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Abstract

Mesolimbic dopamine perturbations modulate performance of reward-seeking behavior, with tasks 

requiring high effort being especially vulnerable to disruption of dopamine signaling. Previous 

work primarily investigated longer-term perturbations such as receptor antagonism and dopamine 

depletion, which constrain the ability to assess dopamine contributions to effort expenditure in 

isolation from other behavior events, such as reward consumption. Also unclear is if dopamine is 

required for both initiation and maintenance when a sequence of multiple instrumental responses 

is required. Here we used optogenetic inhibition of midbrain TH+ neurons to probe the role of 

dopamine neuron activity during instrumental responding for reward by varying the time epoch of 

neural inhibition relative to the time of response initiation. Within a fixed-ratio procedure, 

requiring eight nosepoke responses per reinforcer delivery, or a progressive ratio procedure, in 

which within-session response requirements increased exponentially, inhibiting dopamine neurons 

while mice were engaged in response bouts decreased the probability of continued responding. If 

inhibition occurred during each attempted bout, the effect was to decrease total responses, and thus 

amount of rewards earned, over a session. In contrast, if inhibition was applied only during some 

bouts, mice increased the number of bouts initiated to earn control levels of reward. Inhibiting 

dopamine neurons while mice were not responding decreased the probability of initiating an 

instrumental response but had no effect on the amount of effort exerted over the entire session. We 

conclude that midbrain dopamine signaling promotes initiation of instrumental responding and 

maintains motivation to continue ongoing bouts of effortful responses.
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INTRODUCTION

Considerable evidence indicates that brief phasic dopamine (DA) neuron activity can serve 

as a reward prediction error (RPE) signal capable of supporting certain forms of associative 

learning. Neural response profiles congruent with this view have been observed in non-

human primates and rodents (Cohen et al., 2012; Day et al., 2007; Eshel et al., 2015; Flagel 

et al., 2011; Hart et al., 2014; Ljungberg et al., 1992; Matsumoto and Hikosaka, 2009; 

Owesson-White et al., 2008; Roesch et al., 2007; Schultz et al., 1997, 2015; Waelti et al., 

2001), and optogenetic manipulation of VTA DA neuron activity to mimic a positive or 

negative RPE at the time of reward receipt, or immediately following an action predictably 

changes future behavior (Chang et al., 2016; Hamid et al., 2016, 2016, Parker et al., 2016, 

2016; Steinberg et al., 2013; Tsai et al., 2009).

In addition to learning, a role for VTA DA in ongoing motivation, or behavioral activation, 

has long been appreciated (Berridge, 2007; Berridge and Robinson, 2003; Robbins and 

Everitt, 2007; Salamone, 2002; Salamone and Correa, 2012), and has been proposed to vary 

in relation to current subjective effort/energy utilization requirements (Beeler et al., 2012; 

Cagniard et al., 2006; Niv, 2007; Ostlund et al., 2012; Salamone and Correa, 2012). For 

example, DA antagonists and lesions of DA terminals in the nucleus accumbens (NAc) 

reduce effortful instrumental responding and promote behavioral switching from more to 

less effortful means to gain access to food reward (Aberman and Salamone, 1999; Hosking 

et al., 2015; Ostlund et al., 2012; Salamone et al., 1991).

Observation of two modes of DA neuron activity, phasic firing and tonic firing, (Goto et al., 

2007; Grace, 2000, 2016; Niv, 2007; Sulzer et al., 2016; Wanat et al., 2009) have led to the 

assignment of distinct contributions of phasic and tonic DA neuron activity to learning and 

motivation, respectively, especially when considering DA actions in the nucleus accumbens 

(NAc) (Niv et al., 2007; Parker et al., 2010; Schultz, 2007; Zweifel et al., 2009), with phasic 

DA changes mediating learning and changes in tonic levels over tens of seconds to minutes 

impacting motivational variables. However, multiple studies suggest that motivation may be 

related to changes in VTA/NAc DA levels over relatively short time scales that would 

typically not be considered ‘tonic’ (Collins et al., 2016; Hamid et al., 2016; Ko and Wanat, 

2016; Phillips et al., 2003; Roitman et al., 2004; Wassum et al., 2012a), and have been 

referred to as ‘slow phasic’, representing changes occurring on the time scale of behavior, 

yet longer than the time required for a DA neuron burst (Salamone and Correa, 2012). For 

example, in a recent set of studies using fast scan cyclic voltammetry (FSCV), Collins and 

colleagues (2016) directly measured DA in NAc of rats trained to lever press one lever for 

access to a second lever whose depression led to reward. These authors found that DA 

concentration increases were sometimes observed to begin prior to lever approach, and to 

last on the order of 5–10 secs (Collins et al., 2016). Features of these increases were 

correlated with latency to approach the first lever, suggesting that these briefer DA signals 
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alter motivated responding directly (Collins et al., 2016). While these responses changed 

over days with learning, they also were predictive of behavioral response characteristics, in 

line with roles of DA in both motivation and learning (Collins et al 2016; Wassum et al., 

2012). Similar conclusions emerge from a detailed analysis of NAc FSCV DA signals within 

a reinforcement learning framework; Hamid et al (2016) found that the dynamics of the DA 

signal encode both immediate value that acutely impacts effort expenditure, as well as 

changes in value, or RPEs, that affect future response allocation. Interestingly, the authors 

found that optogenetic activation of VTA DA neurons time-locked to a trial initiation cue did 

not affect future choice, i.e., learning, but did decrease response latencies on that same trial. 

Together these findings suggest that VTA DA neuron activity can impact ongoing 

responding, congruent with a motivational interpretation, perhaps even on shorter time 

scales than typically considered to reflect ‘tonic’ DA.

While these and other prior studies indicate contributions to motivated behavior, they 

generally did not distinguish between a requirement for DA for initiation or maintenance of 

responding. In a careful series of studies, Nicola and colleagues provide evidence that DA 

levels in the NAc are critical for ongoing modulation of behavior, specifically for facilitation 

of approach behavior (Nicola, 2010, 2016), an idea that would place the requirement for DA 

at the initiation phase of action sequences, rather than the expression. On the other hand, 

findings of selective effects of DA lesions on responding under larger ratio requirements as 

compared with continuous reinforcement (Aberman and Salamone, 1999; Salamone et al., 

2001), as well as the observation of DA increases from the initiation through the full 

execution of a response sequence (Collins et al., 2016) might suggest that DA also is 

important for maintenance of longer sequences of responses.

Here we tested whether suppression of DA neuron activity when mice were required to 

execute a sequence of responses to obtain reward would impair performance, using 

optogenetic inhibition of TH+ neurons in the midbrain. We trained TH-IRES-Cre mice on 

appetitive instrumental procedures for food reward then triggered DA neuron inhibition 

during different behavioral epochs. Based on the prior findings discussed above, we chose to 

inhibit DA neurons at two distinct time points during these instrumental procedures. In the 

first condition, we triggered inhibition while mice were engaged in off-task behavior and 

measured the probability that mice would reinitiate instrumental responding while DA 

neurons were inhibited. In the second condition, we triggered inhibition just after mice 

initiated an instrumental response and were therefore actively engaged in a bout of 

responding. We found that TH+ neuron inhibition applied both prior to or during a sequence 

of instrumental actions made to obtain reward reduces the probability that reward-seeking 

actions will be elicited during the time of inhibition; this is an acute effect that fully recovers 

when the inhibition ceases. Thus inhibition can acutely decrease the probability of reward-

seeking actions, in agreement with contributions of DA to ongoing responding during both 

the initiation and maintenance phases of instrumental behavior.
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EXPERIMENTAL PROCEDURES

Subjects

Male tyrosine hydroxylase (TH)-IRES-Cre mice aged 8–12 weeks were housed individually 

on a reverse 12 h light/dark cycle (lights off at 10:00). All mice began behavioral training 

with standard rodent chow and water available ad libitum. Mice were tested under food 

restriction and were brought down to 90% of their free-fed body weight over 5 days before 

the start of the behavioral test. All experimental procedures were approved by the 

Institutional Animal Care and Use Committee of the Ernest Gallo Clinic and Research 

Center at the University of California, San Francisco and were consistent with the guidance 

described within the National Institute of Health Guide for the Care and Use of Laboratory 

Animals.

Surgical procedures and virus injection

Mice were anesthetized with 100mg/kg ketamine and 10mg/kg xylazine and placed in a 

stereotaxic frame. Mice received an infusion of either Cre-dependent halorhodopsin (AAV5/

Ef1a-DIO-eNpHR3.0)-eYFP or a control Cre-dependent YFP virus (AAV5/Ef1a-DIO)-

eYFP (viruses were ~1012 infectious units ml 1; UNC Viral Vector Core, Chapel Hill, NC, 

USA). A custom made 31-gauge infuser was used to deliver 1μl of virus targeting the VTA 

(target coordinates: ML±0.5mm, AP -3.5mm, DV -4.45mm relative to bregma) at a rate of 

0.1μl per minute. The infuser was left in place for an additional 10 minutes following each 

infusion. Two additional holes were drilled (ML±1.5mm) and two chronic bilateral optical 

fibers were implanted at an angle of ±13.5° to a targeted depth of DV -4.45mm relative to 

skull. Optical fibers were made in-house with optical fiber (BFL37-200, Thorlabs) and a 

ceramic ferrule (MM-FER2007C-2500, Precision Fiber Products) and were secured to the 

skull surface with two metal screws and dental cement. As an analgesic, all mice were given 

ad libitum access to acetaminophen (80mg/100ml water, oral, baby aspirin) for five days 

following surgery. All mice were given 7 days to recover before starting handling and 

behavioral procedures. All behavioral tests were conducted at least 5 weeks postsurgery.

Behavioral procedures

After recovery from surgery, mice were trained in standard behavioral chambers (Med 

Associates) in ventilated sound-attenuating chambers. Behavioral chambers were outfitted 

with a 2.8W/100mA house light and two nosepoke ports flanking a recessed port into which 

the reward pellet was delivered. The back of one nosepoke port was illuminated with a cue 

light when active and a 500ms, 1kH tone was delivered after each response requirement was 

completed on the active nosepoke, indicating that a reward pellet was available. Mice were 

first trained on a fixed ratio 1 (FR1) schedule of reinforcement to self-administer a high-fat 

food (35%, 20mg, Bio-serv) pellet. After acquiring the FR1 task, mice were then progressed 

to FR3 training for a minimum of 3 days before progressing to an FR8 or progressive ratio 

(PR) schedule for testing, depending upon the experiment. Under the PR schedule, the 

number of nosepoke responses required to earn a pellet was increased after each successive 

reward according to the equation x = (5*e^reward*0.24))-5, which produced the following 

response requirement schedule: 1,2,4,6,9,12,15,20,25,32,40,50,62,77,95,118… In all 
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schedules, a 500ms, 1kH tone cue signaled the completion of the current ratio requirement 

and the availability of the reward.

For five days prior to testing and in sessions with optical inhibition of DA neurons, the 

implanted fiber optic implants were attached to patch cables 

(MFP_200/240/900-0.22_2.0m_sma, Doric Lenses) that terminated with a ceramic ferrule 

with a fitted ceramic sleeve (SM-CS125S, Precision Fiber Products). The other end of the 

patch cable was attached to a bilateral optical commutator (Doric Lenses), which was 

connected via a second patch cable to a 200mW DPSS 532 nm laser (OEM Laser Systems). 

The timing of optical inhibition was triggered by a computer running Med PC IV (Med 

Associates) software, which also recorded nosepoke responses and reward port entries.

Histological verification of NpHR virus expression and fiber optic placement

Brains were post-fixed in paraformaldehyde and cryoprotected in 25% sucrose for 24 hrs 

before slicing. Sections (50μm) were washed in PBS and incubated with 0.2% bovine serum 

albumin (BSA) and 0.2% Triton X-100 for 20 min. 10% normal donkey serum (NDS) was 

added for an additional 30 min incubation. Sections were then incubated with primary 

antibodies overnight at 4 degrees Celsius in PBS with BSA and Triton X-100. 

Concentrations for primary antibodies were as follows: mouse anti-GFP (1:1500, 

Invitrogen), rabbit anti-TH (1:1500, Fisher Scientific). Sections were then washed with 2% 

NDS in PBS for 10 min before incubating with secondary antibodies for 2 hrs at room 

temperature. Concentrations for secondary antibodies were 1:200 and were conjugated to 

Alexa Flour 488 or 594 dyes (Invitrogen). Sections were mounted onto glass microscope 

slides in phosphate buffered water, coverslipped with Vectashield mounting medium (Fisher 

Scientific), and imaged on a confocal microscope to verify locations of virus expression and 

fiber placements. Mice with insufficient virus expression or inaccurate fiber placements 

were discarded from the study.

Statistics

All values are expressed as mean±SEM. Statistical differences within groups were assessed 

using paired 2-tailed Student’s t-tests and statistical differences between groups were 

assessed using unpaired 2-tailed Student’s t tests. A level of confidence of p < 0.05 was 

employed for statistical significance. For analysis of number of responses during laser on 

periods for different response requirements in the progressive ratio procedure, p values were 

adjusted for multiple corrections using the Benjamini–Hochberg correction with a corrected 

cutoff of p=0.05, rather than apply a repeated measures ANOVA approach because only a 

subset of trials, that varied across subjects, contained one or more laser-on periods.

RESULTS

We used in vivo optogenetic techniques with the aim of selectively inhibiting midbrain DA 

neurons of mice during behavior. To permit inhibition of TH+ neurons in the VTA, TH-
IRES-Cre mice received injections of Cre-dependent AAV virus (AAV5-Ef1a-DIO-

eNpHR3.0-eYFP) expressing the light-sensitive inhibitory channel, halorhodopsin 3.0 

(NpHR), in the VTA; chronic optical fiber implants were targeted dorsal to this region to 
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allow for selective bilateral optogenetic DA neuron inhibition (Fig. 1). This inhibitory opsin 

approach has been used in TH-IRES-Cre mice in multiple published reports (Chaudhury et 

al., 2013; Ilango et al., 2014; Parker et al., 2016; Tan et al., 2012; Tye et al., 2013), and 

inhibition was confirmed in TH+ cells in vitro and in vivo, and little to no rebound excitation 

was observed including after long inhibitions (Chaudhury et al., 2013).

Mice were trained to respond, or ‘nosepoke’, for food reward by inserting their snout into a 

small hole in the experimental chamber, and the number of responses required for reward 

varied by experiment. However, in all experiments, completion of the correct number of 

nosepoke responses resulted in presentation of a 500 msec auditory tone and one high-fat 

food pellet. We tested the effects of DA neuron inhibition on initiation of nosepoke 

responding and on completion of a nosepoke response bout after nosepoking had begun. To 

accomplish this, we tracked behavior in real time and used the tracked behavioral events to 

trigger laser onset to inhibit midbrain DA neurons during each of these three behavioral 

epochs. Inhibition during the two behavioral epochs were tested separately in different 

sessions.

TH+ neuron inhibition decreases the probability of instrumental response initiation

To determine if DA is required to initiate a bout of nosepoke responses, TH-IRES-Cre mice 

expressing NpHR in the VTA were trained to respond under a fixed-ratio (FR8) instrumental 

schedule of reinforcement (eight sequential nosepokes required for delivery of one reward 

pellet). Fifteen sec laser pulses were delivered during off-task periods, specifically, when 

more than 15 seconds had elapsed since a subject collected a reward pellet with no nosepoke 

responses initiated during those 15 seconds (Fig. 2a). Mice were less likely to initiate 

nosepoking while the laser was on compared to a no-laser control session in which 

equivalent 15-s time intervals were analyzed (paired t-test, t(9)=4.046,p=0.003, Fig. 2b). 

This behavioral suppression recovered rapidly upon laser offset (Fig. 2c), as indicated by no 

difference in the mean latency to initiate responding between inhibited and non-inhibited 

sessions (paired t-test, t(9)= −.18,p=0.86; Fig. 2d). Furthermore, we observed no decrease in 

the total number of nosepokes emitted during the 2-hour behavioral session (paired t-test, 

t(9)= −.394, p=0.70; Fig. 2e). These results show that optical inhibition of DA neurons 

decreases the likelihood for initiation of instrumental nosepoke response bouts in a 

behavioral task with a fixed, moderate effort requirement.

To expand on this, we tested the effect of TH+ neuron inhibition in mice trained under a 

progressive ratio (PR) schedule, in which the number of nosepokes required to earn a reward 

is systematically increased over trials. To assess the requirement for DA neuron activity in 

response initiation in the PR task we triggered 15-s laser pulses when mice had failed to 

nosepoke for > 20 seconds (Fig. 2f). As with the FR8 procedure, DA neuron inhibition 

decreased the percentage of nosepoke bouts initiated during the laser pulse when compared 

to a control no-inhibition session (t(10)= 3.50, p=0.006 ; Fig. 2g,h). We observed a fast 

rebound in the probability of initiating a nosepoke bout upon laser offset (Fig. 2h), and no 

change in the latency to initiate nosepoking after DA neuron inhibition when compared to 

no-inhibition control sessions (t(10)= −.976, p=0.35; Fig. 2i). There was no change in the 

mean total nosepokes in the PR task (t(10)=.921. p=0.379; Fig. 2j).
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Inhibiting mesolimbic TH+ neurons after nosepoke bout initiation decreases bout duration

To determine whether DA neuron activation is required to maintain an ongoing sequence of 

instrumental responses, we tested the effects of DA neuron inhibition responding under the 

FR8 schedule after subjects initiated the first nosepoke in the bout of eight required for 

reward (laser onset 0.01 seconds after response initiation, laser duration 15 seconds; Fig. 

3a). Inhibiting DA neurons at the beginning of the nosepoke bout reduced the number of 

nosepokes completed during the laser pulse compared to responding during comparable 15-s 

windows in a second no-laser test session (paired t-test, t(9)=5.65,p=0.0003, Fig. 3b). In 

addition, the probability of completing additional nosepokes during the laser pulse decreased 

precipitously when compared to the no-laser control session (Fig. 3c). As a consequence of 

this reduction in the number of responses, mice completed significantly fewer trials (i.e., 

more frequently failed to meet the FR8 response requirement; paired t-test, t(9)=

−6.85,p<0.0001; Fig. 3d), and made fewer nosepokes over the entire session, compared to 

the no laser session (paired t-test, t(9)=3.67, p=0.005; Fig. 3e). To examine whether the 

observed decrease in nosepokes was secondary to motor deficits caused by DA neuron 

inhibition, we measured the time intervals between nosepoke responses while DA neurons 

were and were not inhibited. We found no difference in percentage of inter-response 

intervals (IRI) that were less than 1 second (IRI < 1 sec; .87 +/− .04 vs .82 +/− .04, paired t-

test. t(9)=1.9, p=0.09) in agreement with previous findings that inhibiting VTA DA neurons 

does not affect locomotor behavior per se (Tye et al., 2013).

Because inhibiting DA neurons following the initiation of every response bout markedly 

decreased nosepoking behavior, we wondered if this effect could depend upon changes in 

overall motivation that outlasted the period of inhibition. However, when we inhibited TH+ 

neurons after initiation of only 50% of nosepoke bouts and compared behavior during 

equivalent 15-sec periods for the remaining 50% of bouts (Fig. 3f), we observed a decrease 

in mean nosepokes that was specific for laser-on bouts as compared with laser-off bouts 

(paired t-test, t(9)=4.62, p=0.001; Fig. 3g,h). Because mice completed significantly fewer 

ratios (FR8) while the laser was on (t(9)=5.28, p=0.001; Fig. 3j), yet still performed overall 

as well as they did during a session with no inhibition (total nosepokes: paired t-test, t(9)=−.

394, p=0.70; total rewards earned: paired t-test, t(9)=1.13, p=0.29; Fig.3i), we hypothesized 

that mice were compensating by increasing the number of bouts initiated throughout the test 

session. Bout initiation was defined as nosepoke responding after >3 seconds had elapsed 

since a prior nosepoke. (We chose a 3 second IRI as this was the shortest time period that 

DA receptor antagonists were shown to impair instrumental response initiation (Nicola, 

2010)). We found that mice did indeed initiate more bouts in sessions in which they received 

TH+ neuron inhibition for 50% of their bouts when compared to control, no-laser sessions 

(t(9)= −3.65, p=0.005; Fig. 3k).

We also examined the impact of DA neuron inhibition on maintenance of responding during 

the PR task by inhibiting DA neurons after bout initiation (15-s laser onset after completion 

of 3 nosepokes with IRI < 0.75 seconds on 50% of trials; Fig. 4a). The mean number of 

nosepokes performed during inhibition decreased when compared to initiated bouts with no 

inhibition in the same behavioral test session (t(9)=2.81, p=0.02; Fig. 4b). The percentage of 

IRIs < 1 second between inhibited and non-inhibited conditions was not different, arguing 
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against a motor deficit due to DA neuron inhibition (p=0.16, inhibited: 79.46%±9.07, 

simulated laser: 91.07%±2.18). When responding was examined relative to increasing 

response requirement (Fig. 4c), the average number of nosepokes during 15-s inhibition 

periods was relatively constant in the face of increasing overall response requirements in 

between reward deliveries. In trials where DA neurons were not inhibited (simulated laser), 

mice increased the number of nosepokes performed as the response requirement increased, 

performing an average of 22.57±4.57 nose pokes in 15 seconds in the more demanding 

response requirements (greater than 100 nose pokes required to earn each reward). DA 

neuron inhibition had no effect on the number of nose pokes performed during the laser 

pulse for response requirements less than 10 (p=0.50, inhibited: 6.78±1.73, simulated laser: 

5.39±1.11) (Fig. 7c). However, mice performed fewer nose pokes while DA neurons were 

inhibited when compared to no laser trials with response requirements above 26 (RR26–50, 

p=0.01; RR51–100, p<0.0001; RR 100+, p<0.0001; Fig. 7c). Interestingly, inhibiting DA 

neurons on 50% of trials resulted in significantly fewer nosepokes performed across the 2-

hour test session when compared to control sessions with no DA neuron inhibition 

(t(9)=2.825, p=0.02; Fig. 4d). To determine if mice attempted to compensate for the 

reduction in nosepoke responding during DA neuron inhibition, we measured the total 

number of bouts initiated across the inhibition session compared to a no-inhibition session. 

In this test condition, we did not observe an increase in the number of nose poke bouts 

initiated in the inhibition session (p=0.92, inhibited: 75.5±8.37, no inhibition: 76.2±10.99).

DISCUSSION

Here we demonstrate that inhibition of midbrain DA neurons impairs performance of 

motivated behavior. We first show that DA neuron activity at the time mice are not engaged 

in instrumental behavior is required to promote initiation of an instrumental response. In 

addition, DA neuron activity at the time mice are engaged in an instrumental response 

promotes the continuation of responding through completion of the response requirement. 

Finally, because in most cases mice readily compensate for nose pokes omitted while DA 

neurons are inhibited, the effects appear limited to acute alterations in responding.

These findings are generally consistent with many years of work showing that long-term DA 

depletions and receptor antagonism impair performance on instrumental tasks with moderate 

to high response costs (Aberman and Salamone, 1999; Aberman et al., 1998; Mingote et al., 

2005; Nicola, 2010; Salamone and Correa, 2012; Salamone et al., 2001). Our ability to 

confine DA inhibition to fifteen second epochs allowed us to specifically ask whether DA is 

required for the initiation of effortful responding. The clear decrease in the initiation of a 

nosepoke bout during inhibition indicates that DA is indeed important for initiation. This 

finding supports the flexible approach hypothesis proposed to account for the effects of NAc 

DA manipulations on instrumental responding (Nicola, 2010). Nicola has proposed that NAc 

DA is required to reinitiate an instrumental response after a period of off-task behavior 

(Nicola, 2010), and that the impact of DA manipulations on effortful responding are 

accounted for by reductions in subjects’ ability to re-engage with the operandum after a 

pause in responding. Our results are additionally consistent with reports that self-initiated 

action sequences are preceded by DA neuron firing (c.f., (Jin and Costa, 2010; Romo and 

Schultz, 1990) as well as mesolimbic DA release (Ko and Wanat, 2016; Phillips et al., 2003; 
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Roitman et al., 2004; Stuber et al., 2005; Wassum et al., 2012b). In addition, brief, phasic 

activation of DA cell body regions promote cocaine-seeking behavior, suggesting a causal 

role for DA neuron activity in promoting response initiation (Phillips et al., 2003). Our 

findings may reflect a broader role of NAc DA in approach behavior, both to instrumental 

operanda and cues, as suggested by multiple experimental findings (c.f., (Collins et al., 

2016; Di Ciano et al., 2001; Flagel et al., 2011; Fraser and Janak, 2017; Salamone et al., 

2016; Saunders et al., 2017; Wassum et al., 2012b) and as explored in a recent review 

(Nicola, 2016).

Although evidence suggests NAc DA promotes approach behavior, this doesn't necessarily 

imply that DA is required to maintain effort once an instrumental response sequence is 

initiated. However, we found that inhibiting DA neurons during a bout of nosepokes 

significantly decreased the ability to complete an FR8 response requirement, as well as the 

higher response requirements within a progressive ratio procedure. In contrast, some studies 

using DA antagonists suggest that DA is not required for behavioral responding during 

moderate to long sequences of instrumental actions (Nicola, 2010). There are multiple 

possible explanations for the difference between the current study and past studies using DA 

antagonists. First, optogenetic inhibition of midbrain DA neurons will also impact co-

transmitters of these neurons, for example, glutamate (Morales and Margolis, 2017; Stuber 

et al., 2010; Yamaguchi et al., 2015). Therefore, it is possible that some of our behavioral 

effects may be dependent on decreased glutamate release as well as DA release in terminal 

regions, which could explain the discrepancy between our findings and those with DA 

antagonists. Second, the pharmacological impact of DA antagonists at presynaptic DA 

receptors and/or pharmacological actions over other behavioral epochs, in addition to actual 

responding, could produce different overall effects on behavior. Finally, it is possible that the 

effect of inhibition after initiation of a bout observed here was mediated by a reduction in 

return to responding after very brief disengagements by subjects on some trials; in this case, 

one might propose that re-initiation was impaired, but what might be the defining difference 

between re-initiation and maintenance? Independent of the terminology, while we did not 

find evidence for this type of deficit in the current study, it would be of interest to directly 

test the impact of brief forced response breaks within bouts.

We note that in the progressive ratio test we did not see a deficit in nosepoking behavior as a 

result of DA neuron inhibition for response requirements less than ten and only a minor 

deficit for response requirements less than twenty-five. These results might seem surprising 

given the marked decrease in nosepoking behavior observed during DA neuron inhibition in 

the FR8 task. This may be explained by a procedural difference in the inhibition; whereas 

laser onset occurred after one nosepoke in the FR8 tests, laser onset occurred after the third 

nosepoke in the progressive ratio task. While we made this adjustment to bias our inhibition 

to times when we imagined the mouse was ‘committed’ to preforming a long bout, this 

change precludes a direct comparison of effect magnitude across the two procedures. It is 

also possible that this difference arises from the variance in relative response cost 

experienced by subjects in FR8 vs progressive ratio, as this variable can determine the 

impact of DA manipulations. In support of this idea, Ostlund and colleagues (2012) found 

that rats that experienced an upshift or no change in relative response cost during a test 

session as compared to prior training sessions (FR1 or FR10 train, FR10 test) showed a 
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substantial deficit in task performance under DA receptor antagonists. On the other hand, 

animals that experienced a downshift in relative response cost (FR20 train, FR10 test) were 

not impaired in test performance after DA receptor antagonism. Therefore, DA may mediate 

a subjective, relative evaluation of the current effort requirements of a task rather than the 

absolute cost of obtaining a reward. Future studies to test this possibility using DA neuron 

inhibition in short time frames as in the present study would be beneficial.

We inhibited DA neuron firing at the cell-body level, in the VTA. In addition to ventral 

striatal projections, DA neurons in the VTA have non-striatal targets, and it is possible that 

inhibition of projections to the prefrontal cortex, hippocampus, or other regions, could 

account for some of the effects seen here, a possibility that must be tested.

Notably, the effects reported here were limited to the actual time epoch during which the 

laser is on. When within-bout inhibition only occurred on 50% of FR8 trials, mice increased 

the number of bouts initiated during times of no inhibition, thereby earning equivalent 

reward over the session. This indicates that, to a certain extent, mice are able compensate for 

the acute effects of in-bout DA neuron inhibition. Likewise, while we observed pronounced 

acute effects of inhibiting DA neurons on response initiation, the delays in response 

initiation did not translate into a reduction in total nosepoke behavior in any of the tests 

performed, as subjects initiated sufficient response bouts during periods of no inhibition to 

earn control levels of reward over the session. We conclude that interrupting DA neuron 

activity at the time of performing a bout of operant responses substantially interferes with 

the ability of mice to overcome response costs and maintain motivation while the inhibition 

is occurring, but these effects are acute and recover rapidly.

These effects therefore are in line with a direct effect on motivated performance of reward-

seeking behavior, rather than a learning effect revealed at a later time point. While we note 

that a minority of laser-on periods overlapped with reward delivery, which could be expected 

to extinguish reward-seeking behavior by acting as a negative reward prediction error 

(Chang et al., 2016; Parker et al., 2010; Steinberg and Janak, 2013), this appears not to be 

sufficient in the tests conducted here to alter later behavior outside of the laser-on periods. A 

direct test in which inhibition is consistently paired with reward delivery is required to 

explore this issue.
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Highlights

• Is midbrain dopamine neuron activity required for responding on fixed ratio 

and progressive ratio tasks in mice?

• Optogenetic inhibition of dopamine neurons decreases the likelihood of 

initiation a response bout

• Optogenetic inhibition of dopamine neurons after bout initiation decreases the 

likelihood of bout completion

• Mice counteract depressant effects of dopamine inhibition during no-

inhibition periods to maintain overall reward levels
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Figure 1. NpHR expression in the midbrain
Example histology from a TH-Cre+ mouse injected with a Cre-dependent NpHR-containing 

virus. Vertical tracks indicate fiber optic placements above the ventral tegmental area. Red= 

tyrosine hydroxylase, green = YFP, yellow = overlap.
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Figure 2. TH+ neuron inhibition decreases the liklihood of instrumental response initiation. (a–e)
Inhibition of midbrain DA neurons during off-task behavior, defined as the time period in 

which mice are not nosepoking nor collecting reward, in mice (n=10) responding for reward 

on an FR8 schedule decreases the likelihood of nosepoke initiation with no change in total 

nosepokes performed in a 2-hr test session. (a) Time of in vivo DA neuron inhibition relative 

to behavioral events. A 15-sec laser pulse was triggered 15 seconds after mice collected a 

reward as long as mice had not yet initiated a nosepoke response. (b) Decrease in mean 

percentage of nosepoke bouts initiated during 15-sec inhibition epochs compared to 

equivalent time periods in a no inhibition control session. **p<0.01. (c) Mice with DA 

neuron inhibition were less likely to initiate responding during the 15-sec laser pulse (light 

grey shaded area), an effect that did not persist after laser offset. Light green line = 

inhibition session; black line = control session. (d) Mean latency (d) to initiate responding 

upon laser offset and mean total number of nosepokes ( e ) made over the entire session was 

unchanged after DA neuron inhibition compared to similar time periods within control 

sessions. (f–j) Inhibition of midbrain DA neurons during off-task behavior in mice (n=11) 

responding for reward on a progressive ratio schedule decreases probability of nosepoke 

initiation but does not decrease total nosepokes completed in a 2-hr test session. (f) Time of 

in vivo DA neuron inhibition relative to behavioral events. A 15-sec laser pulse was 
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triggered after mice had not performed a nosepoke response for 20 seconds. (g) Decrease in 

mean percentage of nosepoke bouts initiated during 15-sec laser periods compared to a no 

inhibition session. **p<0.01. (h) Mice with DA neuron inhibition were less likely to initiate 

nosepoke responses during the 15-sec laser pulse (light grey shaded area), an effect that did 

not persist after laser offset. Light green line = inhibition session; black line = control 

session. Mean latency (i) to initiate responding and mean total number of nosepokes in the 

session (j) was not changed after DA neuron inhibition compared to a no inhibition session. 

All data reflect means +/− SEM.
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Figure 3. Inhibiting mesolimbic TH+ neurons after nosepoke bout initiation decreases bout 
duration within an FR8 task. (a–e)
Inhibition of midbrain DA neurons upon each bout initiation decreases bout duration and 

total nosepokes in a 2-hr FR8 test session (n=10). (a) Time of in vivo DA neuron inhibition 

relative to behavioral events. A 15-sec laser pulse was triggered 0.01 seconds after mice 

completed a single nosepoke response for every such occurrence. (b–c) Decrease in mean 

responding (b) and probability of emitting additional nosepokes (c) during 15-sec laser on 

period compared to same period during a no inhibition session. ***p<0.001. Light green 

bar/line = inhibition session; black bar/line = control session. (d–e) Decrease in mean 

percentage of ratios completed (d) and mean total number of nosepokes ( e ) in inhibition 

sessions compared to no inhibition sessions. **p<0.01,***p<0.001. (f–k) Inhibition of 

midbrain DA neurons for 50% of initiated bouts decreases bout duration but not total 

nosepokes completed in a 2-hr FR8 test session (n=10). (f) Timing for in vivo DA neuron 

inhibition relative to behavioral events. A 15-sec laser pulse was triggered 0.01 seconds after 

mice completed a nosepoke response for 50% of bouts. (g–h) Decrease in mean responding 

(g) and probability of emitting additional nosepokes (h) during 15-sec inhibition period 

(Laser) compared to same time epochs (Sim Laser, simulated laser) during the same session. 

***p<0.001. Light green bar/line = inhibition session; black bar/line = control session. (i) 
Mean total number of nosepokes was not changed after 50% in-bout DA neuron inhibition 

compared to a no inhibition session. (j) Mean percentage of ratios completed was decreased 
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during the laser (Laser) on 50% of bouts with inhibition compared to the other 50% of bouts 

with no inhibition (Sim Laser, simulated laser) from the same session. ***p<0.001. (k) 
Mean number of bouts initiated was increased in the 50% in-bout DA neuron inhibition 

session compared to a separate no inhibition session. **p<0.01. All data reflect means +/− 

SEM.
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Figure 4. Inhibiting mesolimbic TH+ neurons after nosepoke bout initiation decreases bout 
duration within a progressive ratio task
Inhibition of midbrain DA neurons in 50% of initiated bouts decreases bout duration and 

total responding (n=10). (a) Time of in vivo DA neuron inhibition relative to behavioral 

events. A 15-sec laser pulse was triggered in 50% of trials, 0.01 seconds after mice 

completed three nosepoke responses in succession with an IRI<0.75 seconds. (b) Decrease 

in mean responding during laser on periods (green bars) compared to equal numbers of 

simulated laser periods (gray bars) within the same session. *p<0.05. (c) Decrease in mean 

responding sorted by response requirement. Responding during laser on periods was 

consistently low. RR 0–10: P=0.50, RR 11–25: P=0.052, **p<0.01, ***p<0.001. Paired t-

test, adjusted for multiple corrections using the Benjamini-Hochberg correction. (d) 
Decrease in mean total responding in inhibition sessions compared to no inhibition sessions. 

*p<0.05. Data reflect means +/− SEM.
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