signal and decreases the likelihood of future 

responding (85).  

 

1.2.2 VTA GABA neurons may encode reward expectation and aversion 

In order to calculate reward prediction error, VTA DA neurons need to integrate 

information about the expected reward value and the actual reward value. The TD error model of 

RPE predicts that this integration involves linear subtraction, although neurons can also integrate 

information multiplicatively by adjusting the gain of synaptic inputs and outputs (86). The finding 

that midbrain DA neurons decrease firing when expected rewards are omitted suggests that reward 

expectation information may be conveyed by inhibitory neurons (72-74, 76, 77). VTA GABA 

neurons are a prime candidate for carrying expectation information, as these neurons directly 

inhibit VTA DA neurons (87-94) and other VTA GABA neurons (87, 89, 94). 

To identify whether expectation information is subtracted from VTA DA neurons in a linear 

fashion (as predicted by the TD error model), or whether expectation modulates the input/output 
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gain of VTA DA neurons in a multiplicative manner, Eshel and colleagues generated input/output 

curves of the firing rates of optogenetically identified VTA DA neurons to variable reward sizes 

(95). By comparing input/output curves between trials with and without a reward-predicting cue, 

the authors found that reward expectation does in fact involve linear subtraction from the VTA 

DA firing rate. Furthermore, they found that stimulation of VTA GABA neurons during 

unexpected reward delivery produced a linear decrease in the VTA DA response curve, and that 

inhibiting VTA GABA neurons during expected reward delivery increased the VTA DA response. 

One study found that stimulation of VTA GABA neurons during a reward-predicting cue did not 

affect anticipatory licking, but that VTA GABA stimulation during reward consumption disrupts 

reward licking (90). However, chemogenetic and optogenetic activation of VTA GABA neurons 

inhibits responding to reward-predicting cues (95-97). The discrepant finding that optogenetic 

stimulation of VTA GABA neurons during cue presentation may or may not affect anticipatory 

licking may arise from differences in the stimulation protocols. Constant illumination that 

coincides with cue onset and offset does not affect anticipatory licking (90), but ramping 

illumination that begins before cue onset and ends after reward delivery decreases anticipatory 

licking (95). It is possible that continued VTA GABA stimulation during reward delivery is 

necessary for this effect on anticipatory licking, as increased VTA GABA activity may devalue 

the reward to impair future reward anticipation. This possibility could be consistent with data 

provided from the constant illumination study, as the researchers found that when they stimulated 

VTA GABA neurons for a prolonged time beginning with reward delivery, there was a trend-level 

decrease in anticipatory licking in future trials (90). However, more experiments directly testing 

the impact of VTA GABA manipulations on reward anticipation behavior are needed to determine 

the extent to which these neurons encode reward expectation. 
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While we need more experiments to determine the extent to which VTA GABA neurons 

encode reward expectation, we do have converging evidence that these neurons encode aversion. 

Aversive stimuli, including air puffs, footshocks, and looming stimuli, excite VTA GABA neurons 

(80, 89, 98, 99). In addition, optogenetic stimulation of VTA GABA neurons produces conditioned 

place aversion (89). The mechanism through which this occurs likely involves direct inhibition of 

VTA DA neurons, as optogenetic stimulation of VTA GABA neurons inhibits VTA DA firing and 

optogenetic inhibition of VTA DA neurons also produces conditioned place aversion (89).  

While many proposed models of the significance of VTA GABA activity assume that their 

main function is to inhibit VTA DA neurons, a subset of VTA GABA neurons project outside of 

the VTA. So far, researchers have identified VTA GABA projections to the NAc, PFC, and lateral 

habenula, although the significance of these projections is not clear (100-102). Most studies of 

VTA GABA projection neurons have focused on projections to the NAc. Approximately 25-36% 

of VTA-NAc projections are GABAergic (103, 104). Attempts to inhibit VTA GABA terminals 

in the NAc suggest that these projections may not facilitate reward behavior (96). In this study the 

researchers used local infusions of clozapine N-oxide (CNO) in the NAc to inhibit VTA GABA 

terminals expressing inhibitory DREADDs, although it is not clear how effectively this method 

inhibited this cell population. Chemogenetic inhibition of presynaptic terminals can occur via G 

protein-coupled inwardly-rectifying potassium (GIRK) channel membrane hyperpolarization or 

via calcium channel inhibition that decreases neurotransmitter release, and the mechanism 

involved may vary by cell type or compartment (105, 106). In addition, VTA GABA projections 

in the NAc are sparse and diffuse (107), and local CNO infusions might not have sufficiently 

targeted these projections to affect behavior. Thus, positive control data are needed to better 

interpret the results of this study. A recent study shows that VTA GABA projections to the NAc 
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increase their activity in response to reward-predicting cues and reward delivery (108). 

Interestingly, VTA GABA projections to different subregions of the NAc develop stronger 

responses to cues or rewards over the course of training. The development of a stronger response 

to a reward-predicting cue suggests the projection may be developing a reward prediction 

response. Alternatively, this projection may also encode RPE, as the phasic response to cues 

appears similar to that of VTA DA neurons.  

While there is still much unknown about VTA GABA projections to the NAc, several studies 

provide evidence that these projections synapse onto cholinergic interneurons (CINs) in the NAc 

(100, 108), although projections onto medium spiny neurons (MSNs) have also been reported 

(109). CINs are sparse, comprising only about 1% of neurons in the NAc, but they ramify broadly 

(110, 111). These CINs have a characteristic “pause” in activity in response to reward-predicting 

cues and to rewards, and this characteristic activity is important for associative learning (100). 

Activation of NAc-projecting GABA neurons produces a pause in CINs, and stimulating these 

projections during aversive cue presentation enhances learning. While it is not clear whether these 

projection neurons are involved in natural cue learning or the VTA DA RPE calculation, these data 

suggest VTA GABA projections to the NAc may be important for associative learning. 

 

1.2.3 VTA Glutamate neurons encode reward and aversion 

Among the identified cell types in the VTA, VTA glutamate neurons are unique in their 

neurotransmitter identity in that subpopulations of VTA glutamate neurons can co-release 

dopamine or GABA (101, 112). Recordings from optogenetically identified glutamate neurons, 

which may include neurons that co-release dopamine or GABA, suggest that these neurons show 

a mixed response to reward-predicting cues, with some neurons increasing firing rate and with 
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some neurons not responding (113). In the same study, it was found that while opto-tagged VTA 

glutamate neurons may either increase or decrease their firing rate during reward delivery, a vast 

majority of the neurons increased their firing rate to an aversive air puff. To identify the bulk 

activity of different populations of VTA glutamate neurons, researchers have used intersectional 

gene editing methods along with calcium imaging. Intersectional gene editing involves the use of 

different recombinase proteins to target specific overlapping or non-overlapping cell populations 

(114). For example, researchers expressed a genetically encoded calcium indicator (GECI) only in 

cells that express Vglut2 and Vgat, while in a different experiment they expressed a GECI only in 

cells that express Vglut2 and not Vgat (99). With this method, researchers found that VTA neurons 

that only release glutamate increase their activity in response to reward-predicting cues and 

rewards (99). VTA neurons that co-release glutamate and GABA, however, do not increase their 

activity in response to reward predicting cues, contrasting with the finding in this and other studies 

that VTA GABA activity increases during reward expectation (95). VTA neurons co-releasing 

glutamate and GABA did however show activity similar to the RPE activity of VTA DA neurons, 

where they had only a small increase in activity during reward omission, a moderate increase in 

activity when an expected reward was delivered, and a large increase in activity when an 

unexpected reward was delivered (113). Glutamate only, glutamate and GABA co-releaser, and 

GABA population activity all increased in response to an aversive air puff. 

The recent development of genetically-encoded fluorescent neurotransmitter reporters 

allow the study of the specific contributions of neurotransmitter inputs to a target population in 

vivo. Through this technique researchers recently found that there is a decrease in GABA release 

onto VTA glutamate neurons after reward-predicting cues and during reward delivery, but that 

there is heterogeneity in whether glutamate release onto VTA glutamate neurons increases or 
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decreases during these reward-related events (115). Interestingly, despite this heterogeneity in 

glutamate release during reward behaviors, the authors found a consistent increase in glutamate 

release onto VTA glutamate neurons during footshocks and shock-predicting cues, as well as 

corresponding decreases in GABA release onto VTA glutamate neurons during these events. 

Together, these data reveal that both VTA glutamate neurons and VTA glutamate-GABA neurons 

encode reward and aversion. However, they differ in that VTA glutamate neurons respond to 

reward-predicting cues, while VTA glutamate-GABA neurons do not. Further experiments using 

optogenetic manipulations of the VTA glutamate-only subpopulation are needed to establish the 

role these neurons may play in encoding reward expectation or computing RPE in the VTA. 

 

1.24 Conclusion 

The last 40 years of reward circuits research has largely focused on VTA DA neurons, and as 

a result we know that VTA DA neurons are essential for the reward experience and the calculation 

of reward prediction error. However, systems neuroscientists must use a wider lens in order to 

make meaningful conclusions about circuit functions and their relationship to pathological 

behavior.  There is a gap in knowledge regarding how other subpopulations of VTA neurons may 

contribute to reward processing. Continued progress in neural circuits research of the reward 

experience requires taking advantage of the latest technology to allow for in vivo projection- and 

neurotransmitter-specific manipulations and measurements of circuit activity. This knowledge can 

in turn be leveraged to understand how the process goes awry to produce clinical symptoms. 
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Schema 1: Summary of known roles of VTA neurons.   VTA dopamine, glutamate, and 

GABA neurons can all project to the NAc.  Evidence suggests that VTA GABA neurons encode 

both aversive stimuli and reward expectation. VTA GABA neurons can be local interneurons or 

projection neurons that can target the NAc. VTA dopamine neurons encode reward expectation 

and reward prediction err or. VTA dopamine neurons projecting to the NAc medial shell can also 

encode aversive stimuli. VTA glutamate neurons can encode both rewarding and aversive 

stimuli. VTA glutamate neurons that do not co -release additional neurotransmitters can also 

encode reward expectation. *Depending on subpopulation (see Chapters 1.2-1.3). 
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1.3 Stress, anhedonia, and reward processing 

While clinicals studies of people with MDD or schizophrenia are informative of the nature of 

anhedonia, they are limited in that they are largely retrospective and designed as between-subjects 

experiments, meaning that these studies cannot easily test specific hypotheses about how neural 

circuits change to produce anhedonia. However, stress exposure as a manipulation offers a way to 

investigate mechanisms of anhedonia due to the relationship between stress and anhedonia. 

Stressful episodes often precede major depressive episodes (116), and the number of stressful 

events predicts relapse in subjects with MDD (117, 118). Thus, exposing subjects to stress is a 

method of finding insight into the mechanism of anhedonia in both clinical studies and as a 

preclinical model of anhedonia. 

 

1.3.1 Clinical studies 

Relatively few clinical studies examine the effects of acute stress on reward seeking 

behavior, although the existing evidence suggests that stress produces transient anhedonia similar 

to the clinical anhedonia observed in MDD and schizophrenia. Specifically, stress produces 

deficits in wanting and learning, but not liking. 

 

Wanting 

Clinical studies of people with MDD or schizophrenia, retrospective studies of the stress 

exposure of subjects, and studies that involve the acute administration of stress all indicate a 

disruption in the “wanting” phase of reward processing, often measured with respect to reward-

predicting cues.  
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Clinical research into neural activity often relies on functional magnetic resonance imaging 

(fMRI) of blood-oxygen-level-dependent (BOLD) contrast (119). The BOLD contrast image is the 

result of deoxygenated hemoglobin becoming paramagnetic and thus susceptible to imaging with 

magnetic fields (120, 121). The resulting signal represents oxygen use by brain tissue, and 

correlates with local field potentials (LFPs) and spiking (122, 123). Interestingly, the LFP is a 

better predictor of the BOLD signal, and a strong BOLD signal can be present in the absence of 

spiking, suggesting that BOLD is an indicator of synaptic inputs and local processing. As a 

corollary, the BOLD signal cannot clearly distinguish synaptic excitation from synaptic inhibition. 

Due to the organization of blood vessels in the brain, there is also a spatial resolution limit to fMRI 

BOLD imaging (119). This limitation makes it difficult to distinguish signals from smaller brain 

regions. For example, it is difficult to resolve BOLD signals in the substantia nigra from those in 

the VTA (124). Thus, results of fMRI studies may be useful in determining sites of synaptic 

activity change during reward behaviors, although these studies are unable to provide a definitive 

list of affected brain regions or clearly indicate whether neurons in an area are excited or inhibited 

during a behavior. 

fMRI studies of subjects with MDD, subjects with schizophrenia, and stressed subjects 

suggest altered basal ganglia activity, as some studies find decreased striatal activation during 

reward-predicting cues compared to healthy subjects (125-127), although there are conflicting 

reports of no changes in striatal activity (128, 129). This discrepancy may be the result of smaller 

sample sizes and large variability in the measured responses. Interestingly, some of the studies 

reporting decreased striatal activation only find this result in the dorsal striatum, whereas the 

ventral striatum is more commonly thought to play a role in reward anticipation. In a clinical study 



21 

 

focused on stress, stress in the form of negative performance feedback increased right caudate 

BOLD activity during reward anticipation (130). 

Put together, these imaging studies suggest that basal ganglia activity may be altered during 

reward anticipation in MDD, schizophrenia, and stressed subjects. However, the variability of the 

reported results and limitations of BOLD imaging prevent the identification of a clear circuit 

deficit that may contribute to the reward anticipation deficits observed in anhedonia. To establish 

this connection, preclinical models of anhedonia are needed. 

 

Liking  

As mentioned above, a sweet taste test can be performed on human subjects to assay 

“liking” of a reward. Consistent with taste tests performed on MDD subjects, subjects stressed by 

public speaking, performing math problems, and cold pressor stress did not differ in their 

enjoyment of a sweet taste, although stressed subjects did rate the sweet taste as being less intense 

(131). Aside from the discussed behavioral studies of MDD and stressed subjects, it is difficult to 

clearly resolve a BOLD signal of “liking” as opposed to “learning”, given that learning in the form 

of RPE can take place simultaneously with reward enjoyment. One study attempted to disentangle 

liking by correlating fMRI signals with reported food enjoyment, although this approach has yet 

to be applied to the study of possible liking deficits in anhedonic subjects (132). 

 

Learning 

Studies of the effects of acute stress on response bias suggest that stressed subjects exhibit 

deficits similar to subjects with MDD. Acute stress in the form of threat of shock, negative 

performance feedback, or final exam stress, reduces response bias (133-135), similar to subjects 
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with MDD (55-58). The combination of genetic screening with this assay reveals that genetic risk 

factors for depression, including a single nucleotide polymorphism in the corticotropin-releasing 

hormone type 1 receptor and the short allele variant of the 5-HT transporter promoter region 

enhance the effect of stress on response bias (134, 135). These results suggest that reward learning 

is impaired in both stressed and MDD subjects, and that fMRI imaging of stressed and MDD 

subjects may provide insight into the neural source of the reward learning deficit.  

While the time resolution of fMRI imaging makes it difficult to dissociate reward liking 

from reward learning, we can measure a neural proxy of reward learning through experiments in 

which subjects experience RPE. fMRI studies of subjects performing RPE tasks suggest that 

stressed subjects and subjects with MDD exhibit impaired basal ganglia activity during RPE. One 

study found that subjects with MDD exhibited decreased striatal activation during RPE compared 

to controls, and striatal activation during RPE in subjects with MDD negatively correlated with 

the number of the major depressive episodes experienced (62). In addition, this study found 

decreased VTA-striatal connectivity in MDD subjects during RPE. Another study examining the 

impact of a stressor (public performance of math equations) on RPE found that the extent to which 

this stressor increased plasma levels of a stress-responsive cytokine correlated with decreased in 

NAc responses to RPEs (136). While some human imaging studies do not clearly dissociate liking 

from learning responses, they do provide further evidence that basal ganglia activity is altered in 

subjects with MDD and stressed subjects during reward delivery. In subjects with MDD, there is 

decreased NAc and caudate activity during reward delivery (125), and stressed subjects exhibit 

decreased dorsal striatal activity during reward delivery (130, 137). 

Overall, there is converging evidence for basal ganglia dysfunction in MDD and stressed 

subjects, particularly during reward wanting and reward learning. The results of these clinical 



23 

 

studies provide a framework upon which preclinical studies can build a better understanding of the 

neural circuitry underlying anhedonia. 

 

1.3.2 Preclinical studies  

While clinical studies allow the direct study of subjects experiencing anhedonia, ultimately 

preclinical studies are necessary to perform experiments that can establish cause-and-effect 

understanding. Much of the existing preclinical research is based on a dopamine hypothesis of 

anhedonia, in which dysfunctional dopamine signaling in the brain produces anhedonia (138). 

 

Wanting 

 As with human subjects, acute stress administration is used to model anhedonia in rodents. 

One of the most frequently used acute stressors is restraint stress, in which the researcher confines 

the rodent to a plastic bag or conical tube for a long period of time. Restraint is a primarily 

psychological stressor which produces increases in corticosterone levels (139, 140), blood pressure 

(141), and heart rate (141) and which has a lower potential of physical harm relative to other 

models of stress.  

In a study of the effect of stress on reward motivation, researchers found that restraint stress 

reduces breakpoint in a progressive ratio task (142). They also found that the VTA is an important 

site of action for this effect of stress on reward-seeking, as the local infusion of corticotropin-

releasing factor (CRF) into the VTA was sufficient to reduce progressive ratio breakpoint in the 

absence of stress. CRF release in the brain is part of the hypothalamic-pituitary-adrenal (HPA) 

axis response, whereby a stressor induces release of CRF from the hypothalamus, which stimulates 

adrenocorticotropic hormone release from the pituitary gland, which finally stimulates the adrenal 
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glands to release the stress hormone cortisol in humans or corticosterone in rodents, which acts 

broadly in the body to redirect energy use to respond to stressors (143). As this neuroendrocrine 

response to stress affects the entire body, the demonstration that local CRF infusion into the VTA 

is sufficient to replicate the effects of stress on reward-seeking is a compelling argument for the 

importance of the VTA in mediating this behavior. Impressively, the local infusion of a CRF 

receptor antagonist into the VTA prevented the effect of restraint stress on reducing progressive 

ratio breakpoint (142). Thus, the authors showed that even though stress can affect the entire body, 

CRF signaling in the VTA is both necessary and sufficient to reduce reward-seeking. In this study, 

the authors also measured dopamine release in the NAc and found that infusion of CRF into the 

VTA did not affect cue-evoked dopamine release in the NAc. However, a different study found 

that when behavior was performed during head restraint, there was a decrease in cue-evoked VTA 

DA calcium activity (144). This result suggests that while CRF signaling in the VTA produces a 

reduction in reward-seeking behavior, altered dopamine release may or may not be involved in 

this phenomenon. 

Other studies also find that stress impairs reward-seeking behavior in rodents, and 

implicate mesolimbic circuits in this phenomenon. Researchers using inescapable repeated 

footshocks as a stressor find that stressed mice decrease intracranial self-stimulation (ICSS) of 

both the medial forebrain bundle and the NAc (145).  

While the above studies involve the acute administration of stress to subjects, researchers 

also use chronic stress exposure to produce longer lasting deficits in reward. One of the earliest 

methods of chronic stress exposure is the chronic mild stress paradigm, in which researchers 

expose rodents to a variety of stressors (e.g. food deprivation, continuous lighting, cage tilting) 

over the course of weeks to produce reward-seeking deficits that persist after stress exposure (146, 
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147). Administration of this chronic mild stress paradigm to rats produces a decrease in medial 

forebrain bundle ICSS, similar to inescapable footshock stress (148). Together, these data show 

that similar to anhedonic humans, stressed animals exhibit anticipatory anhedonia, and mesolimbic 

circuits appear to be involved in mediating this effect. 

 

Liking 

 While we can measure “liking” of a reward in rodents using a gustometer task (39, 40), or 

by measuring the number of orofacial expressions in response to a sweet solution (40, 41), 

researchers have not yet determined the effect of stress on these behaviors. Thus, our current 

understanding of the effects of stress on reward “liking” relies on measurements that only coarsely 

measure liking, such as the sucrose preference test. However, this test does not disentangle reward 

“liking” from reward “wanting” or “learning”, as it occurs over the course of hours. Future 

experiments need to verify the possible connection between stress and changes in reward liking. 

Restraint stress can decrease preference for sweet solutions (149, 150), although there is 

also a conflicting report of no effect (140). This difference may result from the protocols used in 

each study. In the former study, animals were restrained for an hour and tested for saccharin 

preference nearly 24 hours later (149). In the latter study, animals were restrained for half an hour 

and immediately tested for sucrose preference (140). Thus, these different findings may result from 

the duration of the stressor or the time course of the effect of stress on sweet solution preference. 

Chronic stress paradigms often report a decrease in sucrose preference, particularly in stress-

susceptible animals (147, 150-153). One study suggests this effect of chronic stress on sucrose 

preference may be animal strain-dependent, although notably this study did not separately analyze 
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stress-susceptible animals (148). Overall, these data suggest a possible stress-induced impairment 

of reward liking, but without more direct evidence it is difficult to make this conclusion. 

 

Learning 

  Preclinical studies provide us with further evidence that stress alters RPE signaling in 

mesolimbic circuits. Following CRF administration into the VTA, there is a decrease in dopamine 

release in the medial NAc during reward delivery (142). Consistent with this, head restraint during 

a cued-reward task decreases VTA DA calcium activity during reward delivery (144). However, a 

conflicting report finds that following a single restraint experience, reward-evoked dopamine 

release actually increases in the lateral NAc (154). In addition, this report shows that rats 

experiencing a single restraint event before the first session of Pavlovian task training acquire 

conditioned responses faster than unstressed rats. Remarkably, this effect appears over 10 sessions 

of training. Local infusion of a dopamine receptor antagonist into the lateral NAc before training 

blocks this effect, suggesting that the stress-induced increase in dopamine release in the lateral 

NAc is necessary for reward learning enhancement. 

 The discrepancy between decreased reward-evoked dopamine release in the medial NAc 

but increased dopamine release in the lateral NAc suggests that a specific subpopulation of NAc-

projecting VTA neurons may be responsible for this enhancement of learning. For example, 

researchers have recently shown that medial VTA neurons project to the medial NAc, while lateral 

VTA neurons project to the lateral NAc (155). Thus, the lateral VTA is of particular interest 

regarding stress-induced increases in reward learning.  

 The finding that acute stress can enhance reward learning is surprising, given that subjects 

with MDD and stressed subjects exhibit decreased reward learning in the form of decreased 
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response bias (55-58, 133-135). This discrepancy suggests that acute stress may have a more 

complicated effect on reward learning, where it may impair reward learning in the short term, but 

enhance reward learning in the long term. However, the study finding enhanced reward learning 

after stress did not find any differences in reward learning in the first training session (154). 

Alternatively, different levels of stress may have different effects on reward learning; a small 

amount of stress may enhance reward learning while a large amount of stress may disrupt it. Thus, 

additional experiments are needed to determine how stress may modulate reward learning. 

 

1.3.3 Stress and VTA DA neurons 

 Studies investigating how stress alters pertinent neural communication in mesolimbic 

circuits can help interpret related behavioral studies. One of the first goals of preclinical stress 

research was to determine how stress affects dopamine release in the brain. Early microdialysis 

studies suggested stress increases VTA DA activity, as they found increased dopamine release in 

the NAc and PFC during restraint and footshock stress (156-171). However, other studies have 

found that NAc dopamine release can decrease after stress (169, 172), and there is evidence that 

dopamine release in the NAc is dissociable from VTA DA activity (173). Indeed, in vivo 

recordings provide mixed evidence for the effect of acute stress and aversive stimuli on VTA DA 

activity, with studies finding decreased activity (70, 144, 174-176), increased activity (80, 177, 

178), or a heterogeneity of responses (179-181). Interestingly, studies finding mixed responses to 

aversive stimuli involved recordings from anesthetized animals. This further complicates the 

interpretation of these data, as anesthesia inhibits VTA GABA activity (182). Discrepancies in the 

measured effect of stress on VTA DA activity may also result from differences in subpopulations 

of VTA DA neurons.  
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There is also evidence for anatomical division in the effect of aversive stimuli on VTA DA 

neurons. Calcium imaging of VTA DA terminals in the NAc during a cued-footshock behavior 

reveal that aversive stimuli excite medial shell-projecting VTA DA terminals, whereas lateral 

shell-projecting VTA DA terminals are inhibited but then excited above baseline levels after the 

footshock terminates (183). While VTA DA terminal activity in the medial shell also increases at 

footshock termination, the authors find that activity in response to reward delivery was specific to 

VTA DA projections to the lateral shell. 

Most of the above studies relate to the acute administration of stressors or aversive stimuli. 

However, there may be differences in the way chronic stress affects reward processing. One of the 

most common chronic stress paradigms used in preclinical research is chronic social defeat stress 

(CSDS). In CSDS, an experimental mouse is placed in the home cage of an aggressor mouse, 

during which the resident aggressor mouse attacks the experimental intruder mouse (184, 185). 

After a 5-minute exposure, the mice are then separated by a plastic barrier in the aggressor mouse’s 

cage for 24 hours, after which the experimental mouse is moved to the cage of a new aggressor 

mouse for another social defeat exposure. This is repeated for 10 days. Researchers often classify 

experimental mice in CSDS as stress-susceptible or stress-resilient, depending on whether they 

exhibit a reduction in social interaction with a novel mouse after CSDS compared to before CSDS 

(151, 152). 

A number of in vitro studies find that susceptible mice exhibit increased spontaneous firing 

rate of putative VTA DA neurons after chronic social defeat stress (151, 186-188). Chronic 

fluoxetine treatment after CSDS can normalize the firing rate of these neurons (189). There is some 

evidence that this effect is pathway-specific, with increased firing rate of NAc-projecting VTA 

neurons but decreased firing rate of PFC-projecting VTA neurons in susceptible mice (190). There 
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is also evidence that CSDS does not affect electrically-evoked dopamine release in the medial shell 

of the NAc (191), although it is not clear whether this remains true for the lateral shell of the NAc 

or whether this effect extends to cue-evoked or reward-evoked dopamine release.  

Despite the number of studies that have find increased VTA DA activity after CSDS, this 

result may be specific to the modality of the chronic stressor, as chronic cold exposure and chronic 

mild stress exposure decrease putative VTA DA activity (192, 193). Even optogenetic 

manipulations of VTA DA neurons find conflicting results. Optogenetic stimulation of VTA DA 

neurons during social defeat increases the potency of the stress (190), as does optogenetic VTA 

DA stimulation immediately after social defeat episodes (191). However, sessions of optogenetic 

VTA DA stimulation 10-14 days after CSDS confer resilience to previously susceptible mice, 

although this manipulation decreases the firing rate of VTA DA neurons (186). These conflicting 

results highlight the need for in vivo electrophysiological studies that determine how VTA DA 

neurons may be affected during stress and how altered VTA DA activity may impact reward-

seeking deficits.  

Preclinical studies give us a great deal of insight into possible mechanisms through which 

stress may modulate reward-seeking behavior through VTA DA neurons. Studies of acute stress 

suggest that LH glutamate projections to the VTA may activate VTA GABA neurons and inhibit 

VTA DA neurons, producing a biphasic decrease and increase of dopamine release in the lateral 

shell of the NAc that may alter reward behavior. Studies of chronic stress also suggest that altered 

VTA DA activity may influence reward-seeking behavior. However, a limitation of most of the 

above studies is that they only assess the average firing rate of VTA DA neurons, without 

evaluating how these neurons behave during reward seeking. As mentioned earlier, VTA DA 

neurons exhibit tonic and phasic firing modes. Phasic firing modes are of particular interest for the 
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study of reward behavior, as VTA DA exhibit phasic firing when reward-predicting cues and 

unexpected rewards are presented. Studying the effect of stress on behaviorally relevant phasic 

firing of VTA DA neurons using in vivo electrophysiology will be key to understanding how stress 

may disrupt these neurons to impair reward-seeking behavior. 

 

1.3.4 Stress and VTA GABA neurons 

Just as preclinical research largely focuses on VTA DA neuron activity during normal reward 

processing, less is known about how aversive stimuli and stressors affect VTA GABA activity to 

potentially impair reward-seeking behavior. Despite the relatively small number of studies 

focusing on VTA GABA neurons during aversive stimuli, there is compelling evidence that these 

neurons play an important role in regulating reward-seeking behaviors. 

 Aversive stimuli, including air puffs, footshocks, and looming stimuli, excite VTA GABA 

neurons (80, 89, 98). This activation by aversive stimuli may arise from the bed nucleus of the 

stria terminalis (BNST), where aversive stimuli respectively excite and inhibit VTA-projecting 

glutamatergic and GABAergic neurons (194). Optogenetic activation of VTA GABA neurons is 

itself aversive and produces conditioned place aversion (89). This effect may occur via direct 

inhibition of VTA DA neurons, as VTA DA inhibition produces the same effect (89). In support 

of this idea, researchers performing slice recordings found that stress enhances VTA GABA 

inhibition of VTA DA neurons via a unique mechanism whereby the reversal potential of chloride 

changes in VTA GABA neurons (195). This change in the chloride reversal potential alters the 

physiology of VTA GABA neurons such that GABAergic inputs to these neurons become 

excitatory. As a result, VTA GABA neuron excitability increases, which increases inhibition of 
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VTA DA neurons. Notably, these experiments occurred 15 hours after the stress exposure, so it is 

unclear whether this same mechanism occurs during aversive stimulus presentation.  

Put together with the knowledge that VTA GABA activation can impair reward-seeking 

behaviors (90, 96, 97), the activation of VTA GABA neurons by aversive stimuli could fit into a 

mechanism whereby aversion-excited VTA GABA neurons impair reward-seeking behavior. 

Interestingly, there is evidence that VTA GABA neurons may preferentially target NAc lateral 

shell-projecting VTA DA neurons, as these VTA DA neurons have more frequent spontaneous 

inhibitory postsynaptic currents (IPSCs) in slice preparations (155).  

 While the studies discussed so far suggest that aversive stimuli excite VTA GABA neurons 

and inhibit VTA DA neurons, there has so far been a lack of in vivo evidence on how aversive 

stimuli or stress may impact VTA GABA activity during reward-seeking behavior. This is an 

important knowledge gap, as VTA GABA neurons are thought to encode reward expectation, and 

one of the predominant deficits in anhedonia is impaired reward anticipation. Indirectly we know 

that stress increases VTA GABA activity (195) and that stress impairs reward-seeking behavior 

(142). In addition, chemogenetic and optogenetic activation of VTA GABA neurons both impair 

reward-seeking behavior (95-97). Put together, we have data that suggest that stress increases VTA 

GABA activation to impair reward-seeking behavior, but this needs to be directly tested. In 

addition, the possible role of VTA GABA projection neurons in mediating this possible effect 

needs to be explored. 

 

1.4 Conclusion  

 Reward processing deficits called anhedonia comprise a core symptom of MDD that 

predicts poor treatment outcome. Clinical studies of subjects with MDD suggest that these reward 
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processing deficits primarily occur as impaired reward anticipation or motivation. Stress produces 

similar reward processing deficits to MDD in humans, and stress can also be used to model 

anhedonia in rodents. Preclinical models of anhedonia suggest impaired activity in mesolimbic 

circuits, although much of this research focuses on VTA DA circuits. While decades of research 

provide a strong foundation for how in vivo VTA DA activity contributes to reward behavior, a 

vast majority of preclinical stress models rely on recordings of in vitro VTA DA activity that 

cannot reveal how reward-related activity changes after stress. Thus, there is a need for in vivo 

measurements of VTA DA activity during and after stress. In addition, neural circuits researchers 

now have a better appreciation of the role non-dopamine VTA neurons play in reward processing, 

yet it is unknown how the activity of these neurons may change after stress to impair reward-

seeking. Thus, performing in vivo recordings of VTA GABA and VTA glutamate neurons during 

stress and reward will provide a more complete understanding of how stress impacts VTA-NAc 

processing of rewards and how altered circuit activity may produce anhedonia. 
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Chapter 2: Restraint stress re-organizes VTA-NAc communication 

and disrupts reward-seeking 

2.1 Introduction  

Stressful events often precede the onset of depressive episodes, and acute stress itself can 

decrease reward-seeking in humans (133-135, 196). The neural mechanism responsible for stress-

induced anhedonia is unknown, although there are several candidate brain areas that may 

contribute to anhedonia, including the PFC, NAc, dorsal hippocampus (dHPC), ventral 

hippocampus (vHPC), basolateral amygdala (BLA), and VTA (116, 197-199). Preclinical models 

of stress are useful to perform experiments that test whether a neural circuit contributes to stress-

induced anhedonia. Acute stress impairs the reward-seeking of mice, similar to humans (142, 196). 

Researchers can record single-unit neuronal activity in mice as they engage in tasks, and the 

existence of a wide range of transgenic mouse lines combined with optogenetic tools offers the 

opportunity to selectively activate or inhibit specific neural circuits in order to determine their 

impact on neural communication. 

To determine how stress reorganizes neural activity, we restrained mice while recording 

local field potentials from several candidate brain areas thought to be responsible for stress-

induced anhedonia. After determining that stress induces a prominent 4 Hz oscillation in the NAc 

local field potential, we recorded from mice after restraint in a cued-reward task in order to 

determine how neural activity in the stressed brain relates to deficits in reward-seeking behavior. 

 

2.2 Restraint stress produces a 4 Hz NAc LFP oscillation 

To determine how stress may reorganize neural activity, we restrained mice while 

recording local field potentials (LFPs) in the vHPC, dHPC, BLA, NAc, PFC, and the VTA. We 
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observed a prominent 2-7 Hz oscillation in the NAc LFP that persisted for the entire duration of 

restraint stress (Figure 1). For simplicity I will refer to this restraint-induced oscillation as a 4 Hz 

oscillation. This 4 Hz oscillation was not present during a pre-restraint baseline period or after 

release from restraint. While we detected the oscillation in other recorded brain regions, we found 

the oscillation was strongest in the NAc (Figure 1c-d), suggesting the oscillation may originate in 

the NAc. The strength of the oscillation did not differ between the core and shell of the NAc 

(Figure 1e).  
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Figure 2: Restraint induces a 4 Hz oscillation in the nucleus accumbens local field 

potential.  a, Far left: experimental design. We recorded from mice during familiar environment 

exploration and during restraint stres s. Left: Representative traces of the nucleus accumbens 

(NAc) local field potential (LFP) of a mouse freely exploring a familiar environment (gray) or 

during restraint (red), overlaid with the 2 -7 Hz filtered signal (black). Right: average NAc LFP 

power spectra of mice exploring a familiar environment (black) or during restraint stress (red). 

Far right: restraint increases peak NAc power in the 4 (2ɬ7) Hz range (***PɷǻɷƔȭƔƔƔƕƗɯÛÞÖ-tailed 

signed-rank test, nɷǻɷƕƝɯÔÐÊÌȺȭ Data are mean ± s.e.m. b, Averaged spectrogram of NAc during 

pre-restraint baseline, restraint, and release from restraint (n=11 mice). c, The percent change in 

×ÌÈÒɯƘɷ'áɯ×ÖÞÌÙɯÍÙÖÔɯÍÈÔÐÓÐÈÙɯÛÖɯÙÌÚÛÙÈÐÕÛɯÞÈÚɯÓÈÙÎÌÙɯÐÕɯÛÏÌɯ- ÊɯÛÏÈÕɯÛÏÌɯÝÌÕÛÙÈÓɯÏÐ××ÖÊÈÔ×ÜÚɯ

(vHPC), basolateral amygdala (BLA), VTA, and dorsal hippocampus (dHPC) ( PɷǾɷƔȭƔƔƔƕɯ*ÙÜÚÒÈÓɬ

Wallis test; post hoc TukeyɬKramer comparisons ***PvHPCɷǾɷƔȭƔƔƔƕȮ nvHPCɷǻɷƕƝɯ ÔÐÊÌȮɯ

*PBLAɷǻɷƔȭƔƕƘȮ nBLAɷǻɷƕƖɯ ÔÐÊÌȮ PPFCɷǻɷƔȭƖƔȮ nPFCɷǻɷƕƙɯ ÔÐÊÌȮɯ ɖPVTAɷǻɷƔȭƔƕƙ nVTAɷǻɷƕƘɯ ÔÐÊÌȮɯ

***PdHPCɷǾɷƔȭƔƔƔƕȮ ndHPCɷǻɷƝɯÔÐÊÌȮ nNAcɷǻɷƕƔɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯ×ÓÖÛÛÌËɯÞÐÛÏɯÔÌËÐÈÕȮɯÜ××ÌÙɯÈÕËɯÓÖÞÌÙɯ

quartiles, and 1.5x interquartile range. d, Peak 2-7 Hz power during restraint was larger in the 

NAc than the PFC (*P=0.010, two-tailed Wilcoxon signed -rank test, n=13 mice). Data are mean ± 

s.e.m. e, Peak 2-7 Hz power was similar between NAc core and shell (P=0.44 two-tailed Wilcoxon 

rank-sum test, ncore=13 mice, nshell=10 mice). Data are mean ± s.e.m. 
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As a similar-magnitude 4 Hz oscillation was observed in the PFC, it was important to 

determine which area may be the true source of the oscillation. While the power of the NAc 4 Hz 

oscillation was stronger than the PFC 4 Hz oscillation (Figure 1d), we also collected single-unit 

electrophysiological data from the PFC and NAc of mice during restraint. LFP oscillations are 

often the result of synchronized synaptic inputs to a common brain region, as relatively slow 

(compared to spiking) currents more easily summate to form a large electric dipole (200). Thus, 

the 4 Hz oscillation should rhythmically modulate neuronal activity at the site of synaptic input. 

We calculated the pairwise phase consistency (PPC), a measure of spike-field synchrony, of single-

units of the NAc and PFC to local 4 Hz oscillations (201). We found that during restraint phase-

locking of NAc neurons increased to the NAc 4 Hz oscillation, but PFC neurons did not change 

phase-locking to PFC 4 Hz oscillations (Figure 2). Thus, restraint induces a 4 Hz oscillation that 

originates in the NAc that modulates the firing activity of NAc neurons. 
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Figure 2: NAc singl e units, but not PFC single units, are phase -locked to 4 Hz 

oscillation s. a, Left: Relationship between the pairwise phase consistency (PPC) of all NAc 

neurons during familiar environment exploration and restraint stress, with line of equality for 

reference. Right: Summary of data from left panel. Restraint increased phase-locking between 

NAc single units and the 2 -7 Hz NAc LFP (***P<0.0001, two-tailed Wilcoxon signed -rank test, 

n=81 neurons). Data are mean ± s.e.m. b, Left: Relationship between the PPC of PFC neurons with 

the 2-7 Hz PFC LFP during familiar environment exploration and restraint stress, with line of 

equality for reference. Right: Summary of data from left panel. Restraint did not affect phase -

locking between PFC neurons and the 2-7 Hz NAc LFP (P=0.50 two-tailed Wilcoxon signed -rank 

test, n=47 neurons). Data are mean ± s.e.m. 
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The frequency of the restraint-induced NAc oscillation varies by mouse strain (Figure 3a-

b), but on average peaks at 4 Hz (Figure 1a). This 4 Hz NAc oscillation was stronger during 

immobile “passive” periods during restraint as opposed to during struggle events (Figure 3c). 

Strikingly, this 4 Hz NAc oscillation also appeared with a similar magnitude during a tail 

suspension test (TST) (Figure 3d), suggesting that this 4 Hz NAc oscillation is not specific to 

restraint stress. As with restraint stress, the power of the 4 Hz NAc oscillation during the TST was 

stronger during passive periods compared to struggle periods. 
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Figure 3: The 4 Hz NAc oscillation is more prominent during passive stress . a, Example 

NAc spectra from C57BL/6 strain mice and peak power frequency distribution of restraint -

induced oscillation for C57BL/6 mice (n=22 mice). b, Same as a, but for 129/svev strain mice (n=19 

mice). c, Left: During restraint mice spent more time immobile than struggling (***P=0.00024 two -

tailed Wilcoxon signed -rank test, n=13 mice). Right: Peak 2-7 Hz NAc power decreased during 

struggle events during restraint (***P=0.00073 two-tailed Wilcoxon signed -rank test, n=13 mice). 

Data are mean ± s.e.m. d, Left: Representative NAc spectra from familiar environment (black) and 

tail suspension (red). Center: Tail suspension increased peak 2-7 Hz NAc power  (**P=0.0020 two-

tailed Wilcoxon signed -rank test, n=10 mice). Right: Peak 2-7 Hz NAc power decreased during 

struggle events during tail suspension (*P=0.049 two-tailed Wilcoxon signed -rank test, n=10 

mice). Data are mean ± s.e.m. 
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The 4 Hz NAc oscillation was distinct from hippocampal theta (8-12 Hz) oscillations 

(Figure 4a). Hippocampal theta is notable for being produced by movement (or acceleration). As 

the mice are unable to move during restraint, it is possible that immobility may be a source of the 

oscillation. To address this possibility, we speed-filtered LFP recordings collected from mice 

exploring a familiar environment. We found that there was no significant 4 Hz NAc oscillation 

during periods of immobility during familiar environment exploration (Figure 4b). Some 

researchers have proposed that oscillations in the NAc are artifactual and relate to respiration 

(202). However, when we recorded respiration during restraint, we found no coherence between 

the 4 Hz NAc oscillation and respiration rate (Figure 4c-d).  
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Figure 4: The 4 Hz NAc LFP oscillation is distinct from hippocampal theta and 

respiration oscillations . a, Averaged NAc and dHPC spectra (nNAc=10 mice, ndHPC=9 mice). 

Data are mean ± s.e.m. b, Left: Averaged NAc spectra during unstressed immobility and restraint 

stress. Right: Peak 2-7 Hz NAc power is larger during restraint stress than unstressed immobility 

(***P<0.0001 two-tailed paired t -test, n=22 mice). Data are mean ± s.e.m. c, Representative traces 

of the NAc LFP (red; 2-7 Hz filtered signal black overlay) and nasal cavity pressure measurements 

of respiration (blue) recorded from a mouse during restrain t. d, Left: Coherence of NAc LFP and 

nasal cavity pressure. Right: Restraint does not significantly increase average LFP-Respiration 

coherence in the 2-7 Hz range (P=0.88, two-tailed paired t -test n=3 mice). Data are mean ± s.e.m. 
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2.3 VTA activity is necessary for the 4 Hz NAc oscillation 

The NAc receives synaptic inputs from a number of other brain structures, including the 

PFC, HPC, BLA, and VTA (203). Thus, rhythmic activation of any of these inputs might be 

responsible for the 4 Hz NAc oscillation. To determine which structure may be responsible for 

generating the oscillation, we measured the effect of restraint on coherence between the LFP of 

the NAc with these other structures. We found a significant increase in 4 Hz coherence between 

the VTA and NAc LFPs during restraint (Figure 5a). This increase in VTA-NAc coherence was 

significantly larger than coherence changes in any other recorded brain structure (Figure 5b).  

While increased VTA-NAc coherence suggests the 4 Hz NAc oscillation reflects VTA-

NAc communication, the direction of this communication is still unclear. The VTA and NAc 

communicate through reciprocal projections (155, 204), so the 4 Hz oscillation could be generated 

locally in the NAc and impact NAc-to-VTA activity or it could be generated in the VTA and 

impact VTA-to-NAc activity. To determine the possible direction of communication, we 

simultaneously recorded multi-unit activity (MUA) in the VTA and NAc LFP activity during 

restraint. We inferred directionality by performing a lag analysis, in which we measured phase-

locking of VTA MUA to NAc 4 Hz oscillations at past- and future-shifted time lags to determine 

whether past- or future-shifted VTA MUA is more strongly phase-locked to the NAc 4 Hz 

oscillation (205, 206). We found that during familiar environment exploration, future VTA MUA 

was more strongly phase-locked to NAc 4 Hz oscillations (i.e., NAc 4 Hz oscillations preceded 

VTA MUA activity), whereas during restraint, past VTA MUA was more strongly phase-locked 

to NAc 4 Hz oscillations (i.e., VTA MUA preceded NAc 4 Hz oscillations) (Figure 5c). This result 

suggests that during restraint, VTA-NAc communication is reorganized such that rhythmic VTA 

MUA occurs before the 4 Hz oscillation in the NAc LFP. 



43 

 

 

Figure 5: Restraint synchronizes the VTA and NAc .  a, Left: example traces of NAc and 

VTA LFPs during familiar environment exploration (gray) or restraint (red), overlaid with the 

Ƙɷ'áɯÍÐÓÛÌÙÌËɯÚÐÎÕÈÓɯȹÉÓÈÊÒȺȭɯCenter: coherence of VTA and NAc LFPs. Right: restraint increases 

average VTA-- ÊɯÊÖÏÌÙÌÕÊÌɯÐÕɯÛÏÌɯƘɷ'áɯÙÈÕÎÌɯȹɖɖɖPɷǻɷƔȭƔƔƔƖƘɯÛÞÖ-tailed paired  t test, nɷǻɷƕƗɯ

mice). Data are mean ± s.e.m. b, Change in the average 2-7 Hz coherence of the NAc LFP with 

LFPs in the vHPC, BLA, PFC, VTA, and dHPC from familiar to restraint. The increase in VTA -

NAc coherence exceeded that of all other regions (P<0.0001 Kruskal-Wallis, two -tailed post-hoc 

Tukey-Kramer comparisons ***PvHPC<0.0001, **PBLA=0.0077, **PPFC=0.0063, **PdHPC=0.0044, nvHPC=17 

mice, nBLA=17 mice, nPFC=13 mice, nVTA=13 mice, ndHPC=7 mice). Data are plotted with median, 

upper and lower quartiles, and 1.5x interquartile range.   c, Left: PPC between VTA MUA and the 

Ƙɷ'áɯÍÐÓÛÌÙÌËɯ- Êɯ+%/ɯÈÛɯËÐÍÍÌÙÌÕÛɯ,4 ɯÛÐÔÌɯÓÈÎÚȭɯ1ÌÚÛÙÈÐÕÛɯÐÕÊÙÌÈÚÌËɯÚàÕÊÏÙÖÕàɯÖÍɯ- ÊɯƘɷ'áɯ

phase with past VTA MUA. Right: Restraint reorganized VTA MUA from predominantly lagging 

NAc phase to predominantly leading NAc phase (*** PɷǻɷƔȭƔƔƔ33 two-tailed signed-rank 

test, nɷǻɷƕƗƜɯÔÜÓÛÐ-units). Data are mean ± s.e.m. 

  



44 

 

While the finding that rhythmic VTA MUA precedes the 4 Hz NAc oscillation suggests 

that VTA neural activity produces the 4 Hz NAc oscillation, it does not provide definitive evidence 

that this is the case. To determine whether VTA neural activity is necessary for the NAc 4 Hz 

oscillation, we recorded NAc LFP activity from mice during restraint while either infusing the 

GABAA receptor agonist muscimol or saline into the VTA. We found that pharmacological 

inhibition of VTA neurons completely abolished the 4 Hz NAc oscillation during restraint (Figure 

6). This result suggests that VTA neural activity is necessary for the generation of the stress-

induced 4 Hz NAc oscillation. 
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Figure 6: VTA inactivation abolishes the 4 Hz NAc oscillation.  Left: experimental 

design. Center: example NAc LFP power spectra following VTA infusion of saline (red) or 

ÔÜÚÊÐÔÖÓɯ ȹÝÐÖÓÌÛȺȭɯ 1ÐÎÏÛȯɯ ,ÜÚÊÐÔÖÓɯ ÙÌËÜÊÌËɯ ÔÈßÐÔÜÔɯ Ƙɷ'áɯ - Êɯ ×ÖÞÌÙɯ ËÜÙÐÕÎɯ ÙÌÚÛÙÈÐÕÛɯ

(**PɷǻɷƔȭƔƔƖƔɯÛÞÖ-tailed signed-rank test, nɷǻɷƝɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔean ± s.e.m. 
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2.4 4 Hz NAc magnitude predicts the extent of reward-seeking deficits 

As acute stress impacts reward-seeking in humans and mice (142, 196), we were interested 

in looking for a relationship between stress-induced neural activity and impaired reward-seeking. 

To measure reward-seeking in mice, we trained water-deprived mice on a cued-reward task, in 

which mice learned to associate a reward-predicting cue (CS+) with the delivery of a water reward 

after a brief delay (Figure 7a). Mice reached criterion performance levels (two consecutive days 

with >70% responses to CS+ trials) after an average of 6 training sessions (Figure 8a). After 

reaching stable performance above the training criterion, we recorded from the VTA and NAc of 

mice in the cued-reward task following 30 minutes of restraint stress or 30 minutes of familiar 

environment exploration. The experiment was conducted over two days, in which the mouse 

experienced the stressful or non-stressful condition in a counterbalanced order (Figure 7a).  
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Figure 7: Restraint stress impairs reward -seeking behavior . a, Experimental design. Mice 

either explored a familiar environment or experienced restraint stress for 30 minutes before 

engaging in the cued-reward task.  b, Restraint stress increases the time to first lick during the 

reward availability period in the cued -reward task (***PɷǻɷƔȭƔƔƔƘƝɯ ÛÞÖ-tailed signed-rank 

test, nɷǻɷƕƗɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ c, Restraint stress decreases average anticipatory lick rate 

between CS+ onset and reward availability (*PɷǻɷƔȭƔƕƕɯÛÞÖ-tailed paired  t test, nɷǻɷƕƗɯÔÐÊÌȺȭɯ#ÈÛÈɯ

are mean ± s.e.m.  
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Following restraint stress, we found that mice took longer to retrieve water rewards during 

the reward delivery period (Figure 7b). In addition, stressed mice exhibited less licking in 

anticipation of reward delivery between CS+ onset and the end of the delay period (Figure 7c). 

These effects were transient, as mice restrained on Day 1 of testing and allowed to freely explore 

a familiar environment on Day 2 of testing did not have lasting changes in reward retrieval latency 

of anticipatory lick rate (Figure 8b). In addition, the effect of restraint stress on these behaviors 

was not the result of changes in motor behavior, as restraint did not impair CS+-evoked running 

speed (Figure 8c). The effects of restraint stress on reward retrieval latency and anticipatory lick 

rate were specific to CS+ trials, as no difference was seen in trials in which a cue not predictive of 

reward (CS-) was presented (Figure 8d). 
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Figure 8: Restraint effects are transient and specific to CS+ trials . a, Number of training 

sessions needed to reach criterion performance in the cued-reward task. Data are mean ± s.e.m. 

b, Restraint did not impa ir reward retrieval latency  or anticipatory lick rate 24 hours later ( P=0.95 

and P=0.26, two-tailed two -sample t-test; nDay1=8 mice, nDay2=5 mice). Data are mean ± s.e.m. c, 

Restraint did not impair subsequent locomotor activity ( P=0.18 two-tailed paired t-test, n=8 mice). 

Data are mean ± s.e.m. d, Restraint did not impair lick latency ( P=0.43, two-tailed paired t-test, 

n=13 mice) or anticipatory lick rate (P=0.10, two-tailed Wilcoxon signed -rank test, n=13 mice) on 

CS- trials. Data are mean ± s.e.m. 
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To determine whether the stress-induced 4 Hz NAc oscillation was related to the observed 

stress-induced reward-seeking deficits, we looked for a correlation between the magnitude of the 

oscillation and the changes in reward anticipation behavior. Strikingly, we found that the 

magnitude of the restraint oscillation correlated with both changes in reward retrieval latency and 

changes in anticipatory lick rate, such that mice expressing stronger 4 Hz NAc oscillations also 

exhibited greater increases in reward retrieval latency and decreases in anticipatory lick rate 

compared to their non-stressed levels (Figure 9a-b). This result suggests that the 4 Hz NAc 

oscillation is a biomarker of stress that may provide insight into the neural circuitry underlying the 

transition from stress to anhedonia. 
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Figure 9: 4 Hz NAc restraint oscillation magnitude predicts subsequent reward -seeking 

deficits .  a, 1ÌÓÈÛÐÖÕÚÏÐ×ɯÉÌÛÞÌÌÕɯ×ÌÈÒɯƘɷ'áɯ- Êɯ×ÖÞÌÙɯËÜÙÐÕÎɯÙÌÚÛÙÈÐÕÛɯÈÕËɯÛÏÌɯÊÏÈÕÎÌɯÐÕɯ

latency to reward retrieval from after familiar environment exploration to after restraint 

(**PɷǾɷƔȭƔƔƘƝɯ/ÌÈÙÚÖÕɯÊÖÙÙÌÓÈÛÐÖÕȮ nɷǻɷƕƗɯÔÐÊÌȺ b, The same as a, but for the change in anticipatory 

lick rate from after familiar environment exploration to after restraint (* PɷǻɷƔȭƔƖƝɯ/ÌÈÙÚÖÕɯ

correlation,  nɷǻɷƕƗɯÔÐÊÌȺȭ 
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2.5 Discussion 

Here we show that during restraint stress, a prominent 4 Hz oscillation appears in the NAc 

LFP. This oscillation lasts for the duration of the stressor and also appears during tail suspension 

stress. In both stress paradigms, the oscillation is more prominent during periods of passive stress. 

The 4 Hz NAc oscillation is distinct from hippocampal theta oscillations and respiratory 

oscillations. Furthermore, NAc neuron activity synchronizes with this oscillation, which appears 

to originate in the VTA, as VTA multi-unit activity leads the 4 Hz NAc oscillation and 

pharmacological inhibition of the VTA during restraint ablates this oscillation. Most importantly, 

we show that the strength of this 4 Hz NAc oscillation during restraint stress correlates with the 

extent to which reward-seeking is impaired in a subsequent cued-reward task.  

These data suggest the there is a VTA to NAc neural circuit that is activated by stress that 

may produce plasticity in VTA to NAc synapses that results in impaired reward-seeking behavior. 

Interestingly, this circuit does not appear to function in the same way as during stress, as there is 

no 4 Hz NAc oscillation present during unstressed environment exploration. Alteration of a VTA 

to NAc circuit could be consistent with clinical studies of MDD subjects showing a deficit in the 

fMRI BOLD signal in the striatum (125-127), and consistent with the observation that the LFP 

appears to be a better predictor of the BOLD signal than local neuronal spiking (122, 123). 

Therefore, a better understanding of the circuit underlying the 4 Hz NAc oscillation we observe 

during stress may provide us with a better understanding of dysfunctional striatal activity in MDD 

patients. 

The findings that the 4 Hz NAc oscillation is more prominent during passive stress 

experience and that the overall magnitude of the 4 Hz NAc oscillation predicts the extent to which 

reward-seeking behavior is impaired by restraint suggests that the 4 Hz NAc oscillation is a 
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biomarker of vulnerability to stress. Specifically, the amplitude of the 4 Hz NAc oscillation may 

capture the extent to which the experimental animal engages in an active (struggling to escape) or 

passive (immobile) coping strategy, which itself is an indicator of stress vulnerability (207). It may 

be informative for future clinical studies to look for similar biomarkers of stress vulnerability in 

human subjects, especially as the coping strategy used for stress can relate to the efficacy of 

antidepressants (208). 
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Chapter 3: VTA GABA neurons are necessary for stress-induced 

NAc 4 Hz oscillations and reward deficits 

3.1 Introduction  

The data in Chapter 2 indicate that a VTA to NAc circuit is involved in the 

neurophysiological response to stress as well as in the stress-induced reduction in reward-seeking 

behavior. However, there are several long-range circuits between the VTA and the NAc. While 

VTA DA projections are the most-studied, VTA GABA and VTA glutamate neurons also form 

long-range projections to the NAc with distinct synaptic targets (100, 103, 104, 108, 204, 209, 

210). Thus, any one or combination of these projections may comprise the VTA to NAc circuit 

activated during stress. To better understand how VTA to NAc circuits may be modified by stress 

to impair reward-seeking, we must establish which VTA subpopulations are responsible for 

driving the 4 Hz NAc oscillation. Determining the subset of VTA neurons involved in this 

oscillation will also provide insight into how reward processing may be disrupted at a local level 

in the VTA and how we might be able to use optogenetic interventions to rescue reward-seeking 

after stress. 

 

3.2 VTA GABA neurons phase-lock to NAc 4 Hz 

While VTA DA projections to the NAc are the most discussed, VTA GABA and VTA 

glutamate neurons also form long-range projections to the NAc. To better characterize how inputs 

to the NAc may generate the 4 Hz oscillation, we looked at the effects of restraint stress on single-

unit activity in the NAc. Overall, restraint had an inhibitory effect on the firing rate of NAc neurons 

(Figure 10a). Restraint modulated ~80% of the NAc neurons recorded: restraint significantly 

inhibited 59% of neurons, significantly excited 21% of neurons (Figure 10b). When we looked at 
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whether restraint-inhibited NAc neurons and restraint-excited NAc neurons differed in phase-

locking, we found that restraint-inhibited neurons phase-locked to NAc 4 Hz during restraint, 

whereas restraint-excited neurons did not (Figure 10c-d).  
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Figure 10: Restraint -inhibited NAc units phase -lock to NAc 4 Hz . a, Left: relationship 

between NAc firing rates in familiar environment and restraint, with line of equality for reference. 

Right: summary of data from left panel. Restraint inhibited overall NAc neuron firing rate 

(***PɷǾɷƔȭƔƔƔƕɯÛÞÖ-tailed signed-rank tests, nɷǻɷƜƕɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ b, Distribution 

of NAc neurons excited, inhibited, and unmodulated by restraint.  c, Left: the spike-phase 

relationship for example restraint -inhibited NAc neuron. The activity was uniformly distributed 

ÈÊÙÖÚÚɯƘɷ'z filtered NAc LFP phase angles during familiar environment exploration, but phase -

locked during restraint. Center: Relationship between the pairwise phase consistency (PPC) of 

restraint-inhibited NAc neurons during familiar environment exploration and res traint, with line 

of equality for reference. Right: summary of data from center panel. Restraint -inhibited NAc 
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neurons increased phase-ÓÖÊÒÐÕÎɯÛÖɯÛÏÌɯƘɷ'áɯÍÐÓÛÌÙÌËɯ- Êɯ+%/ɯËÜÙÐÕÎɯÙÌÚÛÙÈÐÕÛɯȹɖɖɖPɷǾɷƔȭƔƔƔƕȮɯÛÞÖ-

tailed signed-rank test, nɷǻɷƘƜɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ d, Same as c, but with restraint -

excited NAc neurons. Restraint-excited NAc neurons did not increase phase locking to the NAc 

LFP. (PɷǻɷƔȭƗƗȮɯÛÞÖ-tailed signed-rank test, nɷǻɷƕƛɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ 
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This suggests that during restraint, inhibitory projections to the NAc may generate the 4 

Hz LFP oscillation. While this may at first seem to suggest that VTA GABA neurons are 

responsible for the oscillation, this is not necessarily the case, as VTA DA neurons may inhibit 

NAc neurons by acting on inhibitory D2 receptors and VTA glutamate neurons have been shown 

to synapse onto parvalbumin-expressing GABAergic interneurons in the NAc (204). Thus, to 

determine which subpopulation of VTA neurons may contribute to the NAc oscillation, we 

recorded from Vgat-cre, Dat-cre, and Vglut2-cre mice expressing Cre-dependent inhibitory opsin 

Archaerhodopsin (Arch) to assay the cell types of interest. To optogenetically tag neurons, we 

shined 534 nm green light onto the VTA and measured the effect on single unit activity. We 

bootstrapped neuron firing rates between light on and light off epochs to determine whether a cell 

was significantly inhibited by Arch (Figure 11).  
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Figure 11: Optogenetic tagging of VTA single units . a, Top left: experimental design. 

Bottom left: raster plot of opto -tagged DA neuron. Right: immunofluorescent image of 

archaerhodopsin (Arch) expression (green) in a Dat-ires-Cre mouse VTA, with tyrosine 

hydroxylase counterstain ( redȺȭɯ2ÊÈÓÌɯÉÈÙɯÐÚɯƗƔɷϟÔȭɯ1epresentative of 6 experiments.  b, Example 

raster plot and immunofluorescent image from a Vgat -ires-"ÙÌɯÔÖÜÚÌȭɯ2ÊÈÓÌɯÉÈÙɯÐÚɯƗƔɷϟÔȭɯ

Representative of six experiments.  
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We then examined neuronal activity during restraint stress. We found that restraint 

inhibited the firing rates of VTA DA and VTA GABA  neurons, but not VTA glutamate neurons 

(Figure 12). Remarkably, restraint almost completed silenced VTA DA neurons. As we targeted 

the lateral VTA for our recordings, this is consistent with reports that lateral VTA DA neurons are 

inhibited during aversive stimulus delivery (183) .  
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Figure 12: Restraint inhibits VTA DA and VTA GABA neurons . a, Left: Relationship 

between opto-tagged VTA DA neuron firing rates (FR) during familiar and restraint, with line of 

equality for reference. Right: Restraint inhibited VTA DA firing rate (** P=0.0078 two-tailed 

Wilcoxon sign -rank test, n=8 neurons). Data are mean ± s.e.m. b, The same as a, but for opto -

tagged VTA GABA neurons. Restraint inhibited VTA GABA firing rate (* P=0.027 two-tailed 

Wilcoxon sign -rank test, n=10 neurons). Data are mean ± s.e.m. c, the same as a, but for opto -

tagged VTA glutamate (Glu) neurons . Restraint did not affect VTA Glu firing rate ( P=0.84 two -

tailed Wilcoxon sign -rank test, n=8 neurons). Data are mean ± s.e.m. 
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Interestingly, restraint reduced the firing rate of tagged VTA GABA neurons to an average 

close to 4 Hz, although this is not indicative of rhythmic activity. To determine whether any of 

these neural populations engaged in rhythmic activity during restraint, we measured phase-locking 

of tagged neurons to the NAc 4 Hz oscillation. There was no directionality change for either VTA 

DA or VTA glutamate neurons, whereas phase-locking of VTA GABA neurons shifted to the past, 

suggesting that rhythmic VTA GABA neuronal activity leads the 4 Hz NAc oscillation (Figure 

13). These results suggest that rhythmic activity of VTA GABA neurons, but not VTA DA or VTA 

glutamate neurons, are responsible for the 4 Hz NAc oscillation during restraint. 
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Figure 13: VTA GABA activity leads 4 Hz NAc oscillations during restraint .  a, Left: 

Relationship between lag of max VTA DA -NAc PPC during familiar environment exploration 

and restraint, with line of equality for reference. Right: Summary of data from left panel. Restraint 

did not change the phase-locking direction of the NAc LFP with VTA DA neurons ( PɷǻɷƔȭƙƘȮɯÛÞÖ-

tailed paired  t test, nɷǻɷƜɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔ. b, The same as a, but for opto -tagged 

GABA neurons in a Vgat -ires-"ÙÌɯÔÖÜÚÌȭɯ1ÌÚÛÙÈÐÕÛɯÚÏÐÍÛÌËɯƘɷ'áɯ- Êɯ+%/ɯ×ÏÈÚÌ-locking toward 

past VTA GABA neuron activity (* PɷǻɷƔȭƔƕƖɯÛÞÖ-tailed signed-rank test, nɷǻɷƕƔɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯÈÙÌɯ

mean ± s.e.m. c, The same as a, but for opto -tagged glutamate neurons in a Vglut2-ires-Cre mouse. 

Restraint did not change the phase-locking direction of the NAc LFP with VTA glutamate 

neurons (PɷǻɷƔȭ82 two -tailed paired t-test, nɷǻɷ8 neurons). Data are mean ± s.e.m. 
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3.3 VTA GABA neuron activity is necessary for NAc 4 Hz 

To test the hypothesis that VTA GABA neuron activity produces the 4 Hz NAc oscillation 

during restraint, we again used our Cre-dependent viral strategy to selectively inhibit VTA DA, 

VTA GABA, and VTA glutamate neurons during restraint. By comparing the amplitude of the 4 

Hz NAc oscillation between light on and light off epochs, we were able to determine which VTA 

subpopulations contributed to the oscillation. Consistent with the finding that restraint almost 

completely silences VTA DA neurons, we found that inhibiting VTA DA neurons did not impact 

the 4 Hz NAc oscillation (Figure 14a). Meanwhile, inhibiting VTA GABA neurons during restraint 

significantly decreased the magnitude of the 4 Hz NAc oscillation (Figure 14b). In a control 

experiment, we found that illumination of the VTA did not affect the magnitude of the 4 Hz NAc 

oscillation in mice expressing eYFP in VTA GABA neurons (Figure 14d). These results suggest 

that VTA GABA activity is necessary for the 4 Hz NAc oscillation.  
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Figure 14: VTA GABA inhibition is necessary for stress -induced 4 Hz NAc oscillation . 

a, Far left: Experimental design. Left: Representative NAc spectra during light off (black) and on 

(green) epochs. Right: Relationship between peak 2-7 Hz NAc power during light off and on 



66 

 

epochs, with line of equality for reference. Far right: Summary of data f rom right panel. Arch 

inhibition of VTA DA neurons did not affect peak 2 -7 Hz NAc power ( P=0.56, two-tailed 

Wilcoxon signed-rank test, n=6 mice). Data are mean ± s.e.m. b, Same as a, but for VTA GABA 

inhibition. Arch inhibition of VTA GABA neurons reduced peak 2-7 Hz NAc power (* P=0.031 

two -tailed Wilcoxon signed -rank test, n=6 mice). Data are mean ± s.e.m. c, Same as a, but for VTA 

glutamate inhibition. Arch inhibition of VTA glutamate neurons increased peak 2-7 Hz NAc 

power (*P=0.032 two -tailed paired t-test, n=5 mice). Data are mean ± s.e.m. d, Same as a, but for 

eYFP controls. Illumination of the VTA did not affect peak 2 -7 Hz NAc power ( P=0.11 two-tailed 

paired t-test, n=7 mice). Data are mean ± s.e.m. 
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Surprisingly, we found that inhibiting VTA glutamate neurons increased the amplitude of 

the 4 Hz NAc oscillation (Figure 14c). The mechanism through which this might occur is unclear. 

Some VTA glutamate neurons project to fast-spiking interneurons in the NAc, a type of 

interneuron associated with the generation of gamma oscillations (30-90 Hz) (209, 211). VTA 

glutamate neurons may normally contribute to gamma oscillations in the NAc as opposed to 4 Hz 

oscillations, in which case inhibiting VTA glutamate neurons may weaken gamma oscillations 

while allowing 4 Hz oscillations to predominate. Consistent with this hypothesis, we found that 

inhibiting VTA glutamate neurons during restraint decreased gamma power in the NAc (Figure 

15). This hypothesized mechanism may also be consistent with evidence that chronic stress impairs 

evoked gamma power in the NAc (212). Alternatively, inhibiting VTA glutamate neurons may 

lead to excitation of VTA GABA neurons. The fast-spiking NAc interneurons that VTA glutamate 

neurons project to inhibit local MSNs (213), and VTA-projecting MSNs inhibit VTA GABA 

interneurons that normally inhibit other VTA GABA neurons (91). Thus, VTA glutamate 

inhibition may reduce the excitability of NAc fast-spiking interneurons, disinhibiting NAc MSNs 

which in turn disinhibit VTA GABA neurons.  
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Figure 15: VTA glutamate inhibition reduces NAc gamma power . Far left: Experimental 

design. Left: Representative NAc spectra during light off (black) and on (green) epochs. Right: 

Relationship between average 30-90 Hz NAc power during light off and on epochs, with line of 

equality for reference. Far right: Summary of data from right panel. Arch in hibition of VTA 

glutamate neurons decreased average 30-90 Hz NAc power ( **P=0.0045, two-tailed paired t-test, 

n=5 mice). Data are mean ± s.e.m.  
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Alternatively, inhibiting VTA glutamate neurons may further inhibit VTA DA neurons via 

inhibition of local glutamatergic synapses onto VTA DA neurons, or via inhibition of VTA 

neurons that co-release glutamate and DA. The restraint-induced inhibition of VTA DA neurons 

may be an important factor that modulates the magnitude of the 4 Hz oscillation, although we did 

not observe an increase in the magnitude of the 4 Hz oscillation during VTA DA inhibition (Figure 

14a). This may be in part due to the fact that VTA DA firing rate activity is already very low during 

restraint, and it may be difficult to observe an effect of increased VTA DA inhibition (Figure 12a). 

Stress may inhibit normal VTA DA to NAc activity to allow for the generation of a 4 Hz oscillation 

through VTA GABA circuits. Consistent with this possibility, we found that 20 Hz optogenetic 

stimulation of VTA DA neurons during restraint decreases the amplitude of the 4 Hz NAc 

oscillation relative to periods of no stimulation (Figure 16). However, as we did not find a 

significant change in the firing rate of opto-tagged VTA glutamate neurons during restraint (Figure 

12c), the finding that VTA glutamate inhibition enhances the strength of the 4 Hz NAc oscillation 

during restraint may not be physiologically relevant. While it is unclear how different circuits may 

modulate the amplitude of the 4 Hz NAc oscillation, what remains clear is that VTA GABA neuron 

activity is the key element necessary for the generation of 4 Hz NAc oscillation. 
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Figure 16: High -f requency VTA DA stimulation reduces 4 Hz NAc power.  Left: 

Experimental design. Center: Average NAc spectra during light off (black) and on ( blue) epochs. 

Data are mean ± s.e.m. Right: Summary of data from center panel. 20 Hz VTA DA stimulation 

during restraint  decreased peak 2-7 Hz NAc  power (**P=0.0023, two-tailed two sample t-test, 

nOFF=19 epochs, n20Hz=16 epochs). Data are mean ± s.e.m.  
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3.4 Inhibiting VTA GABA neurons during stress rescues reward-seeking 

As we found that the magnitude of the 4 Hz NAc oscillation correlated with the extent of 

reward deficits, we hypothesized that inhibiting VTA GABA neurons during restraint may rescue 

reward-seeking behavior. To test this hypothesis, we used a Cre-dependent strategy to express the 

inhibitory opsin halorhodopsin (eNpHR) in VTA GABA neurons. We chose to use eNpHR for this 

experiment because we found an escape from inhibition with Arch, where Arch inhibition of VTA 

GABA neurons initially inhibits the magnitude of the 4 Hz NAc oscillation, but this effect weakens 

over the course of a minute. In contrast, we found that eNpHR inhibition of VTA GABA neurons 

reliably inhibited the 4 Hz NAc oscillation for the 30 minute duration of restraint (Figure 17).  
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Figure 17: Prolonged inhibition of the restraint oscillation with eNpHR . a, Left: 

Example traces comparing efficacy of inhibiting 2 -7 Hz NAc restraint oscillation with Arch and 

eNpHR VTA GABA inhibition. Right: Arch VTA GABA inhibition decreased the 2 -7 Hz 

oscillation during the first 10 s of illumination (Bonferroni adjusted * P<0.05 one sample t-test, n=6 

mice) but not during the last 10 s of illumination (Bonferroni adjusted P>0.05) . By contrast, 

eNpHR VTA GABA inhibition decreased peak 2 -7 Hz NAc power throughout r estraint 

(Bonferroni adjusted *PArch0-10s=0.017, PArch50-60s=0.14, ***PeNpHR0-10s=0.00063, *PeNpHR50-60s=0.029, 

**PeNpHR1740-1800s=0.0054, two-tailed one-sample t-test, nArch=6 mice, neNpHR=7 mice). Data are mean ± 

s.e.m. b, The same as a, but for efficacy of inhibiting opto -tagged VTA GABA neuron firing rates 

(FR). Arch significantly reduced the firing rates of tagged GABA neurons 50 -60 s after 

illumination onset (Bonferroni adjusted *** P< 0.0001 two-tailed one-sample t-test, n=10 neurons), 
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but not 0-10 s after illumination onset (Bonferroni adjusted P=0.22). eNpHR successfully inhibited 

tagged VTA GABA neurons throughout restraint (All Bonferroni adjusted ***P<0.0001 two -tailed 

one-sample t-test, n=8 neurons). Data are mean ± s.e.m. c, Left: Experimental design. Center: 

Example trace of effect of eNpHR inhibition on peak 2 -7 Hz NAc power in familiar environment. 

Right: VTA GABA inhibition during familiar environment exploration has no effect on peak 2 -7 

Hz NAc power ( P=0.93, two-tailed paired t-test, n=4 mice). Data are mean ± s.e.m. 
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This discrepancy may result from differences in the mechanisms through which these 

opsins inhibit neurons. Arch is a light-activated proton pump that inhibits neurons by pumping 

protons out of the cell (214), whereas eNpHR is a light-activated chloride pump that inhibits 

neurons by pumping chloride ions into the cell (215). Researchers  hypothesize that chloride pump 

opsins are more effective than proton pump opsins at axonal inhibition (216), as Arch opsins can 

actually increase calcium influx and neurotransmitter release at axon terminals after prolonged 

activation as the intracellular pH changes (217). In contrast, changes in intracellular pH or 

differences in ion gradients at axon terminals compared to cell bodies do not limit chloride pumps 

like eNpHR. 

We recorded from mice during restraint in the presence or absence of VTA GABA 

inhibition with eNpHR, and then tested them on the cued-reward task (Figure 18a). We found that 

VTA GABA inhibition throughout restraint significantly decreased the magnitude of the 4 Hz NAc 

oscillation (Figure 18b). In addition, we found that after VTA GABA inhibition during restraint 

mice exhibited improved reward retrieval latency and anticipatory lick rate compared to after 

restraint alone (Figure 18c). In contrast, when we illuminated VTA GABA neurons expressing 

eYFP during restraint, there was no effect on NAc physiology or subsequent reward-seeking 

behavior (Figure 19). These results are consistent with the above data that VTA GABA neurons 

generate the 4 Hz NAc oscillation, and that this oscillation is directly related to reward-seeking 

impairments after stress.  
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Figure 18: Prolonged VTA GABA inhibition during restraint decreases low -frequency 

NAc oscillations and rescues reward -seeking behavior . a, Experimental design. b, Left: example 

NAc LFP spectra during light off (black) and light on (green) sessions. Center: relationship 

ÉÌÛÞÌÌÕɯ×ÌÈÒɯƘɷ'z NAc power during light off and light on sessions, with a line of equality for 

reference. Right: summary of data from the center panel. Prolonged VTA GABA inhibition 

ÙÌËÜÊÌËɯ×ÌÈÒɯƘɷ'áɯ- Êɯ×ÖÞÌÙɯȹɖPɷǻɷƔȭƔƕƘɯÛÞÖ-tailed paired  t test, nɷǻɷƛɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔean ± 

s.e.m. c, Left: experimental design. Right: Prolonged VTA GABA inhibition during restraint 

improved reward retrieval latency and anticipatory lick rate (* PɷǻɷƔȭƔƗƕɯÈÕËɯɖPɷǻɷƔȭƔƕƚȮɯÛÞÖ-tailed 

signed-rank test, nɷǻɷƛɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ 
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Figure 19: Prolonged illumination of eYFP -expressing VTA GABA neurons during 

restraint does not affect NAc physiology or reward -seeking behavior.  a, Far left: Experimental 

design. Left: Representative NAc spectra during restraint in light off (black) and light on (green) 

sessions. Right: Relationship between peak 2-7 Hz NAc power during light off and light on 

sessions, with line of equality for reference. Far right: Summary of data from right panel. 

Prolonged VTA illumination during restraint had no effect on peak 2 -7 Hz NAc power (P=0.14 

two -tailed paired t -test, n=7 mice). Data are mean ± s.e.m. b, Left: Experimental design. Right: 

Prolonged VTA illumina tion during restraint had no effect on reward retrieval latency or 

anticipatory lick rate (P=0.45 and P=0.27, two-tailed paired t -test, n=7 mice). Data are mean ± s.e.m. 
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3.5 Discussion 

 Here we show that restraint stress has a net inhibitory effect on NAc neurons, and that 

restraint-inhibited NAc neurons are phase-locked to the 4 Hz NAc oscillation. Furthermore, we 

show that VTA GABA activity during restraint is necessary for the 4 Hz NAc oscillation, as 

inhibiting VTA GABA activity decreases the power of this oscillation. Optogenetically tagged 

VTA GABA neurons phase-lock to the 4 Hz NAc oscillation, and a lag analysis shows that VTA 

GABA activity leads the 4 Hz NAc oscillation phase. This is consistent with our earlier data 

showing that VTA multi-unit activity leads the 4 Hz NAc oscillation. We also show that inhibition 

of VTA GABA activity during restraint rescues impairments in reward-seeking behavior. 

Together, these data show that VTA GABA activity during restraint is necessary for both the 4 Hz 

NAc oscillation and for stress-induced deficits in reward-seeking. 

 These results raise the questions of how VTA GABA neurons may generate the 4 Hz 

oscillation in the NAc. There are a number of mechanisms through which this might occur. VTA 

GABA neurons may inhibit local VTA DA neurons, as we observe a decrease in the firing rate of 

VTA DA neurons during restraint. Decreased VTA DA activity could result in decreased 

excitation of NAc MSNs via D1 receptors, leading to NAc neuron inhibition. At the same time, 

rhythmic inhibition of CINs or rhythmic inhibition and rebound excitation of MSNs by VTA 

GABA projections neurons could provide rhythmic input that synchronizes neurons to a 4 Hz 

oscillation, depending on which NAc population these projection neurons target. Optogenetic 

inhibition of CINs predominantly excites NAc MSNs (218), so rhythmic inhibition of CINs may 

produce rhythmic spiking in NAc MSNs that synchronizes with the 4 Hz oscillation.  
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Chapter 4: Activation of NAc-projecting VTA GABA neurons is 

sufficient to drive 4 Hz NAc oscillations and reward deficits 

4.1 Introduction  

 Our data shows that VTA GABA activity during restraint stress is necessary for the 

development of reward-seeking deficits, and that NAc-projecting VTA GABA neurons may be 

especially important for this phenomenon. However, it is still unclear whether rhythmic VTA 

GABA activity is sufficient for the development of a 4 Hz NAc oscillation. In addition, while 

stress impairs reward-seeking behavior, it is unclear how this stress-induced activity impacts the 

processing of reward anticipation at the neurophysiological level. 

 

4.2 Rhythmic VTA GABA neuron stimulation is sufficient to produce 4 Hz NAc 

oscillations and impair reward-seeking 

Our finding that VTA GABA activity during stress is necessary for stress-induced reward 

deficits raises the question of whether rhythmic VTA GABA activity on its own can produce 

changes in reward-seeking behavior. To test this hypothesis, we used a Cre-dependent viral 

strategy to express the excitatory opsin Channelrhodopsin-2 (ChR2) in VTA GABA neurons. We 

then rhythmically stimulated these neurons at 4 Hz for 30 minutes before testing mice on the cued-

reward task. Remarkably, we found that this rhythmic stimulation produced a 4 Hz oscillation in 

the NAc LFP in the absence of a stressor (Figure 20a-b). After 30 minutes of rhythmic VTA GABA 

stimulation, we found that mice exhibited impaired reward retrieval latency and anticipatory lick 

rate in the cued-reward task (Figure 20c). In contrast, no effects of low-frequency illumination 

were found in Vgat-cre mice expressing eYFP in the VTA (Figure 21).  
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Figure 20: Rhythmic stimulation of VTA GABA neurons is sufficient to drive 4 Hz NAc 

oscillation and impair reward -seeking. a, Left: experimental design. Right: event-related 

×ÖÛÌÕÛÐÈÓɯÖÍɯ- Êɯ+%/ȭɯ!ÈÙÚɯÐÕËÐÊÈÛÌɯƕƔɷÔÚɯÓÈÚÌÙɯ×ÜÓÚÌɯÖÕÚÌÛȭ b, Left: representative NAc spectra 

with no stimulation (black) and rhythmic  low -frequency stimulation (blue). Center: relationship 

ÉÌÛÞÌÌÕɯÔÈßɯƘɷ'áɯ- Êɯ×ÖÞÌÙɯËÜÙÐÕÎɯÓÐÎÏÛɯÖÍÍɯÈÕËɯÚÛÐÔÜÓÈÛÐÖÕȮɯÞÐÛÏɯÈɯÓÐÕÌɯÖÍɯÌØÜÈÓÐÛàɯÍÖÙɯ

ÙÌÍÌÙÌÕÊÌȭɯ1ÐÎÏÛȯɯÚÜÔÔÈÙàɯÖÍɯËÈÛÈɯÍÙÖÔɯÛÏÌɯÊÌÕÛÌÙɯ×ÈÕÌÓȭɯ"Ï1ƖɯÚÛÐÔÜÓÈÛÐÖÕɯÐÕÊÙÌÈÚÌËɯ×ÌÈÒɯƘɷ'áɯ

NAc power (* PɷǻɷƔ.031 two-tailed signed-rank test, nɷǻɷƚɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ c, Left: 

experimental design. Right: rhythmic ChR2 stimulation impaired subsequent reward retrieval 

latency and anticipatory lick rate (* PɷǻɷƔȭƔƗƕɯÈÕËɯɖPɷǻɷƔȭƔƗƕȮɯÛÞÖ-tailed signed-rank test, nɷǻɷƚɯ

mice). Data are mean ± s.e.m.  
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Figure 21: Rhythmic illumination of eYFP -expressing VTA GABA neurons does not 

affect NAc physiology or reward -seeking. a, Far left: Experimental design. Left: Representative 

NAc spectra from familiar environmen t with no illumination (black) and rhythmic low -frequency 

illumination (blue). Right: Relationship between max 2 -7 Hz NAc power during light off and 

rhythmic light illumination, with line of equality for reference. Far right: Summary of data from 

right pan el. Rhythmic light illumination did not affect peak 2 -7 Hz NAc power (P=0.95 twotailed 

paired t -test, n=7 mice). Data are mean ± s.e.m. b, Left: Experimental design. Right: Rhythmic 

VTA illumination did not affect subsequent reward retrieval latency (P=0.94, two -tailed signed-

rank test) or anticipatory lick rate (P=0.37, two-tailed paired ttest, n=7 mice). Data are mean ± 

s.e.m. 
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Stimulating VTA GABA neurons at 20 Hz did not produce an oscillation in the NAc 

(Figure 22a). Interestingly, this high-frequency stimulation did result in modest reductions in 

reward-seeking (Figure 22b). A receiver operating characteristic (ROC) analysis comparing the 

effects of 4 Hz and 20 Hz stimulation found that 4 Hz stimulation produced a more robust 

behavioral alteration than 20 Hz stimulation (Figure 22c). These results suggest that 4 Hz rhythmic 

VTA GABA activity is sufficient to produce a 4 Hz NAc oscillation in the absence of stress, and 

that this rhythmic activity is also sufficient to produce reward-seeking deficits. 
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Figure 22: High -frequency VTA GABA stimulation does  not affect NAc physiology , but 

impairs  reward -seeking. a, Far left: Experimental design. Left: Representative NAc spectra from 

familiar environment with no stimulation (black) and rhythmic high -frequency stimulation (20 

Hz, blue). Right: Relationship between peak 2-7 Hz NAc power during light off and rhythmic 

light illumination, wi th line of equality for reference. Far right: Summary of data from right panel. 

20 Hz stimulation did not affect peak 2 -7 Hz NAc power (P=0.84 two-tailed signed-rank test, n=6 

mice). Data are mean ± s.e.m. b, Left: Experimental design. Right: Rhythmic high -frequency VTA 

GABA stimulation resulted in an increase in reward retrieval latency (*P=0.014 two -tailed paired 

t-test, n=6 mice) and a non-significant decrease in anticipatory lick rate (P=0.094 two-tailed 

Wilcoxon signed-rank test, n=6 mice). Data are mean ± s.e.m. c, ROC curves describing diagnostic 
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accuracy of behavioral data. Left: Reward retrieval latency data identified stimulation sessions 

better than chance with 4 Hz data (**AUC=0.917, 99% CI [0.583, 1.00]) but not better than chance 

with 20 Hz data (AUC=0.722, 95% CI [0.469,1]). Right: Anticipatory lick rate data identified 

stimulation sessions better than chance with 4 Hz data (**AUC=0.944, 99% CI [0.643, 1.00]) but 

not better than chance with 20 Hz data (AUC=0.694, 95% CI [0.333,1.00]). 
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4.3 Rhythmic stimulation of NAc-projecting VTA GABA neuron stimulation is 

sufficient to produce 4 Hz NAc oscillations and impair reward seeking 

While our data suggest that rhythmic VTA GABA activity plays a role in VTA-NAc 

communication during stress and with the development of subsequent reward-seeking deficits, it 

is unclear whether local interneurons or projection neurons are responsible for this effect. As we 

found evidence that NAc-projecting VTA GABA neuron activity during stress may be necessary 

for reward-seeking impairments, we hypothesized that rhythmic activation of NAc-projecting 

VTA GABA neurons may be sufficient to produce the 4 Hz NAc oscillation as well as reward-

seeking deficits. To test this hypothesis, we injected retrograde rAAV 2 carrying Cre-dependent 

ChR2 in the NAc of Vgat-cre mice and implanted optic fibers above the VTA to rhythmically 

stimulate the cell bodies of NAc-projecting VTA GABA neurons. 

We found that rhythmic stimulation of NAc-projecting VTA GABA neurons produced a 4 

Hz oscillation in the NAc LFP in the absence of stress, similar to stimulating all VTA GABA 

neurons (Figure 23a-b). This result suggests rhythmic activity of this subpopulation of VTA 

GABA neurons is sufficient to generate a 4 Hz NAc oscillation. In addition, we found that after 

30 minutes of rhythmic stimulation of NAc-projecting VTA GABA neurons, mice displayed 

impaired reward retrieval latency and anticipatory licking in the cued-reward task (Figure 23c). 

This result suggests that rhythmic activity of NAc-projecting VTA GABA neurons is sufficient to 

impair reward-seeking behavior, even in the absence of stress. 
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Figure 23: Rhythmic stimulation of NAc -projecting VTA GABA neurons is sufficient 

to produce 4 Hz NAc oscill ations and impair reward -seeking behavior . a, Left: experimental 

design. Right: immunofluorescent image of retrograde ChR2 expression (green) in a Vgat-ires-

Cre mouse VTA, with tyrosine hydroxylase counterstain ( redȺȭɯ 3ÏÌɯ ÚÊÈÓÌɯ ÉÈÙɯ ÐÚɯ ƗƔɷϟÔȭɯ

Representative of five experiments. b, Left: representative NAc spectra of no stimulation and 

rhythmic low -ÍÙÌØÜÌÕÊàɯÚÛÐÔÜÓÈÛÐÖÕȭɯ"ÌÕÛÌÙȯɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÉÌÛÞÌÌÕɯÔÈßɯƘɷ'áɯ- Êɯ×ÖÞÌÙɯËÜÙÐÕÎɯ

light off and stimulation, with the line of equality for reference. Rig ht: Summary of data from the 

center panel. Stimulating NAc -×ÙÖÑÌÊÛÐÕÎɯ53 ɯ& ! ɯÕÌÜÙÖÕÚɯÐÕÊÙÌÈÚÌËɯ×ÌÈÒɯƘɷ'áɯ- Êɯ×ÖÞÌÙɯ

(*PɷǻɷƔȭƔƘƔɯÛÞÖ-tailed paired  t test, nɷǻɷƙɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ c, Left: experimental design. 

Right: rhythmic VTA illumination im paired subsequent reward retrieval latency and anticipatory 

lick rate (**PɷǻɷƔȭƔƔƝƕɯÈÕËɯɖɖPɷǻɷƔȭƔƔƙƛɯÛÞÖ-tailed paired  t test, nɷǻɷƙɯÔÐÊÌȺȭɯ#ÈÛÈɯÈÙÌɯÔÌÈÕɯǷɯÚȭÌȭÔȭ 
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4.4 NAc-projecting VTA GABA neuron activity is necessary for the 4 Hz NAc 

oscillation 

As we found that rhythmic stimulation of NAc-projecting VTA GABA neurons was 

sufficient to produce a 4 Hz NAc oscillation and sufficient to impair reward-seeking behavior, we 

hypothesized that NAc-projecting VTA GABA activity during stress may be necessary for these 

effects. To test this hypothesis, we injected retrogradely-transported rAAV Cre-dependent Jaws 

into the nucleus accumbens of Vgat-cre mice and implanted optic fibers above the VTA to inhibit 

the cell bodies of NAc-projecting VTA GABA neurons during restraint stress (Figure 24a) (219, 

220). We found that inhibiting NAc-projecting VTA GABA cell bodies decreased the power of 

the 4 Hz NAc oscillation during restraint, suggesting these projection neurons are necessary for 

the generation of the 4 Hz NAc oscillation (Figure 24b). To determine the possible importance of 

NAc-projecting VTA GABA activity during stress in subsequent reward-seeking impairments, we 

restrained mice with and without inhibition of NAc-projecting VTA GABA neurons before they 

engaged in a cued-reward task (Figure 24c). We found that inhibition of NAc-projecting VTA 

GABA neurons during restraint produced a trend-level decrease in reward retrieval latency and a 

trend-level increase in anticipatory lick rate (Figure 24c). While these experiments appear to be 

underpowered, they suggest that NAc-projecting VTA GABA neuron activity during stress may 

be necessary for the development of reward-seeking impairments after stress. At the very least, 

our data indicate that overall VTA GABA neuron activity during stress is necessary for the 

development of stress-induced reward-seeking deficits. 
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Figure 24: Prolonged inhibition of NAc -projecting VTA GABA neurons during 

restraint produces trend level decreases  in the 4 Hz NAc oscillation and trends toward rescuing 

reward -seeking behavior.  a, Experimental design. b, Left: example NAc LFP spectra during light 

ÖÍÍɯȹÉÓÈÊÒȺɯÈÕËɯÓÐÎÏÛɯÖÕɯȹÎÙÌÌÕȺɯÚÌÚÚÐÖÕÚȭɯ"ÌÕÛÌÙȯɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÉÌÛÞÌÌÕɯ×ÌÈÒɯƘɷ'áɯ- Êɯ×ÖÞÌÙɯ

during light off and light on sessions, with a line of equality for reference. Right: summary of data 

ÍÙÖÔɯ ÛÏÌɯ ÊÌÕÛÌÙɯ ×ÈÕÌÓȭɯ /ÙÖÓÖÕÎÌËɯ 53 ɯ & ! ɯ ÐÕÏÐÉÐÛÐÖÕɯ ÙÌËÜÊÌËɯ ×ÌÈÒɯ Ƙɷ'áɯ - Êɯ ×ÖÞÌÙɯ

(*PɷǻɷƔȭƔ39 two -tailed paired  t test, nɷǻɷ5 mice). Data are mean ± s.e.m. c, Left: experimental design. 

Right: Prolonged VTA GABA to NAc inhibition during restraint produced trend -level 

improve ments in reward retrieval latency and anticipatory lick rate ( PɷǻɷƔȭ14 and PɷǻɷƔȭƔ58, two-

tailed paired t test, nɷǻɷ6 mice). Data are mean ± s.e.m. 
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4.5 Restraint stress impairs VTA GABA encoding of reward anticipation 

The above data suggest an overarching role for VTA GABA neurons in the neural response 

to stress as well as the expression of reward anticipation. To determine how stress may affect VTA 

GABA neuron activity during reward-seeking, we recorded single-unit activity from the VTA of 

mice engaging in the cued-reward task either after exploring a familiar environment or after 

experiencing restraint stress. Using criteria based on neuron classification in a similar task (80), 

we classified neurons based on their CS+ evoked firing rates into putative DA neurons and putative 

GABA neurons. We recorded a total of 155 task-responsive VTA neurons in familiar sessions and 

153 task-response neurons in the restraint sessions. Approximately 52% of neurons in each group 

were identified as putative DA neurons, and 14-19% of neurons were identified as putative GABA 

neurons (Figure 25c). We found that restraint had no effect on the activity of putative DA neurons 

(Figure 25a). However, we observed an increase in the CS+ evoked firing rate of putative GABA 

neurons after restraint (Figure 25b). 

In addition to the above data, there is evidence that VTA GABA neural activity encodes 

reward expectation (95). We hypothesized that CS+ evoked activity in putative GABA neurons 

would be related to anticipatory behavior, and that stress would disrupt this relationship. To test 

this hypothesis, we generated an anticipation-response curve by averaging together the 

anticipatory lick rate of trials in which the firing rate of putative GABA neurons was below a 

particular threshold (Figure 25d). We then calculated EC50 values for these curves and compared 

these values between familiar and restraint data. We found that putative GABA firing more 

potently increased anticipatory licking in unstressed mice compared to stressed mice (Familiar 

EC50 0.845 Hz, 95% CI: [0.793, 0.900]; Restraint EC50 3.17 Hz, 95% CI: [3.11, 3.22]). This 

result suggests that even though restraint stress increases the activity of VTA GABA neurons in 
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the cued-reward task, stress also impairs the ability of these neurons to promote reward 

anticipatory behavior. 
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Figure 25:  Restraint enhances VTA GABA activity but weakens its relationship with 

anticipatory behavior.  a, +ÌÍÛȯɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ"2ǶɷÌÝÖÒÌËɯÍÐÙÐÕÎɯÙÈÛÌÚɯÖÍɯ×ÜÛÈÛÐÝÌɯ# ɯÕÌÜÙÖÕÚɯÐÕɯ

non-stressed (black) and stressed (red) conditions. Right: CS+ evoked firing rates for putative DA 

neurons recorded in non-ÚÛÙÌÚÚÌËɯÈÕËɯÚÛÙÌÚÚÌËɯÊÖÕËÐÛÐÖÕÚȭɯ1ÌÚÛÙÈÐÕÛɯËÐËɯÕÖÛɯÈÍÍÌÊÛɯÛÏÌɯ"2ǶɷÌÝÖÒÌËɯ

firing rates of putative DA neurons ( PɷǻɷƔȭƚƘȮɯ ÛÞÖ-tailed rank -sum test, nFamiliarɷǻɷƜƔɯ

neurons, nRestraintɷǻɷƜƔɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯ×ÓÖÛÛÌËɯÈÙÌɯÔÌËÐÈÕȮɯÜ××ÌÙɯÈÕËɯÓÖÞÌÙɯØÜÈÙÛÐÓÌÚȮɯÈÕËɯÒÌÙÕÌÓɯ

density estimate. b, The same as a, but for putative GABA neurons. Restraint enhanced CS+ 

evoked firing of putative GABA neurons (* PɷǻɷƔȭƔƖƜȮɯ ÛÞÖ-tailed r ank-sum test, nFamiliarɷǻɷƖƖɯ

neurons, nRestraintɷǻɷƖƝɯÕÌÜÙÖÕÚȺȭɯ#ÈÛÈɯ×ÓÖÛÛÌËɯÈÙÌɯÔÌËÐÈÕȮɯÜ××ÌÙɯÈÕËɯÓÖÞÌÙɯØÜÈÙÛÐÓÌÚȮɯÈÕËɯÒÌÙÕÌÓɯ

density estimate. c, Distribution of putative DA and GABA neurons in familiar environment  and 

restraint  stress conditions  (total neurons nFamiliarɷǻɷƕƙƙȮ nRestraintɷǻɷƕƙƗȺȭ d, Relationship between 

cumulative change in firing rate of putative GABA neurons and average anticipatory lick rate for 

the familiar environment and restraint stress conditions. Dotted lines ar e nonlinear least-squares 

ÍÐÛÛÌËɯÍÜÕÊÛÐÖÕÚȭɯ(ÕÚÌÛȯɯ2ÈÔÌɯËÈÛÈɯÎÙÈ×ÏÌËɯÜ×ɯÛÖɯƖƔɷ'áȭɯ2ÖÓÐËɯÓÐÕÌÚɯÐÕËÐÊÈÛÌɯ$"ƙƔɯÝÈÓÜÌɯÊÈÓÊÜÓÈÛÌËɯ

for the fitted function. The EC50 value for the familiar environment fitted function was smaller 

than that of the restraint stress fitted function (*** PɷǾɷƔȭƔƔƔƕɯÛÞÖ-tailed ANCOVA).  
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4.6 Sex differences in the response to stress 

 MDD is more prevalent in women, and there are reports of sex differences in the response 

to stress. Female animals are reported to have greater corticosterone release in response to stressors 

compared to male animals (221, 222). There is evidence that female mice tend to utilize more 

passive coping strategies to stressors than male mice (223, 224), although more recent studies 

focused on sex differences find that female rats more often exhibit darting behavior instead of 

freezing during fear conditioning and exhibit decreased immobility during a forced swim test (225, 

226). In humans, passive coping strategies are associated with the presence of MDD symptoms 

(227). As we used both male and female mice in our studies, we examined whether there were sex-

dependent differences in our results. We did not find any significant interactions between sex and 

stress for our main findings (Figure 26). Interestingly, we did find that female mice spend more 

time struggling during restraint, contrary to evidence that female mice tend to utilize passive 

coping strategies (Figure 27a) (223, 224). However, there was no effect of sex on 2-7 Hz NAc 

peak power during either struggle events or passive periods (Figure 27b). These results suggest 

that there may be sex differences in the coping response to stress, although the differences may 

depend both on animal species and stress modality. In addition, further studies are needed to 

examine the possible neural circuits underlying sex differences during coping responses. 
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Figure 26:  Data disaggregated by sex.  a, Left: Data from Figure 7b, disaggregated by sex. No 

effect of sex (P>0.05 2-way repeated measures ANOVA). Right: Data from Figure 7c, 

disaggregated by sex. No effect of sex (P>0.05 2-way repeated measures ANOVA). b, Data from 

Figure 8b, disaggregated by sex. No effect of sex (P>0.05 2-way repeated measures ANOVA). c, 

Data from Figure 8c, disaggregated by sex. No effect of sex (P>0.05 2-way repeated measures 

ANOVA). d, Data from Figure 8d, disaggregated by sex. No effect of sex (both P>0.05 2-way 

repeated measures ANOVA). e, Data from Figure 5a, disaggregated by sex. No effect of sex 

(P>0.05 2-way repeated measures ANOVA). f , Data from Figure 9a, disaggregated by sex. No 

effect of sex (P>0.05 2-way repeated measures ANOVA). g, Data from Figure 9b, disaggregated 

by sex. No effect of sex (P>0.05 2-way repeated measures ANOVA). h, Left: Data from Figure 18b, 

disaggregated by sex. Right: Summary of data from left panel. No effect of sex (P>0.05 2-way 

repeated measures ANOVA). i , Data from Figure 18c, disaggregated by sex. There was a main 

effect of sex on reward retrieval latency (P<0.05, 2-way repeated measured ANOVA). There was 

no effect of sex on anticipatory lick rate (P>0.05 2-way repeated measures ANOVA). j , Left: Data 

from Figure 23b, disaggregated by sex. Right: Summary of data from left panel. No effect of sex 

(P>0.05 2-way repeated measures ANOVA). k , Data from Figure 23c, disaggregated by sex. No 

effect of sex (Both P>0.05 2-way repeated measures ANOVA). l , Left: Data from Figure 19a, 

disaggregated by sex. Right: Summary of data from left panel. There was a main effect of sex on 

peak NAc power (P<0.05 2-way repeated measures ANOVA). m, Data from Figure 19b, 

disaggregated by sex. There was no effect of sex on reward retrieval latency (P>0.05 2-way 

repeated measures ANOVA). There was a main effect of sex on anticipatory lick rate (P<0.05 2-

way repeated measures ANOVA). n, Left: Data from Figure 21a, disaggregated by sex. Right: 

Summary of data from left panel. There was a main effect of sex on peak NAc power (P<0.05 2-

way repeated measures ANOVA). o, Data from Figure 21b, disaggregated by sex. There was a 

main effect of sex on reward retrieval latency (P<0.05, 2-way repeated measured ANOVA). There 

was no effect of sex on anticipatory lick rate (P>0.05 2-way repeated measures ANOVA). Data are 

mean ± s.e.m. 
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Figure 27:  Sex differences in stress-coping strategy .  a, During restraint, female mice spent 

more time struggling than male mice (*P=0.036 two-tailed two -sample t-test). Data are mean ± 

s.e.m. b, Data from Figure 3c, disaggregated by sex. During restraint, t here was no effect of sex 

on peak 2-7 Hz NAc power during struggle events (P=0.83 two-tailed Wilcoxon rank -sum test) or 

during  passive periods (P=0.14 two-tailed two -sample t-test). Data are mean ± s.e.m. 
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4.7 Discussion 

 Here we show that 4 Hz rhythmic stimulation of VTA GABA neurons is sufficient to 

produce a 4 Hz oscillation in the NAc and impair reward-seeking behavior. In addition, we find 

that selective rhythmic stimulation of NAc-projecting VTA GABA neurons also suffices to 

generate a 4 Hz NAc oscillation and impair reward-seeking behavior, and that NAc-projecting 

VTA GABA activity is necessary to generate a 4 Hz oscillation. We also show that restraint stress 

enhances cue-evoked activity of putative VTA GABA neurons, with no change in cue-evoked 

activity of putative VTA DA neurons. This increased activity seems to reflect a disruption of the 

relationship between putative VTA GABA activity and anticipatory behavior.  

 The finding that rhythmic stimulation of NAc-projecting VTA GABA neurons suffices to 

produce a 4 Hz NAc oscillation and impair reward-seeking behavior lends stronger evidence that 

this understudied VTA-to-NAc projection is important for the physiological response to stress and 

its impact on reward anticipation. In Chapter 3 we present some early evidence that NAc-

projecting VTA GABA neurons may be necessary for the stress-induced oscillation and reward-

seeking impairments. While further experiments are needed to determine statistical significance, 

the finding that these projections are sufficient to produce 4 Hz NAc oscillations and reward-

seeking behavior deficits increases confidence that these projections may be necessary for the 

physiological and behavioral effects of stress. 

 Notably, the magnitude of the oscillations we observed with optogenetic stimulation of 

VTA GABA projections was smaller than that of stress-induced oscillations, which suggests that 

light illumination and/or opsin expression incompletely engages the full population of VTA 

GABA neurons recruited by stress. In addition, VTA GABA projections to the NAc may govern 

the rhythm (as opposed to the amplitude) of the NAc oscillation, similar to medial septal GABA 
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projections to the hippocampus (228). In support of this idea, we found that 20 Hz stimulation of 

VTA GABA neurons did not produce a 4 Hz oscillation in the NAc, similar to the inability of high-

frequency optogenetic stimulation of medial septal GABA projections to the hippocampus to drive 

theta oscillations (229). Notably, 20 Hz VTA GABA stimulation did yield modest reward-seeking 

deficits, further supporting a dissociation between the amplitude of the 4 Hz oscillation and 

reward-seeking behavior during artificial stimulation. Although pharmacological inactivation of 

the VTA completely abolishes the 4 Hz NAc oscillation, other circuit elements, including 

excitatory inputs or local interneurons, may modulate the amplitude of 4 Hz NAc oscillations. A 

neural population of interest for modulating the amplitude of 4 Hz NAc oscillations is CINs in the 

NAc. Evidence suggests that VTA GABA projections to the NAc synapse predominantly upon 

CINs (100, 108). The method of 4 Hz oscillation generation in the NAc might mirror the 

mechanism through which medial septal projections to the hippocampus generate theta 

oscillations, where GABAergic projection neurons act as pacemakers for the frequency of the 

oscillation and cholinergic neurons act as “current generators” that regulate the amplitude of the 

oscillation (228, 230). Future studies will determine how the NAc circuitry or other inputs 

contribute to the 4 Hz NAc oscillation. 

 The finding that stress increases the cue-evoked activity of putative VTA GABA provides 

a possible explanation for behavioral impairments in reward-seeking, as these neurons are thought 

to encode reward expectation. Interestingly, while we find that average anticipatory lick rate 

appears to increase as we include more trials with higher increases in putative VTA GABA firing 

rate, this relationship appears to weaken after stress. Further studies are needed to determine how 

stress may disrupt the efficiency of VTA GABA to promote reward-seeking behavior. In addition, 

studies into how stress may affect NAc-projecting VTA GABA activity during reward anticipation 
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may provide insight into whether this physiological change occurs with all VTA GABA neurons, 

or if this effect is limited to local or NAc-projecting neurons. Fiber photometric recordings of VTA 

GABA projections to the NAc suggest that they may also encode reward anticipation, similar to 

the activity of VTA GABA neurons overall (95, 108). Given that NAc-projecting VTA GABA 

neurons appear to be necessary for the development of stress-induced NAc 4 Hz oscillations and 

reward-seeking impairments, specific stress impairments of these projection neurons may underlie 

disrupted encoding of reward anticipation. 
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Chapter 5: Discussion 

5.1 Introduction 

In this thesis I show that stress induces a 4 Hz oscillation in the LFP of the NAc. The 

magnitude of this oscillation during restraint stress predicts the extent to which mice exhibit 

impaired reward-seeking behaviors in a subsequent cued-reward task. Rhythmic activity of VTA 

GABA neurons is necessary and sufficient to produce this oscillation, which entrains NAc neurons. 

Rhythmic activity of VTA GABA neurons is also necessary and sufficient to produce deficits in 

reward-seeking behaviors. NAc-projecting VTA GABA neurons in particular appear to be 

responsible for both the generation of the 4 Hz NAc oscillation as well as the effect of stress on 

reward anticipation behavior. Stress enhances the cue-evoked activity of putative VTA GABA 

neurons, which appear to have a disrupted relationship with reward anticipation behavior (Schema 

2). These results reveal that while much of preclinical research into anhedonia has focused on the 

activity of VTA DA neurons, VTA GABA neurons play a significant role in both the 

neurophysiological response to stress as well as the lasting effects of stress on reward anticipation. 

  



99 

 

  

Schema 2: Summary of thesis findings .  The results of this thesis contribute to our knowledge 

of the role of VTA GABA neurons in mediating stress -induced blunte d reward seeking. Rhythmic 

activity of all VTA GABA neurons is necessary and sufficient to produce a 4 Hz oscillation in the 

NAc LFP as well as blunted reward -seeking. Rhythmic activity of NAc -projecting VTA GABA 

neurons is also necessary and sufficient to  produce a 4 Hz oscillation and sufficient to produce 

blunted reward -seeking, although future studies are needed to confirm whether rhythmic 

activity of these neurons is necessary for stress-induced blunted reward seeking. In addition , it 

remains unclear whether stress may disrupt the encoding of reward expectation in NAc -

projecting VTA GABA neurons. *For 4 Hz only . 
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5.2 Possible role of VTA afferents 

 In this thesis, I focus on VTA neurons as the source of stress-induced 4 Hz NAc oscillations 

and stress-induced impairment of reward-seeking. A key question raised by these findings is 

whether brain areas that project to the VTA may also play a role in stress-induced disruptions in 

reward anticipation. Indeed, a comprehensive study of brain areas projecting to VTA DA neurons 

suggests that VTA DA-projecting neurons in the dorsal striatum, ventral striatum, ventral 

pallidum, lateral hypothalamus, subthalamic nucleus, rostromedial tegmental nucleus (RMTg), 

and pedunculopontine tegmental nucleus can convey expectation information, reward information, 

or partial or complete RPE information (231). Furthermore, the same study found that a linear 

model can be constructed to accurately estimate VTA DA activity from the weighted sum of input 

neuron activity, and that randomly shuffling the weights of input neurons still produces a fair 

estimate of VTA DA responses to reward-predicting cues, reward delivery, and aversive stimuli, 

although not reward omission. While this result suggests that inputs redundantly send these types 

of information to VTA DA neurons, researchers have yet to perform comprehensive experiments 

to determine the necessity of individual inputs and whether any of these inputs may also convey 

expectation information to VTA GABA neurons.  

There is some indirect evidence that suggests lateral habenula neurons may convey reward 

omission information to VTA DA neurons via VTA GABA neurons. Lateral habenula neurons 

increase their firing rate in response to reward omission (232), and  lesioning the lateral habenula 

decreases the magnitude of the negative prediction error of VTA DA neurons (82). While the 

lateral habenula has a similar density of excitatory synapses on both VTA DA and VTA GABA 

neurons (204, 233), baseline VTA DA firing rate is increased in mice with lateral habenula lesions 

(82). Thus, lateral habenula excitation of VTA GABA neurons may regulate tonic and phasic firing 
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of VTA DA neurons. Future studies may reveal whether activity in lateral habenula projections to 

VTA GABA neurons may contribute to the increase in cue-evoked VTA GABA activity after 

stress. 

Lateral hypothalamus (LH) projections onto VTA GABA neurons may also disrupt normal 

encoding of reward expectation. The LH is another VTA-projecting brain region that encodes RPE, 

although whether the LH encodes RPE with GABAergic or glutamatergic projections to the VTA 

is not established (231). LH projections to the VTA primarily act via VTA GABA neurons, as 

activation of GABAergic LH terminals in the VTA inhibits VTA GABA neurons and disinhibits 

VTA DA neurons and is rewarding, while activation of glutamatergic LH terminals in the VTA 

suppresses dopamine release in the NAc and is aversive (183, 234). Interestingly, calcium imaging 

of glutamatergic LH axons in the VTA shows that aversive stimuli activate these projections, 

which suggests these projections may be a part of the natural response to stress (183). Thus, 

strengthening of glutamatergic LH projections onto VTA GABA neurons may be another 

mechanism through which stress can enhance VTA GABA activity. These data also raise the 

question of whether NAc-projecting VTA GABA neurons are activated by the LH. 

Altered NAc-to-VTA activity may also contribute to altered VTA GABA activity after 

stress. Lesioning the NAc impairs putative VTA DA encoding of RPE associated with timing (i.e., 

reward given/omitted earlier or later than expected), but not VTA DA response to larger size than 

expected rewards (235). This effect may be mediated through VTA GABA neurons, as NAc MSNs 

preferentially target non-dopamine neurons and can disinhibit VTA DA neurons (91, 236). 

Together, the results from studies in the lateral habenula, LH, and NAc suggest that RPE-encoding 

brain regions may exert their effects on VTA DA neurons via VTA GABA neurons. As a result, 
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stress-induced changes in plasticity between these regions and VTA GABA neurons may 

contribute to altered VTA GABA activity after stress. 

 

5.3 Stress and VTA plasticity 

The results of my thesis are consistent with previous clinical and preclinical data suggesting 

that anhedonia and stress impairments of reward behavior are due to deficient reward anticipation. 

My results provide novel information on how VTA-NAc communication changes during stress. 

Interestingly, this stress-induced activity directly causes the subsequent impairment in reward 

processing. This subsequent disruption of the relationship between putative VTA GABA neuron 

activity and anticipatory behavior suggests that stress-induced activity induces plasticity, although 

it is unclear from the present data how this change occurs.  

Increased cue-evoked firing in putative VTA GABA neurons could reflect changes in 

intrinsic excitability or changes in the synaptic strength of excitatory inputs to these neurons. At 

the same time, the dissociation of putative VTA GABA firing rate from anticipatory behavior 

suggests that despite the enhanced activity of these neurons, these neurons are less effective at 

promoting reward anticipation behavior. A better understanding of the neural mechanism driving 

reward anticipation behavior is needed to help determine which VTA GABA synapses may be 

disrupted by stress.  

Evidence suggests that aversive stimuli may differentially affect the synaptic plasticity of 

neuron subpopulations in the VTA. Slice recordings of VTA DA neurons projecting to the medial 

and lateral shell of the NAc suggest that aversive stimuli induce long-term potentiation (LTP) at 

glutamatergic synapses in VTA DA neurons projecting to the lateral shell, but not in VTA DA 

neurons projecting to the medial shell (237). LTP at glutamatergic synapses is a form of synaptic 
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plasticity in which repetitive stimulation increases the magnitude of excitatory post synaptic 

potentials (EPSPs) of a neuron. LTP at glutamatergic synapses often occurs via NMDA receptor-

mediated increases in the expression of AMPA receptors at the synapse, so this LTP is often 

measured as the ratio of AMPA receptor-mediated current to NMDA receptor-mediated current 

(238-240). Earlier studies also report that stress increases AMPA/NMDA ratio in VTA DA 

neurons, although these studies do not examine the effects on projection-specific populations of 

neurons (241-243).  

LTP can also occur at GABAergic synapses (LTPGABA), whereby activation of glutamatergic 

NMDA receptors results in increased IPSC magnitude, likely via increased GABAA receptor 

expression (244, 245). Interestingly, stress blocks LTPGABA on putative VTA DA neurons (246). 

This effect of stress may also predominantly impact lateral shell-projecting VTA DA neurons, as 

slice recordings suggest that lateral shell-projecting VTA DA neurons receive more IPSCs than 

medial shell-projecting VTA DA neurons (155).  However, stress does not appear to affect IPSC 

amplitude on VTA DA neurons (195).  

Consistent with my finding that cue-evoked VTA GABA activity increases after stress, 

researchers found that stress increases spontaneous IPSC frequency on VTA DA neurons (195). 

This suggests that stress blockade of LTPGABA may not be involved in the physiological changes 

VTA DA neurons exhibit after stress, but instead LTPGABA blockade may be a compensatory 

mechanism to limit the extent to which GABAergic inhibition of VTA DA neurons increases after 

stress. Researchers could test the role of plasticity at this synapse using genetically encoded 

fluorescent neurotransmitter sensors to measure GABA release onto VTA DA neurons in vivo 

before and after stress. Other studies into the relationship between increased VTA DA IPSC 

frequency and reduced anticipatory behavior or in the relationship between LTPGABA and 
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anticipatory behavior may provide further insight as to whether stress-induced reward seeking 

behavior occurs through plasticity at this synapse. 

Alternatively, stress may disrupt the plasticity of VTA GABA synapses in the NAc, which 

are not well-understood. Stress alterations of synapses in the NAc would be consistent with the 

fact that the power of a 4 Hz NAc oscillation correlates with the extent of the stress impairment of 

reward anticipation behavior. However, it remains an open question whether synaptic plasticity 

occurs at VTA GABA projections onto NAc CINs, or VTA GABA or NAc CIN projections onto 

NAc MSNs. This question could be answered by recording NAc MSN or CIN activity during 

restraint to determine whether rhythmic activity in one of these cell populations is a better predictor 

of stress-impaired reward seeking than the other population. This experiment may also present 

another possible pharmacological target for the treatment of anhedonia, which may be particularly 

useful given the addictive potential of VTA GABA-targeted therapeutics. 

 

5.4 Therapeutic potential  

The results here suggest that inhibition of VTA GABA activity during stress may prevent 

the development of stress-induced anhedonia. Therefore, selective pharmacological inhibition of 

VTA GABA neurons may allow the treatment of anhedonia. Research suggests that both 

benzodiazepines and μ-opioid receptor (μOR) agonists act specifically on VTA GABA neurons. 

Benzodiazepines are positive allosteric modulators of ionotropic GABAA receptors containing the 

α1, α2, α3, or α5 subunits, binding at a benzodiazepine binding site distinct from the GABA 

binding site (247). This class of compounds has clinical use for treating insomnia, anxiety, and 

convulsive disorders, although the development of tolerance and addiction to benzodiazepines 

limits the usefulness of these compounds as long-term therapeutics (248, 249). Benzodiazepines 
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are thought to exert their addictive effects at VTA GABA neurons. GABAA receptors on VTA 

GABA neurons predominantly contain the benzodiazepine-sensitive α1 subunit, whereas the vast 

majority of GABAA receptors on VTA DA neurons do not contain this subunit (250). Consistent 

with this, the net effect of benzodiazepines is to inhibit VTA GABA neurons and disinhibit VTA 

DA neurons (250). As evidence that benzodiazepines could prevent stress-induced anhedonia, 

diazepam given to rats after restraint stress prevented stress-induced impairment in sucrose 

consumption (149). Interestingly, this effect was not observed when diazepam was given before 

restraint stress, despite the ability of benzodiazepines to produce anterograde amnesia (249).  

μOR agonists are another class of compounds proposed to specifically target VTA GABA 

neurons. The μOR is a Gi/o-coupled G protein-coupled receptor (GPCR) that can inhibit neuronal 

activity through the recruitment of GIRK channels. There is converging evidence that activation 

of μORs selectively inhibits VTA GABA neurons and disinhibits VTA DA neurons (251-254). 

However, researchers hypothesize that this selective inhibition of VTA GABA neurons is the 

mechanism behind the addictive potential of opiates (255), and local infusion of μOR agonists into 

the VTA is reinforcing (256, 257). Still, this class of compounds may have utility for treating 

depression, as the antidepressant tianeptine is a μOR agonist that exerts its behavioral effects 

through the μOR (258, 259). Addictive potential is a concern for the use of μOR agonists as 

antidepressants, as tianeptine can produce conditioned place preference, and clinicians have 

reported several cases of addiction to tianeptine (258, 260-262). One potential solution to this issue 

is the development of biased agonists of the μOR. Biased agonists are compounds that 

preferentially activate specific downstream signaling pathways after binding to a receptor. For 

example, a biased agonist at a GPCR may preferentially activate a G protein pathway instead of a 

β-arrestin pathway. Recently, researchers developed biased μOR agonists for use as analgesics 
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with lower addictive potential (263-265). While these compounds appear to have fewer side-

effects than traditional opioid analgesics, there is debate as to whether these biased agonists are 

actually any less addicting (266). The possible antidepressant potential of biased μOR agonists is 

currently unknown. 

As both benzodiazepines and μOR agonists preferentially inhibit VTA GABA neurons yet 

have contraindicative addiction potential, it may be difficult to develop an antidepressant 

compound that targets this VTA population without being addictive. Further investigations into 

the genetic profile of VTA GABA neurons may provide insight into a more effective way of 

targeting this population to treat anhedonia. In other brain regions, GABA neurons are often 

classified based on the expression of characteristic proteins such as parvalbumin, somatostatin, or 

cholecystokinin (267, 268). However, these proteins do not segregate into different populations of 

GABA neurons in the VTA, and VTA DA neurons can also express these proteins (269, 270). 

Studies have found possible candidate protein markers for VTA GABA neurons, although it is not 

yet known whether these protein markers separate into functionally distinct populations of VTA 

GABA neurons (271, 272). It would be particularly interesting to find proteins expressed only in 

NAc-projecting VTA GABA neurons, as my data suggests the activity of these neurons is 

important for the development of stress-induced anhedonia. Genetic sequencing of NAc-projecting 

VTA GABA neurons may provide evidence for how researchers can genetically or 

pharmacologically target this population of VTA neurons. 

Another interesting class of compounds are analogs of the neurosteroid allopregnanolone. 

Neurosteroids regulate GABAA receptor function (273), and allopregnanolone, which is 

synthesized from the hormone progesterone (274), is a positive allosteric modulator of GABAA 

receptors (275). The Food and Drug Administration recently approved the use of allopregnanolone 
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as an antidepressant to treat postpartum depression. The study of allopregnanolone as an 

antidepressant was motivated by the findings that allopregnanolone levels are lower in women 

with postpartum depression compared to women who are euthymic during the postpartum period 

(276), that allopregnanolone levels negatively correlate with depression severity (277), and that 

antidepressants can increase allopregnanolone levels (278). Interestingly, allopregnanolone 

treatment enhances theta oscillations in the BLA via actions on parvalbumin-expressing GABA 

neurons (279), although it is unknown how this neurosteroid may affect VTA GABA physiology. 

Allopregnanolone has poor oral bioavailability and must be delivered intravenously (278), limiting 

its therapeutic use. An allopregnanolone analog named SAGE-217 is a positive allosteric 

modulator of GABAA receptors with improved bioavailability, and early clinical trials suggest this 

compound can reduce MDD symptom severity (280). However, we need further studies to 

determine whether SAGE-217 may exert effects on VTA GABA neurons. 

 

5.5 Future directions  

While our data provide new information regarding the role of VTA GABA neurons in 

mediating the transition from stress to impaired reward-seeking, further studies are still needed for 

a better understanding of the neural circuits underlying anhedonia. The current study focused 

primarily on reward anticipation, although stress may also produce deficits in reward consumption 

or reward learning. In addition, such deficits may involve different neural circuits than VTA 

GABA projections to the NAc. As discussed earlier, the current data also do not provide 

information regarding the plasticity that occurs that disrupts the relationship between VTA GABA 

activity and reward-seeking behavior. Future studies may reveal that nature of this plasticity, which 

could occur at synapses on VTA DA or VTA GABA neurons, at VTA GABA synapses in the 
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NAc, or through an entirely different mechanism. The current study focused on the impact of acute 

stress, which does not produce lasting deficits in reward-seeking. Future studies will determine 

whether chronic stress models disrupt reward anticipation via VTA GABA neurons, or if a 

different neural circuit is involved. Finally, our data that rhythmic activity of NAc-projecting VTA 

GABA neurons is necessary and sufficient to produce a 4 Hz oscillation in the NAc raises the 

question of how these projections neurons impact the NAc microcircuit, and whether this 

projection neurons are also involved in the normal encoding of reward anticipation. 

 

Chapter 6: Methods 

6.1 Subjects 

4-6-month-old male and female Vgat-ires-Cre homozygous mice, Dat-ires-Cre 

heterozygous mice, Vglut2-ires-Cre homozygous mice, C57BL/6J mice, and 129/svev mice (The 

Jackson Laboratory, stock numbers 028862, 006660, 028863, 000664, and 002448 respectively) 

were used as experimental subjects. Mice were housed with a standard 12 hour light-dark cycle 

and were given ad libitum access to food and water (when not being water restricted for the cued-

reward task). All procedures were approved by New York State Psychiatric Institute Institutional 

Animal Care and Use Committee at Columbia University, in accordance with NIH guidelines. 

 

6.2 Surgical Procedures  

Mice were anesthetized with 1%–3% vaporized isoflurane in oxygen (1 L/min) and placed 

in a stereotaxic apparatus. Cre mice were injected with Cre-inducible Archaerhodopsin (AAV5-

EF1a-DIO-eArch3.0-EYFP, UNC vector core), Cre-inducible Halorhodopsin (AAV5-Ef1a-DIO-
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eNpHR3.0-EYFP, Addgene), Cre-inducible Channelrhodopsin-2 (AAV5-Ef1a-DIO-

hChR2(E123T/T159C)-EYFP, Addgene), or control EYFP virus (AAV5-EF1a-DIO-EYFP, UNC 

vector core) at two locations within the VTA bilaterally (±0.5 mm ML and -3.4 mm AP from 

bregma, -4.5 mm DV from brain surface; 0.5 µL virus per injection. For projection-specific 

experiments, mice were injected with retrogradely transported Cre-inducible Channelrhodopsin-2 

(rAAV2-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-HGHpA, Addgene) at eight locations within 

the NAc bilaterally (±1.8 mm ML, 0.98 mm AP, -4.12 mm DV; ±0.9 mm ML, 1.5 mm AP, -4.0 

mm DV; ±0.6 mm ML, 1.5 mm AP, -3.4 mm DV; ±1.0 mm ML, 1.0 mm AP, -3.4 mm DV; 0.4 

µL virus per injection). For microdrive implantation experiments, animals underwent a second 

surgery to implant the microdrive about 4 weeks after initial viral injection. Animals were again 

anesthetized and placed in a stereotaxic apparatus. Craniotomies were made to allow for 

implantation of a bundle of 15 stereotrodes (13 micron tungsten wire, California Fine Wire) and a 

200 micron optical fiber in the left VTA (-0.5 mm ML, -3.4 mm AP, -4.45 mm DV); a 200 micron 

optical fiber in the right VTA; a local field potential (LFP) wire (76 micron tungsten wire, 

California Fine Wire) in the NAc (-1.25 mm ML, 1.25 mm AP, -4.0 mm DV); a ground screw over 

the cerebellum; and a reference screw over the orbitofrontal cortex. For multi-site recordings 

during restraint, LFP wires were also implanted in the BLA (3.15 mm ML, −2.06 mm AP, −3.4 

mm DV), dHPC (1.25 mm ML, −1.85 mm AP, −1.15 mm DV), PFC (0.3 mm ML, 1.65 mm AP, 

−1.6 mm DV) and vHPC (3.0 mm ML, −3.16 mm AP, −3.7 mm DV). Electrodes were connected 

to a 32 channel electrode interface board (EIB-36 Narrow, Neuralynx), and the board and wires 

were fixed to an advanceable custom microdrive. Electrode placements were confirmed by passing 

current through an electrode at each site (5 mA, 10 s) to generate an electrothermolytic lesion. 

Mice were anesthetized with ketamine/xylazine prior to generating the lesions and were then 
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perfused. The brains were extracted, cryoprotected, sectioned, mounted, stained, and examined 

under a microscope to determine lesion placements and characterize eYFP, Arch, eNpHR, and 

ChR2 expression in VTA.  

 

6.3 Optogenetics 

561 nm wavelength light (Opto Engine, LLC), 532 nm wavelength light (OEM laser) or 

473 nm wavelength (LaserGlow Technologies) light was delivered at 10 mW via 200 mm 

diameter, 0.22 NA optical fibers. For Arch experiments, 532 nm light was delivered in 60 second 

ON/60 second OFF epochs as mice explored a familiar environment and while mice were 

restrained. For eNpHR experiments, 532 nm or 561 nm light was delivered constantly for 30 

minutes while mice were restrained. In addition, 532 nm or 561 nm light was delivered 1 second 

ON/10 second OFF as mice explored a familiar environment for optogenetic tagging. For ChR2 

experiments, mice either received no illumination or 4 Hz stimulation (10 ms pulse width) while 

exploring a familiar environment. 

 

6.4 Immunohistochemistry 

At the conclusion of experiments (6-8 weeks after viral injection), mice were first 

anesthetized with a ketamine (100 mg/kg) and xylazine (7 mg/kg) mixture then perfused with 4% 

paraformaldehyde (Thermo Fisher Scientific), and the brains were extracted and cryoprotected in 

30% sucrose in 1X PBS until they sank. 40 µm sections were taken in a cryostat and stored in 1X 

PBS at 4°C until they were used for immunohistochemistry experiments. The following antibodies 

and dilutions were used: chicken polyclonal anti-GFP (1:500, Abcam, ab13970), Cy3 donkey anti-

sheep (1:200, Jackson ImmunoResearch, 713-165-147), sheep polyclonal anti-tyrosine 
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hydroxylase (1:1000, Abcam, ab113), Cy2 donkey anti-chicken (1:200, Jackson ImmunoResearch 

703-225-155).  

 

6.5 Cued-Reward Task  

After 5–7 days of post-surgical recovery, the mice were water restricted to 90% of baseline 

body weight. Prior to experimental recordings, the mice underwent 3 days of habituation to the 

recording setup: an opto/electrical tether was connected to the head stage preamplifier while the 

mice explored a small, rectangular, wooden box (24.5 cm x 34 cm) in 200 lux lighting conditions 

in 15-20 min daily sessions.  

Upon reaching their target weight, the mice were trained on a cued-reward task using a 

custom-built, Arduino-driven rectangular, wooden box in which tones (1 kHz or 5-10 kHz white 

noise; 1 second duration) produced by a piezo buzzer (Digi-Key) predicted water rewards (15 µL) 

delivered with a solenoid valve (The Lee Company). The mice were presented with 150 trials of 

pseudo-randomly interleaved CS+ (predicting reward) or CS- (non-reward predicting). CS+/CS- 

identity was counterbalanced across mice. After the CS+ ended there was 0.5 second delay, 

followed by a 5 second period during which reward would be delivered upon detection of a lick at 

the reward port by an infrared photointerruptor (SparkFun). This reward retrieval period was 

followed by a 10 second intertrial interval (ITI). Mice were trained until they retrieved rewards on 

at least 70% of CS+ trials for two consecutive days. Mice reached criterion performance in 6.5 ± 

0.9 training sessions (mean ± s.e.m.). Lick detection at the reward port was used to measure the 

first lick during the reward availability period and the rate at which mice would lick during reward 

anticipation and reward delivery. 
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To measure the diagnostic ability of behavioral data to identify stimulation and non-

stimulation sessions, we generated receiver operating characteristic (ROC) curves from reward 

retrieval latency and anticipatory lick rate data. Area under the curve (AUC) values were calculated 

and bootstrapping with 10,000 iterations was used to estimate confidence intervals for AUC 

values. 

 

6.6 Restraint  

Mice were placed in tapered plastic film restraint bags (Decapicone) punctured with 

breathing holes before entering 50 mL plastic conical tubes, modified with a slit to allow the 

headstage and recording tether to pass. Restraint occurred for 30 min, after which mice were 

release from conical tube and restraint bags. Videos of restraint were analyzed to determine periods 

of struggling. Each mouse was exposed to restraint stress only once unless otherwise noted. The 

mice used to characterize restraint-induced physiology in Figure 1 and Extended Data Figure 1 

had previously undergone a 5 min social interaction test not analyzed in this study. 

 

6.7 Tail Suspension 

 Mice were suspended 40 cm above the floor by taping their tails to a horizontal bar (281). 

Video and electrophysiological recordings were collected for 6 min, after which mice were 

released. Videos were analyzed for periods of struggling. 

 

6.8 Pharmacological Inactivation 

Guide cannulas (26 gauge; Plastics One) were bilaterally implanted into the VTA as 

described above. An LFP wire was glued to the side of the cannula so that it extended 1.5 mm past 
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the cannula tip. LFP wires were also implanted in the NAc. After recovery from surgery, the mice 

were habituated to the familiar environment for 3 days. Saline or muscimol (Tocris Bioscience) 

dissolved in saline (8.8 mM concentration) was microinfused into the VTA while the mice were 

in the home cage by back loading into a 33-gauge infusion cannula and into polyethylene (PE 20) 

tubing connected to 1.0 µL Hamilton microsyringe. The infusion cannula protruded 1 mm beyond 

the guide cannula tip. An infusion volume of 0.13 µL was delivered using a Harvard 11 Plus 

syringe pump (Harvard Apparatus) at a rate of 0.13 μL/min and the infusion cannula was left in 

place for 5 minutes post-infusion. After a 20–30 min post-infusion interval, neural activity was 

recorded as the mice were placed in the familiar environment and then the restraint tube. 

 

6.9 Neural Recordings  

A Digital Lynx system (Neuralynx, Bozeman, MT) was used to amplify, band-pass filter 

(1-1000 Hz for LFPs and 600-6000 Hz for spikes), and digitize the electrode recordings at 

sampling rates of 2 and 32 kHz for LFPs and spikes, respectively. Single units were clustered 

based on the first two principal components (peak and energy) from each channel using 

Klustakwik (Ken Harris) and visualized in Spike Sort 3D (Neuralynx). Clusters were then visually 

inspected and included or eliminated based on waveform appearance, inter-spike interval 

distribution, isolation distance, and L-ratio.  

 

6.10 Respiratory Recordings 

To monitor respirations simultaneously with neural recordings, a 7 mm-long stainless-steel 

cannula (23 gauge, Small Parts, Inc) was implanted in the nasal cavity of mice that were also 

implanted with NAc LFP wires. Under anesthesia, a rectangular window 2 mm long and 1 mm 
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wide was cut into the left nasal bone with a generic rotary 0.5 mm diameter ball end burr bit starting 

2.5 mm from the caudal edge of the bone until nasal epithelium was visible. A solution of lidocaine 

was applied to the visible epithelium. A ~1.5 mm rostrocaudal incision was made in the epithelium, 

Gelfoam (Pfizer) was applied to stem any bleeding, and the preparation left to rest for 5 minutes. 

The cannula was inserted into the incision such that the lower tip rested 0.5-1 mm below the surface 

of the epithelium. Cannula was affixed to the skull with Vetbond (3M) and dental cement.  The 

cannula was capped between experimental recordings. During experiments, the cannula was 

connected via polyethylene tubing (801000, A-M Systems) to a pressure sensor (24PCEFJ6G, 

Honeywell) and homemade preamplifier circuit (282). The signal from this circuit was digitized 

at 32 kHz using the Digital Lynx system. 

 

6.11 Power, Coherence, Phase-Locking Analysis, and Directionality Analysis  

Raw LFP data were normalized by dividing by the root mean square of the voltage signal 

while the mice were in the familiar environment. The power spectra and coherence of the LFPs 

were calculated with MATLAB wavelet functions (cwt and wcoherence). Power is reported in 

arbitrary units (arb.u.) relative to baseline root mean square voltage. Power and coherence were 

calculated on 1-minute segments of data and averaged across the entire experimental session. To 

remove mechanical artifacts and EMG noise, indices with voltage values 3 standard deviations 

from the mean were omitted when averaging power. To speed-filter data, indices corresponding to 

when the animal was moving 0-5 cm/s were included when averaging power. To capture the 

animal-specific frequency of the restraint-induced oscillation, we measured the peak restraint-

induced signal within a 4 Hz range and compared it with the corresponding signal in the familiar 

environment. 
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For phase locking analysis, we digitally band-pass filtered the raw LFPs using a zero phase 

delay filter (K. Harris and G. Buzsaki). The phase was calculated using a Hilbert transform, and a 

corresponding phase was assigned to each spike. We limited our analysis to units that fired at least 

100 times over the period analyzed. Functional directionality was calculated based on the pairwise 

phase consistency (PPC) of VTA multiunit spikes assigned based on the corresponding phases of 

the 4 Hz filtered NAc LFP. We calculated PPC of VTA spikes that were shifted in 2.5 ms steps ± 

80 ms to 4 Hz NAc signals. We compared the lags of the maximum PPC value to determine VTA-

to-NAc directionality, where negative lags correspond to VTA-to-NAc directionality. 

 

6.12 Single-Unit Analyses  

We identified significantly light-modulated units by bootstrapping. Laser ON and laser 

OFF spikes were combined, binned, and randomly shuffled 30,000 times. We considered units 

light-responsive if the observed difference between laser OFF and laser ON firing rate for a unit 

was greater than 95% of the firing rate differences from the shuffled data. 

To determine the effects of restraint effects on firing rate, average firing rate was compared 

between a 5-minute baseline period during which mice explored a familiar environment and 

restraint during the same recording session. For task-evoked single unit activity, spikes were 

binned in 10 ms bins and averaged across trials per neuron. CS+ evoked single unit activity was 

calculated as the average firing rate per neuron during CS+ presentation. Identification of putative 

VTA dopamine and VTA GABA neurons was adapted from previously established criteria (80). 

Neurons were first filtered based on whether they were significantly task-modulated by performing 

a one-way ANOVA of firing during a 1 second baseline period, during the 1 second CS+ 

presentation, and during the 0.5 second delay period. Significantly task-modulated units were then 
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classified as putative VTA dopamine neurons if they had significantly higher reward-evoked firing 

in the 0-0.15 second period after reward retrieval relative to pre-CS+ baseline firing rate, as well 

as no difference between pre-CS+ baseline firing rate and delay period firing rate. Significantly 

task-modulated units were classified as putative VTA GABA neurons if they exhibited a higher 

firing rate during the delay period than the pre-CS+ baseline firing rate.  

To quantify the efficacy of putative GABA firing in increasing average anticipatory lick 

rate, individual trials were discretized into 0.1 Hz bins of the average firing rate increase from the 

ITI period to the period between CS+ onset and reward availability. Trials in which firing rate 

decreased between these periods were excluded. We fit a least squares non-linear function to 

describe the average anticipatory lick rate as a function of cumulative trials where putative GABA 

firing increased up to an increasing ceiling value. EC50 values from these fits were compared with 

an ANCOVA test.  

 

6.13 Quantification and Statistical Analysis 

Statistical analysis was performed in GraphPad Prism 8 or MATLAB. Two-tailed tests 

were used throughout. Data was tested for normality to determine whether to use parametric or 

non-parametric tests. For behavioral experiments, Wilcoxon signed-rank tests or paired t-tests 

were used to assess the effects of stress and optogenetic manipulations within animals. For 

between-animal comparisons, Wilcoxon rank-sum tests or two-sample t-tests were used. For 

calculation of the efficacy of Arch and eNpHR on oscillation inhibition, Bonferroni-corrected one-

sample t-tests were used to compare each time period to 100%. For all analyses, the alpha level 

was 0.05. Error bars and shaded error bands represent the standard error of the mean. 
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