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ABSTRACT  

 

Organisms are often motivated by goals which are spatially and temporally distant. 

Animals travel large distances, risking their lives in search of food, water, or a mate. How does 

the animal remain motivated and focused on the goal? How does the animal change its behavior 

adaptively in varying environmental conditions? 

 

Here, we reveal a role for two major neuromodulators in different behavioral contexts – 

dopamine when animals seek distant rewards and serotonin when animals behave adaptively in 

environments with different valence. We measured population calcium activity of dopamine 

neurons in ventral tegmental area as mice learned a variety of reward seeking tasks. When mice 

navigated through space toward a goal, dopamine activity progressively increased or ramped up 

and peaked at the goal. This ramping dopamine activity was sensitive to reward magnitude and 

emerged quickly within a few trials after the first reward exposure in naïve animals. Physical action 

was not necessary to produce dopamine ramps; dynamic sensory feedback of progress to reward 

alone can produce dopamine ramps. However, dopamine ramps driven by sensory feedback were 

short lived. When the animal was required to use an internal model of distance to reward, in the 

absence of sensory feedback, the dopamine ramps were robust and did not fade over training. 



 

Collectively, these results suggest that dopamine ramps reflect an internal model of goal proximity 

information.  

 

Next, we measured population activity of serotonin neurons in the dorsal raphe nucleus 

when animals were in a moderate threat or a high threat environment. We found that the serotonin 

neural activity decreased during movement initiation in a moderate threat environment but 

increased during movement initiation in a high threat environment. We then measured calcium 

activity of individual serotonin neurons when animals were exposed to environments at different 

threat levels. We found that individual serotonin neurons switched their movement-related neural 

activity when mice transitioned from moderate threat to high threat environments, signifying 

routing of environmental valence information to individual serotonin neurons.  

 

Together, this research provides insights into the neural mechanisms underlying 

environmental valence-dependent adaptive behaviors and sustained goal directed behaviors.  
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CHAPTER 1 

INTRODUCTION 

 

What is common between the great wildebeest migration, free solo ascent of El Captain 

(Taylor, 2020) and a graduate student working towards his thesis? In the largest terrestrial animal 

movement in the world, wildebeest travel over 1000 km in search of food and breeding grounds 

while risking their lives (Wilmshurst et al., 1999). A mountaineer trains over months and 

undertakes an arduous journey to conquer a prized peak. A graduate student performs long hours 

of experiments to test their hypothesis and make progress toward their thesis. The common 

denominator in these various situations is that animals and humans are often motivated by goals 

that are spatially and temporally distant. The performance in these situations relies on the brain, 

which makes the decision to continue pursuing the goal or abandon the quest depending on how 

much progress has been made, how much remains to be done, the value of the goal, and how well 

the task has been learned. In this thesis, I will present data on neural mechanisms involved in 

seeking distant goals. 

 

Dopamine is one of the most well-studied neuromodulators in the brain. The mesolimbic 

dopamine system is involved in fundamental aspects of animal survival such as movement, 

learning, motivation, and reward. Dysregulation of the dopamine system in humans leads to a 

number of neurological and psychiatric disorders. Dopamine’s role in movement is clearly evident 

in Parkinson’s disease. It is characterized by loss of dopamine producing neurons (Bernheimer et 

al., 1973). The disease manifests as a cluster of motor symptoms which include bradykinesia, 

resting tremor, rigidity as well as non-motor features such as depression and cognitive impairment 
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(Gandhi and Wood, 2005; Gibb and Lees, 1988; Kalia and Lang, 2015; Poewe, 2008; Williams-

Gray and Worth, 2016).  

 

Dopamine is also involved in reward and motivation. Evidence indicates addiction to drugs 

and food are characterized by synaptic alterations in mesolimbic pathways (Baik, 2013a; Kenny, 

2011). Addictive drugs such as cocaine and amphetamine elevate dopamine levels and are habit 

forming (Chiara and Imperato, 1988; Wise and Robble, 2020). Dopamine has also been implicated 

in depression. In major depressive disorder, patients suffer from a constellation of motivational 

impairments that include anhedonia, anergia, psychomotor retardation, and fatigue (Demyttenaere 

et al., 2005; Salamone et al., 2006). Dysregulation of dopamine signaling is thought to be the root 

cause of diverse motivational impairments (Belujon and Grace, 2017; Salamone et al., 2006; 

Salamone and Correa, 2012).  

 

In mammals, midbrain dopamine neurons are present in two adjacent regions, the ventral 

tegmental area (VTA) and substantia nigra pars compacta (SNc). Dopamine neurons present in 

these regions project widely through the cortex and striatum. The majority of dopamine neurons 

in the ventral tegmental area project to the ventral striatum, which includes the nucleus accumbens, 

while most neurons in the substantia nigra project to the dorsal striatum (Haber, 2014; Howe and 

Dombeck, 2016). Individual dopamine neurons form highly dense axonal arborizations in the 

striatum and are thought to broadcast a dopamine signal over a large number of striatal neurons 

(Matsuda et al., 2009). Striatal neurons are divided into two classes based on their expression of 

dopamine receptors - D1 and D2 receptors (Gerfen et al., 1990, p. 2; Valjent et al., 2009). Medium 

spiny neurons (MSN) in the striatum, which express D1 dopamine receptors, form the direct 
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pathway which promotes movement upon excitatory glutamatergic input from the cortex. Medium 

spiny neurons in the striatum, which express D2 dopamine receptors, form the indirect pathway 

which suppresses movement when stimulated by cortical input (Surmeier et al., 2007, p. 2). 

Dopamine binding to D1 receptor stimulates neurons, while binding to D2 receptor inhibits them 

(Baik, 2013b). Simultaneous dopamine release, cortical glutamate release and MSN activation 

triggers synaptic plasticity and this is thought to be essential for learning (Kreitzer and Malenka, 

2008). Since dopamine release can produce profound synaptic rearrangement in striatum, it is 

necessary to understand the conditions when dopamine neurons are active and the behavioral 

consequences of their activation. 

 

Role of dopamine in reward and motivation: 

One of the early theories of dopamine function suggested that dopamine in the nucleus 

accumbens signals the hedonic aspect of consuming reward such as pleasure or yumminess (Wise, 

1980). This idea was further bolstered by the fact that many pleasant rewards such as food, sex, 

and drugs activate the dopamine system (Aragona et al., 2006; Becker et al., 2001; Everitt and 

Robbins, 2005; Roitman et al., 2004). However, Berridge and colleagues measured appetitive taste 

reactivity or “liking” reactions – the number of rhythmic tongue protrusions, paw licks and mouth 

movements as a proxy for hedonic reactions in rats in a dopamine depleted state and found that 

there was no difference between undepleted and depleted states (Berridge, 2007, 2000; Berridge 

and Robinson, 1998). Microinjection of amphetamine into the nucleus accumbens, which elevates 

dopamine levels, did not enhance hedonic reactions to sucrose (Smith et al., 2011). They argued 

in their incentive salience theory that dopamine is not involved in hedonic aspects of reward, but 

that dopamine instead plays a critical role in invigorating actions towards desired goals. It 



 

16 

motivates the pursuit of reward by attributing incentive salience to stimuli associated with reward 

(“wanting”).  

 

A large amount of brain manipulation studies supports the idea that dopamine is involved 

in motivation. Direct intracranial activation of dopamine supports self-stimulation, where rats 

press a lever to receive dopamine neuronal stimulation (Witten et al., 2011). Dopamine depleted 

mice show profound deficits in motivation to seek rewards (Zhou and Palmiter, 1995). When 

normal animals are offered a choice between lever pressing for a preferred food vs approaching 

and consuming a less preferred food, they chose the preferred food most of the time (Salamone et 

al., 1991). Injection of dopamine antagonists, however, preferentially reduces lever pressing for 

preferred food and increases consumption of less preferred food (Koch et al., 2000; Salamone et 

al., 1991; Sink et al., 2008). In a T maze, when mice are given an option to choose high density 

reward and a low density reward and they have to exert effort to cross a physical barrier to get to 

the high density reward, the animals chose the high density reward.  In contrast, upon dopamine 

antagonist administration, the animals choose the low density reward more frequently even though 

they choose high density reward when barriers are placed in both arms (Pardo et al., 2012). These 

results argue that reducing dopamine levels in nucleus accumbens reduces behavioral activation 

and motivation to exert effort but leave fundamental aspects of food consumption intact.  

 

This was further corroborated by measures of vigor during online behavioral performance. 

Blocking dopamine receptors in striatum reduced the probability of conditioned responses and 

increased latency (Flagel et al., 2011; Nicola, 2010; Robinson and Flagel, 2009; Saunders and 

Robinson, 2012). Enhancing dopamine levels reduced reaction time (Leventhal et al., 2014). 
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Depletion of dopamine caused a progressive reduction in vigor of movement while replenishing 

dopamine levels with a synthetic precursor ameliorated movement deficits (Panigrahi et al., 2015).  

 

Dopamine neurons also encode different aspects of movement. Functional imaging of 

dopamine axons in the dorsal striatum revealed axonal activity locked to acceleration bursts during 

locomotion in a treadmill (Howe and Dombeck, 2016). Electrophysiological recordings of 

substantia nigra dopamine neurons revealed encoding of direction specific vector components of 

velocity or acceleration (Barter et al., 2015). Optogenetic stimulation of dopamine neurons 

triggered movements (Barter et al., 2015; Howe and Dombeck, 2016). SNc dopamine neurons 

increased their activity before self-paced movement initiation (da Silva et al., 2018). This activity 

was not action specific and was related to the vigor of future movements, as inhibition of dopamine 

activity when animals were immobile reduced the probability and vigor of future movements (da 

Silva et al., 2018).  

 

Role of dopamine in learning: 

In addition to dopamine’s role in motivation and movement, dopamine is involved in 

learning. In a series of seminal studies, Wolfram Schultz and colleagues measured dopamine 

neuronal responses during Pavlovian conditioning in monkeys (Schultz et al., 1997). They found 

that dopamine neurons fired phasically when an unexpected reward was delivered to the monkey. 

Dopamine neurons reduced their firing when an expected reward was withheld. There was no 

change in dopamine firing when a reward was fully expected. Further, they found that this phasic 

activity shifts to the cue which predicts the reward. In total, phasic activation of dopamine neurons 

encodes information about surprisingly good or disappointingly bad outcomes. A fully expected 
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reward is neither surprising nor disappointing. Thus, dopamine neurons are theorized to encode 

reward prediction error - deviation from a predicted outcome. These error signals are hypothesized 

to drive learning by acting as a teaching signal to update the expectation of reward. This is thought 

to produce behavioral reinforcement and has a theoretical basis in temporal difference 

reinforcement learning  (Bayer and Glimcher, 2005; Niv, 2009; Schultz et al., 1997).  

 

In reinforcement learning, the animal learns actions to obtain rewards through trial and 

error. The animal/agent explores the environment on its own without a prior understanding of 

which action leads to rewards. When a random action or stimulus leads to an unexpected reward, 

the agent gets a prediction error. This prediction error then alters the reward expectation and biases 

the animal to perform the action again. Over many iterations of action/stimulus leading to reward, 

the animal learns to associate the action/stimulus with reward, and this reinforces that action. This 

theory has been widely accepted by the field. Many studies have observed reward prediction error 

in monkeys, rats, mice, birds, and humans in many different reinforcement paradigms. It has also 

been shown that songbirds display dopaminergic prediction error during variations in song 

compared to internal goals (Gadagkar et al., 2016). This reward prediction theory has been 

expanded to explain many of the functions of dopamine.  

 

The preceding background information raises several important questions. How is the 

animal motivated when it is seeking rewards which are distant in space and time? How does it 

learn the behavior when reinforcing rewards are far away? What is the role of dopamine in 

motivating and reinforcing actions towards distant rewards? Pharmacological studies show that 

dopamine levels in ventral striatum play an important role in sustaining and invigorating goal 
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directed behavior (Salamone and Correa, 2012). Recent studies show that dopamine release in 

ventral striatum progressively rises as rodents navigate to spatially distant goals (Howe et al., 

2013). Ventral striatal dopamine also increases during self-initiated actions to obtain rewards 

(Collins et al., 2016; Hamid et al., 2016; Roitman et al., 2004; Syed et al., 2016; Wassum et al., 

2012). However, these findings are surprising and are not directly explained by reward prediction 

error theory (Niv, 2013). How is this progressively rising dopamine release in ventral striatum 

produced? Does dopamine neuronal activity also increase during reward seeking? What specific 

conditions are necessary to produce this signal?  

 

In chapter 2, I record dopamine neuronal calcium activity in the ventral tegmental area as 

animals seek distant rewards. Unlike the reward prediction error, which is a short precise burst of 

activity, I observe a continuous increase (“ramping”) of dopaminergic activity over many seconds 

as animals approach reward goals. I investigate the conditions under which the ramping dopamine 

activity is produced. I found that physical action toward goal is not required to produce dopamine 

ramps. External sensory cues indicating the distance to reward are not necessary, but an internal 

model of distance to reward is sufficient to produce them. My observations lead to the hypothesis 

that the dopamine ramps use a cognitive map that keeps track of distance to goals. The ramping 

activity of dopamine neurons during navigation may help to develop a spatial map of value to 

guide future behavior or play a role in online control of behavior by reducing distractibility to 

sustain goal directed behavior. 

 

If dopamine activity is involved in behavioral activation and sustaining goal directed 

behavior, what neural mechanisms underlie behavioral inhibition and adaptive response to 
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environmental context? Serotonin is a major neuromodulator which is thought to play a role in 

behavioral inhibition (Soubrié, 1986). Serotonin infusion into the brain reduces the acoustic startle 

reflex (Davis et al., 1980). Serotonin depletion in the brain increases locomotor activity (Eagle et 

al., 2009). Optogenetic activation of serotonin neurons in dorsal raphe nucleus reduces movement 

in open field (Correia et al., 2017) and increases waiting for a delayed reward (Miyazaki et al., 

2014). Activation of dorsal raphe serotonin neurons does not seem to directly affect the motor 

system because it does not affect non-locomotor movements such as grooming (Correia et al., 

2017). Paradoxically, administration of selective serotonin reuptake inhibitors (SSRI) which 

increase serotonin levels in the brain, reduces immobility in the forced swim test (FST) – a test to 

measure a depressive phenotype in which an animal is trying to prevent itself from drowning 

(Cryan et al., 2002). How do such different environmental contexts affect serotonin neural 

activity?     

 

In chapter 3, we report recordings of dorsal raphe serotonin neural activity when animals 

are exposed to environments with different threat levels. We found that serotonin activity was 

reduced during movement initiation in low/moderate threat environments such as open field but 

was increased during movement initiation in high threat environments such as when the animal is 

hanging by its tail – tail suspension test (TST). Further, we report that individual serotonin neurons 

switch their activity to movement initiation as the threat level changes.  

 

Taken together, this research delves into neural mechanisms of two important questions in 

goal directed behavior – how to sustain goal directed behavior and how to respond adaptively to 

varying environmental contexts. 
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CHAPTER 2 

 

RAMPING ACTIVITY IN MIDBRAIN DOPAMINE NEURONS SIGNIFIES THE USE OF A 

COGNITIVE MAP 

Abstract 

 

Journeys to novel and familiar destinations employ different navigational strategies. The 

first drive to a new restaurant relies on map-based planning, but after repeated trips the drive is 

automatic and guided by local environmental cues (Collett et al., 1998; Graybiel, 2008). Ventral 

striatal dopamine rises during navigation toward goals and reflects the spatial proximity and value 

of goals (Howe et al., 2013), but the impact of experience, the neural mechanisms, and the 

functional significance of dopamine ramps are unknown (Lloyd and Dayan, 2015; Niv, 2013). 

Here, we used fibre photometry (Cui et al., 2013; Gunaydin et al., 2014; Seo et al., 2019) to record 

the evolution of activity in midbrain dopamine neurons as mice learned a variety of reward-seeking 

tasks, starting recordings before training had commenced and continuing daily for weeks. When 

mice navigated through space toward a goal, robust ramping activity in dopamine neurons 

appeared immediately – after the first rewarded trial on the first training day in completely naïve 

animals. In this task spatial cues were available to guide behaviour, and although ramps were 

strong at first, they gradually faded away as training progressed. If instead mice learned to run a 

fixed distance on a stationary wheel for reward, a task that required an internal model of progress 

toward the goal, strong dopamine ramps persisted indefinitely. In a passive task in which a visible 

cue and reward moved together toward the mouse, ramps appeared and then faded over several 

days, but in an otherwise identical task with a stationary cue reward ramps never appeared. Our 

findings provide strong evidence that ramping activity in midbrain dopamine neurons reflects the 
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use of a cognitive map(O’Keefe and Nadel, 1978; Tolman, 1948) – an internal model of the 

distance already covered and the remaining distance until the goal is reached. We hypothesize that 

dopamine ramps may be used to reinforce locations on the way to newly-discovered rewards in 

order to build a graded ventral striatal value landscape for guiding routine spatial behaviour. 
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The decision to continue pursuing a goal or abandon the quest depends on how much 

progress has been made, how much remains to be done, and the value of the goal. For example, a 

climber will be more deterred by rain at a mountain’s base than near the summit and will be more 

reluctant to abandon a prized peak than a training hill. Information about progress toward goals 

and their value is essential for adaptively balancing time and energy between activities, and 

commitment to goals and the vigour of goal-directed actions are both regulated by goal progress 

and value (Brown, 1948; Hilborn et al., 2012; Hull, 1932; Koo and Fishbach, 2012; Liberman and 

Förster, 2008; Tversky and Kahneman, 1981). 

 

Ventral striatal dopamine (DA) progressively rises as rodents navigate toward spatially 

distant rewards (Howe et al., 2013), a surprising recent finding that was not anticipated by temporal 

difference learning models of DA function (Niv, 2013) but which has broadened our understanding 

of the role of ventral striatal DA in sustaining and invigorating goal-directed behaviour (Salamone 

and Correa, 2012). DA ramps reflect the value and proximity of goals, scaling by the value of the 

reward and stretching or compressing in different environments to span the distance between start 

and goal locations (Howe et al., 2013). Ventral striatal DA also rises during self-initiated actions 

to obtain rewards (Collins et al., 2016; Hamid et al., 2016; Phillips et al., 2003; Roitman et al., 

2004; Syed et al., 2016; Wassum et al., 2012), and ramping activity has been observed in ventral 

tegmental area (VTA) DA neurons via single-unit electrophysiology and calcium imaging 

(Engelhard et al., 2019; Fiorillo et al., 2003; Gomperts et al., 2015; Kim et al., 2019; Roesch et al., 

2007; Takahashi et al., 2011; Totah et al., 2013). These observations have inspired efforts to 

understand the functional significance of DA ramps, which have been hypothesized to signal 

reward expectation, reward prediction error, discounted reward, state value, or uncertainty (Berke, 
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2018; Gershman, 2014; Hamid et al., 2016; Howe et al., 2013; Kim et al., 2019; Lloyd and Dayan, 

2015; Mikhael et al., 2019; Mohebi et al., 2019; Morita and Kato, 2014; Niv, 2013; Schultz et al., 

2008). Here, we sought to probe the neural mechanisms underlying DA ramps by examining how 

ramping activity in VTA DA neurons evolves with experience and how this evolution is affected 

by the presence or absence of informative sensory cues. 

 

We began by asking whether activity in VTA DA neurons increases as animals navigate 

through space toward goals, as ventral striatal DA release can occur independently of VTA DA 

neural activity (Cachope et al., 2012; Floresco et al., 1998; Jones et al., 2010; Mohebi et al., 2019; 

Threlfell et al., 2012). The VTA of DAT-Cre mice (Zhuang et al., 2005) was injected with a Cre-

dependent genetically encoded calcium indicator, AAV-DJ-EF1α-DIO-GCaMP6m(Chen et al., 

2013), and an optical fibre was implanted over the VTA (Fig. 2.1a) in order to record population 

activity in DA neurons via fibre photometry (Cui et al., 2013; Gunaydin et al., 2014; Seo et al., 

2019). Mice learned a simple self-paced reward-seeking task, in which they ran back and forth on 

a long linear track to obtain a ‘big’ reward (10 µL of water) at one end and a ‘small’ reward (5 µL) 

at the other (Fig. 2.1b). Activity in DA neurons increased as mice ran toward rewards (Fig. 2.1c-

f, Extended Data Table 2.1; GFP control data, Extended Data Fig. 2.1), and continuously rising 

activity was evident on individual trials (Fig. 2.1c, d). DA neuron activity did not reflect 

instantaneous run speed, which peaked near the middle of the track (Extended Data Fig. 2.2a, b). 

Ramp slope depended on reward magnitude (Fig. 2.1e, f) and followed the locations of the big and 

small rewards as they switched positions (Extended Data Fig. 2.2c). Surprisingly, DA ramps on 

the linear track emerged immediately – on the first day of training in completely naïve animals – 

during the first run to a goal location following a single experience with reward (Fig. 2.1g-k). We 
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observed this phenomenon for runs to both the big reward and runs to the small reward (Extended 

Data Fig. 2.3). This rapid appearance of DA ramps is unlike the timescale of cue-triggered DA 

reward prediction error (RPE) signals, which emerge slowly after hundreds of conditioning trials 

(Coddington and Dudman, 2018; Menegas et al., 2017), but is reminiscent of the timescale of fast 

hippocampal remapping (Gothard et al., 1996; Jezek et al., 2011; Muller and Kubie, 1987; Wills 

et al., 2005).  

 

On the track, and in other instrumental tasks where DA ramps have been observed, animals 

move to obtain rewards. However, ramping activity in DA neurons has been observed during 

Pavlovian conditioning under some conditions (Fiorillo et al., 2003), suggesting that DA ramps 

may emerge even in the absence of goal-directed movement. To test this idea, we designed a 

‘passive approach’ task in which the mouse did not go to the reward – instead, the reward came to 

the mouse (Fig. 2.2a). Mice initiated trials by breaking an infrared beam positioned next to a 

transparent wall with a small opening. A cue light and a reward spout were co-mounted on an 

actuator positioned 10 cm from the opening, and upon trial initiation the cue light illuminated, and 

the cue/reward began moving toward the mouse. When the cue/reward reached the mouse, the 

reward could be consumed through the opening. We found that VTA DA neural activity ramped 

up as the distance between the mouse and the cue/reward decreased, even though no action was 

required during cue/reward movement (Fig. 2.2b-e). If the cue/reward was instead stationary and 

permanently located on the chamber wall, DA ramps were absent (Fig. 2.2d, e). Thus, observing 

the progress of an approaching reward was sufficient to produce ramping activity in DA neurons 

– goal-directed movement was not required. 
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Fig. 2.1 | Ramping activity in VTA DA neurons appears immediately after the first-ever 

rewarded trial in naïve mice. a, Recording configuration, left. GCaMP6m expression in VTA 

DA neurons in a DAT-Cre/Ai14 mouse, right. b, Track schematic. c, Example track photometry 

data from a DAT::GCaMP6m mouse. GCaMP ΔF/F in black, speed in grey. d, Example ΔF/F 

heatmap from a DAT::GCaMP6m mouse. e, Mean ΔF/F with respect to position for big and small 

rewards (n=23; 6 animals, 3-4 sessions). f, Mean ramp slope during runs to big and small rewards. 

***P < 0.001, Wilcoxon signed-rank test g, Mean ΔF/F for successive runs to the big reward 

during the first training session. Black – before the first-ever reward exposure; red – after the first-

ever reward exposure (n=3). h, Ramp slope for successive runs to the big reward during the first 

track session. i, Mean ΔF/F with respect to position for the 8 track runs to the big reward location 

immediately preceding the first-ever reward delivery (n=24; 3 animals, 8 trials). j, Mean ΔF/F with 

respect to position for the 8 track runs to the big reward location immediately following the first-

ever reward delivery (n=24; 3 animals, 8 trials). k, Mean ramp slopes for the 8 trials before and 

after the first-ever reward (n=24; 3 animals, 8 trials). ***P < 0.001, Wilcoxon rank-sum test. Error 

bars indicate s.e.m. 

 

 

 

 

 

 

 

 

 

 

 

 



 

35 

 

Fig. 2.2 | Approaching but not stationary conditioned cues produce VTA DA ramps. a, 

Passive conditioning with approaching cue/reward. b, Approaching cue/reward photometry 

example trial from a DAT::GCaMP6m mouse. GCaMP ΔF/F in red, cue/reward distance in black, 

licks in black. c, Example ΔF/F heat map, approaching cue/reward. d, Mean ΔF/F aligned to cue 

onset for approaching cue/reward (n=6, left) and for stationary cue/reward (n=4, right). Dashed 

lines indicate slope analysis epoch. e, Mean ramp slopes for approaching and stationary 

cues/rewards. **P < 0.01, Wilcoxon rank-sum test. Error bars indicate s.e.m. 
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In the tasks that we have examined thus far, mice could use systematically changing 

sensory cues to assess their progress toward the goal. We asked whether an internal representation 

of goal progress was sufficient to produce DA ramps in the absence of these cues. We addressed 

this question by training mice to run on a wheel for a fixed distance. Mice self-initiated a trial by 

starting to run, and if they ran without stopping for at least 5 turns of the wheel and stopped before 

9 turns, a cue light was illuminated and a water reward was delivered via a spout adjacent to the 

wheel (‘contingent’ task, Fig. 2.3a, Extended Data Fig. 2.4). We also ran a yoked control group in 

which running was permitted but not required, and in which rewards were delivered on a schedule 

determined by the contingent group (‘non-contingent’ task, Fig. 2.3b, Extended Data Fig. 2.4). 

During performance of the ‘contingent’ task, DA neural activity robustly increased as mice ran, 

despite the absence of informative sensory cues (Fig. 2.3c, e, g; Extended Data Fig. 2.5a), and 

ramps were evident on single trials (Fig. 2.3c). This finding shares some features with internally-

generated hippocampal episode/time fields, which have been observed during wheel running 

(Kraus et al., 2013; MacDonald et al., 2011; Pastalkova et al., 2008). During the ‘non-contingent’ 

task, performed by a separate group of mice, DA neural activity did not increase during running 

bouts but instead rose steeply upon cue onset/reward delivery (Fig. 2.3d, f, g; Extended Data Fig. 

2.5b). Thus, an internal model of progress toward the goal is sufficient for the expression of DA 

ramps – informative sensory cues are not required.  
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Fig. 2.3 | An internal model of progress toward a goal is sufficient to produce VTA DA ramps. 

a, Contingent wheel task schematic. b, Non-contingent wheel task schematic. c, Example wheel 

photometry data from a contingent DAT::GCaMP6m mouse. GCaMP ΔF/F in red, speed in grey, 
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licks in black. d, Example wheel photometry data from a non-contingent DAT::GCaMP6m mouse. 

GCaMP ΔF/F in black, speed in grey, licks in black. e, Mean ΔF/F (red) and mean speed (grey) 

aligned to stop-triggered cue/reward onset, contingent group (n=7). f, Mean ΔF/F (black) and mean 

speed (grey) aligned to cue/reward onset, non-contingent group (n=5). g, Mean pre-cue ΔF/F, 

contingent and non-contingent groups. **P < 0.01, Wilcoxon rank-sum test. Error bars indicate 

s.e.m. 

 

Finally, we examined the evolution of DA ramps over extended training in all tasks. Ramps 

on the linear track were steepest on the first and second training days, and gradually faded as daily 

training continued (Fig. 2.4a, b). Switching the spatial positions of big and small rewards 

reinvigorated ramps (Fig. 2.4a, b), as observed previously (Collins et al., 2016), but did not affect 

run time or path length (Extended Data Fig. 2.6). DA ramps during passive conditioning with an 

approaching cue/reward took several days to develop, and gradually transitioned to cue-driven 

activity as training progressed (Fig. 2.4c, d). Ramps were never observed during passive 

conditioning with a stationary cue/reward (Fig. 2.4c, d). Unlike DA ramps during track runs and 

passive conditioning, DA ramps on the wheel never faded, remaining robust even over extended 

training (Fig. 2.4e, f). The wheel is unique among the tasks that we tested because all 

systematically changing sensory cues have been eliminated. Thus, it is not possible to develop an 

association between a unique sensory state and reward, and mice must instead rely on an internal 

model of progress toward the goal. Comparing the evolution of DA ramps in different tasks reveals 

that DA ramps persist indefinitely when an internal representation of progress toward the goal is 

required, but fade when changing sensory cues are available to guide behaviour. 
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Fig. 2.4 | VTA DA ramps persist when an internal model of goal proximity is required but 

fade when environmental cues are available. a, Track schematic, left. Mean ΔF/F with respect 

to position for track runs to big (top) and small (bottom) rewards by session in DAT::GCaMP6m 

mice, right (n=3 session 1, n=4 session 2, n=5 sessions 3-18). Rewards switch sides after session 

16. b, Mean fraction of trials with positive ramp slope for track runs to big (red) and small (black) 

rewards by session. c, Approaching and stationary conditioned cue/reward schematic, left. Mean 

ΔF/F for approaching (top, n=6 session 1-10, n=3 session 11-16) and stationary (bottom, n=4 

session 1-6,8,9, n=3 session 7) cues/rewards by session, right. d, Mean fraction of trials with 

positive ramp slope for approaching (red) and stationary (black) cues/rewards by session. e, Wheel 

schematic, left. Mean ΔF/F with respect to position for wheel runs by session, right (n=6). f, Mean 

fraction of trials with positive ramp slope for wheel runs by session. Error bars indicate s.e.m. 
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Here, we have examined how ramping activity in VTA DA neurons evolves with 

experience, and how this evolution is affected by environmental cues. We have shown that DA 

ramps appear immediately when naïve mice engage in spatial navigation – on the first trial 

following the initial discovery of reward. We have also shown that DA ramps gradually fade when 

changing sensory cues are available to guide behaviour, but never fade when mice must use an 

internal model of goal progress. Finally, we have shown that DA ramps don’t require physical 

movement but can instead be produced by cues/rewards moving toward passive mice. 

 

Our findings strongly support the hypothesis that ramping activity in dopamine neurons 

reflects the use of an internal model – a cognitive map of how much progress has been made toward 

a goal and how much remains to be done – and as such imply that DA ramps reflect goal-directed 

or model-based behavioural control rather than habitual or model-free (Dolan and Dayan, 2013; 

Graybiel, 2008; Wilson et al., 2014). Our findings cast doubt on the hypothesis that DA ramps 

reflect the reward prediction error term in temporal difference (TD) learning algorithms. First, 

there simply isn’t any time for the required repeated sampling and updating. The phasic DA RPE 

signal (Schultz et al., 1997) requires hundreds of trials to emerge (Coddington and Dudman, 2018; 

Menegas et al., 2017), but our findings reveal that DA ramps appear after a single rewarded trial. 

Second, TD learning models predict that DA ramps should flatten when systematically changing 

sensory cues are not available and be maintained when they are available (Mikhael et al., 2019), 

but here we show the opposite – strong DA ramps persist indefinitely in the absence of informative 

sensory cues but gradually fade when they are available. These divergent findings and predictions 

suggest that distinct neural mechanisms likely underlie DA ramps and DA RPE signals.  
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We speculate that DA ramps may reflect the transmission of goal proximity information 

from cortical or cortical-like brain regions, such as the hippocampus/entorhinal cortex or 

orbitofrontal cortex, to VTA DA neurons. The hippocampus is thought to represent a cognitive 

map of spatial and non-spatial relationships (Gershman et al., 2014; O’Keefe and Nadel, 1978; 

Schuck and Niv, 2019; Stachenfeld et al., 2017; Tolman, 1948), sends a massive projection to the 

ventral striatum (Kelley and Domesick, 1982; Van Der Meer et al., 2014; Yuan et al., 2018), and 

regulates VTA DA neural activity via the ventral striatum (Floresco et al., 2001; Lisman and Grace, 

2005). In addition to dorsal hippocampal place cell sequences that may reflect prospection and 

retrospection (Dragoi and Tonegawa, 2011; Foster and Wilson, 2006; Ito et al., 2015; Johnson and 

Redish, 2007; O’Keefe and Dostrovsky, 1971; Wikenheiser and Redish, 2015), the distance to 

goals and objects is explicitly encoded in the average firing rates of ventral hippocampus and 

entorhinal neurons (Chrastil et al., 2015; Ciocchi et al., 2015; Høydal et al., 2019; Royer et al., 

2010; Sarel et al., 2017). Intriguingly, goal distance encoding in human hippocampus and 

entorhinal cortex is suppressed when subjects are instructed to use local sensory cues and avoid 

thinking about goals or directions to goals (Howard et al., 2014). Frontal cortical regions including 

the orbitofrontal cortex (OFC) have also been implicated in encoding goal proximity, and the OFC 

has been hypothesized to represent a cognitive map of task space (Wilson et al., 2014). The OFC 

sends a direct projection to VTA DA neurons (Beier et al., 2015), and OFC lesions degrade reward 

expectancy signals in VTA DA neurons (Takahashi et al., 2011), suggesting a potential role for 

OFC circuits in the construction of DA ramps. Consistent with this idea, OFC value signals are 

amplified when animals direct their gaze closer to conditioned cues (McGinty et al., 2016). 
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How might DA ramps be used to shape learning? In laboratory environments, stimulation 

of VTA DA neurons robustly reinforces both place occupancy and actions at specific places 

(Steinberg et al., 2013; Tsai et al., 2009; Witten et al., 2011), but it is unknown whether DA ramps 

are reinforcing, and if so what they reinforce. One possibility is spatial location, as suggested by 

the importance of DA in conditioned place preference and the strength of hippocampal inputs to 

the ventral striatum (Kelley and Domesick, 1982; Van Der Meer et al., 2014; Yuan et al., 2018). 

By reinforcing locations encountered on the way to newly discovered rewards, dopamine ramps 

could build a spatial value landscape in the ventral striatum, an idea that may generalize to more 

abstract relational domains (Tolman, 1948). Such a representation could be used as a heuristic to 

guide routine navigation and other habitual spatial behaviour (Graybiel, 1998; Graybiel and 

Grafton, 2015; Packard and Knowlton, 2002), freeing cortical and cortical-like circuits for 

planning and other effortful, deliberative cognitive operations (Kahneman, 2011) 
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METHODS 

 

Mice 

All procedures conformed to guidelines established by the National Institutes of Health 

and have been approved by the Cornell University Institutional Animal Care and Use Committee. 

DAT-Cre mice (The Jackson Laboratory, Bar Harbor, ME) were crossed with Ai14 Cre reporter 

mice (The Jackson Laboratory, Bar Harbor, ME) to generate DAT-Cre/Ai14 mice. DAT-Cre/Ai14 

or DAT-Cre mice (postnatal 2-10 months) were used for DA-specific viral vector expression. All 

Cre driver lines were fully backcrossed to C57BL/6J mice. Both male and female mice were used. 

All mice were maintained on a 12-hour reverse light-dark cycle with ad libitum access to food and 

water, except during behavioural experiments.  

 

Viral vectors 

We used AAV-DJ-EF1α-DIO-GCaMP6m (Stanford Vector Core, Stanford, CA) or AAV5-

CAG-Flex-GFP (UNC Vector Core, Chapel Hill, NC) for photometry experiments. 

 

Surgery 

Mice were anaesthetized using isoflurane (5%) and prepared for stereotactic surgery. Fur 

was shaved and mice were placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA). A 

heating pad was placed under the mice to prevent hypothermia. Isoflurane (1-2%) was delivered 

via a nose cone throughout the surgery. Ophthalmic ointment was used to protect the eyes. 

Buprenorphine (0.05 mg/kg, subcutaneous) was given before the start of surgery. A mixture of 

0.5% lidocaine and 0.25% bupivacaine (100 µL) was injected intradermally along the incision line. 

The scalp was disinfected with betadine scrub and 70% ethanol. An incision was made using a 
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scalpel along the scalp midline. The exposed skull was thoroughly cleaned, and a craniotomy was 

made above the VTA. 

 

Virus was targeted to the VTA (-3.1 AP, 0.3-0.4 ML, 4.6 & 4.3 DV), and slowly pressure-

injected (100 nl/min) using a 10 µL Hamilton syringe (nanofil; WPI, Sarasota, FL), a 33-gauge 

bevelled needle, and a micro-syringe pump controller (Micro 4; WPI, Sarasota, FL). After each 

injection, the needle was left in place for 10 minutes and then slowly withdrawn. A total of 800 nl 

(500 nl at -4.6 DV and 300 nl at -4.3 DV) of vector was injected. Animals were implanted with a 

400 µm diameter, 0.48 NA optical fibre (Doric Lenses, Québec, Canada) above the VTA (-3.1 AP, 

0.3-0.4 ML, 4.3-4.4 DV). A layer of metabond (Parkell, Inc., Edgewood, NY) and dental acrylic 

(Lang Dental Manufacturing, Wheeling, IL) was applied to firmly hold the fibre in place, and the 

surrounding skin was sutured. Post-operative buprenorphine (0.05 mg/kg), carprofen (5 mg/kg), 

and lactated ringers (500 µl) were administered subcutaneously. Behavioural testing began after a 

minimum 3-week viral expression period.  

 

Perfusion and Histological Verification 

Animals were deeply anaesthetized with Fatal-Plus at a dose of 90 mg/kg and transcardially 

perfused with 20 ml of PBS (phosphate-buffered saline), followed by 20 ml of 4% 

paraformaldehyde solution. Brains were quickly extracted and stored in 4% paraformaldehyde 

solution at 4°C for 24 hrs. Brains were then transferred to 30% sucrose in PBS solution and allowed 

to equilibrate for 2 days. Brains were then mounted on a freezing microtome using OCT and 

sectioned coronally (45 µm). Sections were washed in PBS and mounted on slides with PVA-
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DABCO. Images were acquired using a Zeiss LSM 800 confocal scanning laser microscope with 

a 5X and 20X air objective.  

 

Fibre Photometry 

Fibre photometry was performed as previously described(Seo et al., 2019). 473 nm and 

405 nm data were collected for all GCaMP and GFP photometry experiments using a custom-built 

fibre photometry system. 473 nm and 405 nm diode lasers (Omicron Luxx, Rodgau-Dudenhofen, 

Germany) were modulated at 700 Hz and 500 Hz, respectively, using a dual optical chopper (New 

Focus Model 3502, Newport, Irvine, CA). The laser beams were combined using a mirror 

(KM100-E02, Thorlabs, Newton, NJ) and a dichroic filter (LM01-427, Semrock, Rochester, NY), 

and the power was adjusted using a neutral density filter to 15-80 µW. The laser beams were then 

aligned to a fluorescence filter cube (DFMB, Thorlabs, Newton, NJ). Within the cube, the 

excitation beams were reflected with a dichroic filter (FF495, Semrock, Rochester, NY), 

collimated (F240FC-A with AD11F, Thorlabs, Newton, NJ), and coupled to an optical patch cord 

(400 µm, Doric Lenses, Quebec, Canada). The optical patch cord was connected to the animal 

using a zirconia sleeve (ADAF1, Thorlabs, Newton, NJ). Emitted fluorescence received through 

the same optical patch cord was passed through a dichroic filter (FF495, Semrock, Rochester, NY) 

and a bandpass filter (FF03-525/50, Semrock, Rochester, NY), and was collected by a femtowatt 

photoreceiver (New Focus 2151, Newport, Irvine, CA). Voltage from the photoreceiver was 

channelled through two lock-in amplifiers (SR810 DSP, Stanford Research System, Sunnyvale, 

CA), digitized using a DAQ (U6 pro, LabJack, Lakewood, CL) at a sampling rate of 250 Hz, and 

recorded by LabJack software.    
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Behavioural Testing 

Mice were water restricted prior to all behavioural testing. Body mass was measured daily 

to maintain at least 80% of baseline body weight.  

 

Linear track: A 122 x 12.5 cm custom-made plexiglass track contained reward ports on both ends. 

Licking was monitored using dual contact lickometers (ENV-250B, Med Associates, Fairfax, VT) 

when mice completed the circuit between the reward spout and a copper plate placed beneath the 

reward port. Water rewards were delivered upon lick initiation using variable-rate infusion syringe 

pumps (PHM-107, Med Associates, Fairfax, VT) on both ends. Mice were required to alternate 

between the reward ports to trigger reward delivery. 10 µl of water was delivered at one port and 

5 µl of water was delivered at the other port. The location of the big reward (10 µl) and the small 

reward (5 µl) was held constant for a given session but was sometimes switched between sessions, 

as indicated. Behavioural testing was conducted under dark/red light and each session lasted 20-

30 min per day. Video was recorded using an infrared (IR) USB 3.0 camera (Chameleon3, 

Pointgrey, Richmond, BC, Canada), which provided TTL pulses for every recorded frame. Lick 

timestamps, reward delivery timestamps, and video TTL pulses were sent to the photometry DAQ 

for synchronized recording. Video data were processed offline using Ethovision-XT (Noldus 

Information Technology, VA) to collect position and velocity data. Reward port access was 

blocked at the beginning of each session for 5 minutes while mice were allowed to freely explore 

the track and the photometry signal was recorded. For the linear track experiments in Figure 2.4, 

a linear track (132 x 12.5 cm) was modified with IR sensors and controllers (ENV-253SD, ENV-

253 Med Associates, Fairfax, VT). The IR sensors were placed 22 cm from the reward port on 

both sides and rewards were delivered when the mouse exited the reward port and crossed the 
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closest IR sensor. The locations of big (8 µl) and small (4 µl) rewards were kept constant for 16 

sessions and switched for session 17 and 18. Photometry data was recorded during each session.  

 

Running wheel: The behavioural apparatus consisted of a running wheel (Comfort Exercise Wheel, 

Kaytee Products Inc., Chilton, WI) mounted on a breadboard (Thorlabs, Newton, NJ). The 

breadboard was kept flat or at an angle of 20 degrees to facilitate running. The wheel was 

connected to an optical encoder (E4T 200 cycles per revolution, US Digital, Vancouver, WA) 

using a custom-made shaft to record wheel movement. A blue LED visual cue was mounted in 

front of the wheel. Clear plexiglass covered the front of the wheel. A metal lick spout was attached 

to the plexiglass and was connected to a custom capacitive lickometer. Water reward was delivered 

using a syringe pump (NE-500, New Era Pump Systems, Farmingdale, NY). All hardware 

operation and behavioural data acquisition (1 KHz sampling rate) were controlled by a data 

acquisition card (USB-6212, National Instruments, Austin, TX) with custom LabVIEW code.  

 

At the start of training, water-restricted mice were allowed to run on the wheel (Comfort 

Exercise Wheel, Kaytee Products Inc., Chilton, WI) in their home cage for 3-4 days. The next day 

they were introduced to the behavioural chamber and were allowed to run on the wheel without 

reward while photometry data was recorded.  

 

The next day, mice were randomly split into 2 groups – contingent and non-contingent. In 

the contingent group, reward delivery was contingent on correct behavioural performance, while 

rewards were independent from behaviour for the non-contingent group. Contingent group mice 

were required to run a minimum of 5 wheel-turns (1000 encoder units) without stopping, and then 
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stop (wheel speed zero) on their own without any external cues. A continuous run of at least this 

distance followed by a self-initiated stop resulted in 1 second of blue light via the LED and delivery 

of 7 µl water. Mice collected the reward and then initiated the next trial. If mice stopped before 5 

turns, the encoder count was reset, and no reward was delivered. Velocity was calculated every 50 

ms from the encoder count. After 7 sessions, an upper bound run distance was introduced. Mice 

were required to run at least 5 wheel-turns (1000 encoder units) and stop before 9 wheel-turns 

(1800 encoder units) to get a reward. If they stopped after 9 wheel-turns, the encoder count was 

reset, and no reward was delivered. The animals then initiated the next trial. 

 

Mice in the non-contingent group did not have any behavioural requirements. They were 

not required to run and stop to collect the reward, but they typically ran. Every day, the timing of 

the rewards/cues from a mouse in the contingent group was used to deliver yoked rewards/cues to 

the non-contingent group of animals. The reward schedules and exposure to the wheel were kept 

the same for both groups.  

 

Passive Approaching Cue/Reward: Animals were placed in a clear plexiglass chamber with a small 

opening for reward delivery on the left side. The chamber had 2 IR sensors (E18-D80NK, 

SMAKN, Shenzhen, GD, China), one on each side, and a blue LED on the right side. A linear 

actuator (L12-100-50-12-P, Actuonix, BC, Canada) was positioned 10 cm away from the clear 

plexiglass left wall. A custom 3D-printed holder was mounted on a micro linear slide rail (S9-100, 

Actuonix, BC, Canada), which was connected to the linear actuator. A blue LED and a metal lick 

spout connected to a custom lickometer were placed on the holder, and the actuator could be 

programmed to move the LED and the lick spout together to the opening in the left wall. The whole 
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box was placed in a sound-attenuating cubicle (ENV-018MD, Med Associates, Fairfax, VT). The 

behavioural chamber was controlled using a data acquisition card (USB-6212, National 

Instruments, Austin, TX) with custom code written in LabVIEW, and behavioural data was 

acquired by the photometry data acquisition system to allow for synchronized behavioural and 

neural recording.  

 

Mice were habituated to the behavioural chamber for 1-2 days with a fixed spout and 

delivery of free reward at constant intervals. After habituation, mice were exposed to the full task. 

Trials were initiated by breaking the IR beam at the chamber wall closest to the actuator, on the 

left side. Upon trial initiation the actuator LED illuminated, and the actuator began moving the 

LED and the reward spout toward the wall opening. The mouse was not required to continuously 

block the IR sensor during actuator movement. The actuator speed was controlled using a voltage 

regulator, and it took 8 seconds for the actuator to fully approach. The mouse had full visual access 

to actuator position at all times because the actuator LED was visible through the clear plexiglass 

walls. The actuator stopped and the LED extinguished when the reward spout reached the wall 

opening. Delivery of a 7 µl water reward was triggered by the first lick. If there was no lick within 

15 seconds of spout availability, the actuator retracted, and the trial ended. After each trial there 

was an 8 second inter-trial interval for actuator retraction when a new trial could not be initiated. 

The end of the inter-trial interval was indicated by LED illumination on the right chamber wall. 

Mice were required to turn off this LED by blocking the right-side IR sensor before initiating a 

new trial.  
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Passive Stationary Cue/Reward: Mice were placed in a plastic chamber with a blue LED and a 

reward spout connected to a custom lickometer. The chamber was located inside a sound-

attenuating cubicle (Med Associates, Fairfax, VT). Each trial began with the illumination of a blue 

LED. After 8 seconds, the LED turned off and a 7 µl water reward was delivered using a variable-

rate infusion syringe pump (PHM-107, Med Associates, Fairfax, VT). Licks were detected using 

a custom lickometer. Inter-trial intervals were drawn from an exponential distribution with a scale 

parameter of 13 seconds, and a subset of inter-trial intervals between 9 and 40 seconds was used. 

The behavioural program was controlled using a data acquisition card (USB-6212, National 

Instruments, Austin, TX) with custom code written in LabVIEW.  

 

Data analysis 

All data analysis and statistical tests were performed using custom code in MATLAB 

(MathWorks, Natick, MA). The 473 nm and 405 nm fluorescent channels were low-pass filtered 

at 15 Hz. For the linear track task, the photometry data was then downsampled to 30 Hz using the 

video TTL pulse times. For all other experiments, the photometry data was not downsampled. The 

whole-session 405 nm reference channel was fit to the 473 nm channel using linear least squares. 

Relative fluorescence changes, reported as ΔF/F, were calculated using the following equation:  

 

ΔF

F0

= 
473 nm signal-fitted 405 nm signal

mean 473 nm signal
 × 100 

  

For example traces, the ΔF/F was detrended. For Fig. 2.1g, h and Extended Data Fig. 2.3a, 

b ΔF/F was not detrended or lowpass filtered. For all other analyses, the ΔF/F was lowpass filtered 
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using a Butterworth filter with a cutoff frequency of 0.03 Hz, which was then subtracted from the 

ΔF/F to remove very slow fluorescence fluctuations. 

 

Linear track: The mouse’s position on the track was binned and the mean ΔF/F for each bin was 

calculated in order to produce position-aligned photometry traces. Trials were averaged for each 

animal, and population plots were constructed from averages across animals. Speed was processed 

similarly. For slope calculation, the coefficients were calculated by linearly fitting each trial with 

polyfit (MATLAB). For fraction of trials with positive slope, the number of trials with positive 

slope was divided by the total number of trials. Normalized path length was calculated by summing 

the total distance moved in the x and y directions and normalizing by the length of the track.  

 

Running wheel: A run was defined as continuous wheel movement for at least 0.5 wheel-turns 

(100 encoder counts), and run onset was defined as either the moment this threshold was crossed 

(with respect to time) or 100 encoder counts (with respect to position). Wheel speed was defined 

as the distance moved per 50 ms bin measured by counting the number of encoder samples. Each 

wheel-turn corresponded to a distance of 42 cm. The total encoder count was reset when this 

number reached zero, which was defined as run offset. Only trials with at least 2.5 wheel-turns 

(500 encoder counts) were considered for analysis. Trials were rewarded if the total distance was 

between 5 (1000 encoder count) and 9 (1800 encoder count) wheel-turns. For ΔF/F by position 

plots, normalized position on each trial ranged from 0 to 1, starting from run onset and stopping at 

run offset as defined above. ΔF/F traces were averaged for each animal and then averaged across 

animals for population plots. Slope was calculated for each trial using polyfit (MATLAB). The 

fraction of trials with positive slope was calculated using only correct trials and was defined as the 



 

52 

number of trials with positive slope divided by the total number of trials. For all wheel analyses 

across sessions, 1 mouse was excluded because of file corruption. Extended Data Fig. 2.4d, the 

number of correct trials during the first 50 trials of a session was used to calculate percent correct 

trials. 

 

Approaching and Stationary Conditioned Cue/Reward: Slope was calculated for each trial using 

data between 1 and 7 seconds following cue/actuator onset. Trials were averaged for each animal 

and session averages were obtained by averaging across animals. For fraction trials with positive 

slope, the number of trials with positive slope was divided by the total number of trials. 

 

Significance testing, fraction of trials with positive slope: The hierarchical bootstrap method84 was 

used (Fig. 2.4, Extended Data Table 2.1). For each session, the number of animals was sampled 

with replacement, and for each sampled animal trials were sampled with replacement. Then, the 

proportion of trials with positive slope was calculated. This procedure was repeated 10,000 times. 

Finally, the probability of the observed fraction of positive slopes given the null hypothesis of an 

equal fraction of positive and negative slopes was determined from the bootstrap population. This 

probability was tested for significance with an error rate of 0.05, and Bonferroni correction was 

used for multiple comparisons.  
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Extended Data Fig. 2.1 | GFP control data. a, Example track photometry data from a 

DAT::GFP mouse. GFP ΔF/F in black, speed in gray. b, Example ΔF/F and c, speed heatmaps 

from a DAT::GFP mouse. d, Mean GFP ΔF/F with respect to position for big and small rewards 

(n=3). Error bars indicate s.e.m.  



 

54 

 

Extended Data Fig. 2.2 | Running speed and reward-switching VTA DA ramp slope data. a, 

Example track speed heatmap from a DAT::GCaMP mouse. b, Mean speed during runs to big and 

small rewards (n=23; 6 animals, 3-4 sessions). c, Mean ramp slope following switches in reward 

position (n=6 for sessions 8, 9, and 11, and n=5 for session 10). Dashed lines indicate switches. 

Error bars indicate s.e.m.  
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Extended Data Fig. 2.3 | VTA DA ramps during runs to the small reward appear after the 

first rewarded trial at that location. a, Mean ΔF/F for successive runs to the small reward during 

the first training session. Black – before the first reward at the small goal location; red – after the 

first reward (n=3). b, Ramp slope for successive runs to the small reward during the first track 

session. c, Mean ΔF/F with respect to position for the 8 track runs to the small reward location 

immediately preceding the first reward delivery (n=24; 3 animals, 8 trials). d, Mean ΔF/F with 

respect to position for the 8 track runs to the small reward location immediately following the first 

reward delivery (n=24; 3 animals, 8 trials). e, Mean ramp slopes for the 8 trials before and after 

the first reward (n=24; 3 animals, 8 trials). ***P < 0.001, Wilcoxon rank-sum test. Error bars 

indicate s.e.m. 
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Extended Data Fig. 2.4 | Behavioural performance during wheel running. a, Example wheel 

data from a contingent mouse (top) and a non-contingent mouse (bottom). Cue/reward delivery in 

black, speed in gray. b, Run distance histogram, contingent group. Rewarded distance in gray. c, 

Run distance histogram, non-contingent group. d, Wheel performance (percent correct) by session, 

first 50 trials per session. Mean in red. e, Run times for correct runs during the contingent wheel 

task.  
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Extended Data Fig. 2.5 | VTA DA neural activity during wheel running. a, Mean ΔF/F with 

respect to position, correct runs, contingent group. b, Mean ΔF/F (red) and speed (gray) aligned to 

stop, runs between 5 and 9 wheel turns with no rewards, non-contingent group. Error bars indicate 

s.e.m. 
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Extended Data Fig. 2.6 | Behavioural performance during navigation toward rewards on 

track. a, Mean run time for track runs to big (red) and small (black) rewards by session, first 20 

trials per session (n=3 session 1, n=4 session 2, n=5 sessions 3-18). b, Mean speed by session, first 

20 trials. c, Mean normalized path length by session, first 20 trials. d, e, f, Same as a, b, c but using 

last 20 trials per session. g, h, i, Same as a, b, c but using all trials per session. Error bars indicate 

s.e.m. 
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Extended Data Table 2.1 | Statistical Results.  
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CHAPTER 3 

 

INTENSE THREAT SWITCHES DORSAL RAPHE SEROTONIN NEURONS TO A 

PARADOXICAL OPERATIONAL MODE  

 

Abstract 

 

Survival depends on the selection of behaviors adaptive for the current environment. For 

example, a mouse should run from a rapidly looming hawk but should freeze if the hawk is coasting 

across the sky. Although serotonin has been implicated in adaptive behavior, environmental 

regulation of its functional role remains poorly understood. We found that dorsal raphe serotonin 

neural dynamics during movement was decreased in low- or moderate-threat environments and 

increased during movement in high-threat environments. We found that individual dorsal raphe 

serotonin neurons flip their activity during movement initiation at different threat levels. Thus, 

dorsal raphe circuits switch between distinct operational modes to promote environment-specific 

adaptive behaviors. 
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Boada, N. A. Krupa, D. S. Kullakanda, C. X. Shen, M. R. Warden, Intense threat switches dorsal 

raphe serotonin neurons to a paradoxical operational mode. Science. 363, 538–542 (2019). * These 

authors contributed equally to this work 
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The ability to move depends on a variety of factors including the internal state of the animal 

and the external environment. A thirsty animal will move long distances in search of water. 

Conversely, in high predatory conditions an animal might exhibit a vigilant freezing behavior. 

During an imminent threat the animal might respond with a fight or flight behavior (De Franceschi 

et al., 2016; Fanselow, 1994). How does the brain determine when to move? What neural circuits 

are involved in selecting the correct behavioral response? 

 

Serotonin is a major neuromodulator which has been implicated in a variety of different 

functions both in the central nervous system and in the periphery modulating behaviors such as 

exploration, coping behavior, territorial aggression, respiratory control, gut motility, sociability, 

memory, reward, sleep and feeding. Clinically, serotonin has been implicated in a variety of 

psychiatric disorders. Administration of selective serotonin reuptake inhibitors (SSRIs) which 

increase the availability of serotonin in the synaptic cleft has been used as a potent treatment for 

major depressive disorder (MDD). SSRIs have been used as treatment for generalized anxiety 

disorder, obsessive compulsive disorder, posttraumatic stress disorder and social anxiety disorder 

(Cassano et al., 2002). Even though only 0.1% of neurons in mammalian brain synthesize serotonin 

(Ishimura et al., 1988; Jacobs and Azmitia, 1992) serotonergic fibers originating in these small 

population are thought to contact the entire mammalian brain (Steinbusch, 1981).  

 

Dorsal raphe nucleus (DRN), which is located in the rostral part of the brainstem below the 

third ventricle, contains ~35% of the serotonin producing neurons in the mouse brain (Ishimura 

1988). DRN serotonin fibers project widely throughout the forebrain and are the major source of 

serotonin in the forebrain (Vertes and Linley, 2008). In turn, DRN receives inputs from cortical 
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regions, basal ganglia, midbrain, hypothalamus, and amygdala (Ogawa et al., 2014; Pollak Dorocic 

et al., 2014; Weissbourd et al., 2014). Recent studies have found that within the DRN, serotonin 

neurons exhibit a diversity of projection targets, protein expression profile, physiologic and 

behavioral responses (Okaty et al., 2019). Cortical and subcortical projecting serotonin neurons 

have distinct cell body distributions within the DRN. They also differentially co-express vesicular 

glutamate transporter and are involved in different behavioral functions (Ren et al., 2018). Can 

this diversity of serotonin neurons explain the diverse functionalities?     

 

The serotonin system is thought to play a crucial role in behavioral inhibition (Deakin and 

Graeff, 1991; Soubrié, 1986). Depletion of serotonin results in increases spontaneous locomotor 

activity (Eagle et al., 2009; Gately et al., 1985) and startle responses (Davis et al., 1980). Serotonin 

depletion in rats increases impulsivity and impairs behavioral restraint (Harrison et al., 1999). 

Acute tryptophan depletion (precursor for serotonin synthesis) in humans increases behavioral 

measures of impulsivity (Crockett et al., 2009; Walderhaug et al., 2007). Optogenetic stimulation 

of serotonin neurons in dorsal raphe nucleus decreases movement as measured by speed in the 

open field (Correia et al., 2017). Serotonin stimulation increases patience as measured by duration 

of waiting for a delayed reward (Miyazaki et al., 2014). Collectively these studies paint a picture 

that reduced serotonin results in more impulsivity and increased serotonin results in lower 

movement. 

 

Paradoxically, administration of selective serotonin reuptake inhibitors, which increase 

serotonin levels in the synapse, reduces immobility in forced swim test (FST) and tail suspension 
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test (TST) (Cryan et al., 2002). Stimulation of prefrontal projections to DRN also reduced 

immobility in forced swim test (Warden et al., 2012).  

 

           In all of these studies, the serotonin levels in the brain were manipulated during behavior. 

We sought to investigate this discrepancy by recording the activity of serotonin neurons in the 

dorsal raphe nucleus during behaviors at varying environmental threat levels. We used fiber 

photometry to monitor the population dynamics of DRN 5-HT neurons in freely behaving mice 

(Fig 3.3A). We injected an adeno associated viral vector (AAV5-CAG-FLEX-GCaMP6s) into the 

DRN of SERT-Cre mice to specifically express fluorescent calcium indicator GCaMP6s in 

serotonin neurons. We then implanted an optical fiber over the DRN (Fig 3.3B).  

 

We recorded the activity of 5-HT neurons in DRN when the animal was placed in an open 

field test (OFT). The open field test was chosen as it has a low to moderate threat or neutral valence. 

We found that movement onsets were associated with robust reduction of DRN serotonin 

fluorescence (Fig 3.1A-C). The robust reduction in neural activity was consistent across population 

of animals (Fig 3.1D, E). However, we did not observe a similar change in animals expressing 

GFP in DRN serotonin neurons (Fig 3.1E, 3.3C-E).  

 

Next, we investigated DRN serotonin activity during a high threat environment. We used 

the tail suspension test (TST) as it is known to be highly aversive (Can et al., 2012; Cryan et al., 

2005). Surprisingly, we observed an increase in DRN serotonin fluorescence during movement 

onset (Fig 3.2A, B). This increase was consistent across population of animals (Fig 3.2C, D). We 
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did not observe a similar increase in activity during movement onset in animals expressing GFP 

in DRN serotonin neurons (Fig 3.2D, Fig 3.3, G-H).  

 

Our fiber photometry results show that in low to moderate threat environments, movement 

initiation is accompanied by a decrease in DRN serotonin neuronal activity, while movement 

initiation in high threat environments is accompanied by high DRN serotonin activity. This 

flipping of the relationship between neural activity and movement based on environmental threat 

resolves the discrepancy between low movement during stimulation of DRN serotonin neurons 

and high mobility in the FST and TST during administration of SSRIs. This was further validated 

by optogenetic manipulation experiments (Seo et al., 2019).  

 

Given the diversity of serotonin neurons in DRN, we asked if the difference in population 

activity observed in open field test and tail suspension test was due to different sets of serotonin 

neurons responding selectively depending on the condition. 

 

We injected AAVdj-Ef1α-DIO-GCaMP6m in DRN of SERT-Cre mice and implanted a 

microendoscopic lens above DRN. Using a head mounted mini-microscope we imaged fluorescent 

activity of individual serotonin neurons in a behaving animal (Ghosh et al., 2011). The animal was 

tested in the open field test and tail suspension test sequentially. Surprisingly, we observed that 

individual serotonin neurons flipped their activity during movement onsets in different threat 

environments. We observed 54% (13/24) of the neurons were significantly selective for movement 

in both tests.  Among those 62% (8/13) neurons inverted their activity for movement onsets 

between tests (Fig. 3.5B, examples in fig. 3.4, D to H and fig. 3.5, A and C). An example neuron 
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is shown (Fig 3.4 D-H). Many neurons showed elevated activity during movement in the TST, and 

these neurons typically responded during all TST movement events (fig. 3.5A). Interestingly, 

within this group different subsets of neurons showed elevated activity during different pauses in 

movement in the OFT, suggesting enhanced response complexity in this environment (fig. 3.5A). 

The neurons were diverse in their response to movement initiation across the two tests (Fig 3.5B, 

C). 

 

These findings show that changes in environmental threat intensity switch the neural 

activity of dorsal raphe serotonin neurons locked to movement initiation. Extreme threat or stress 

might alter brain state and lead to paradoxical behaviors. Parkinsonian patients with severe 

freezing episodes and akinesia exhibited a sudden and brief period of mobility when faced with a 

highly emergency situation like an earthquake (Bonanni et al., 2010; Glickstein and Stein, 1991). 

Rats which become akinetic after dopamine depleting brain lesions showed increased mobility in 

high threat conditions such as swimming when placed in deep water or escaping from a cat colony 

(Keefe, 1989; Marshall et al., 1976). Our results show that activity in individual serotonin neurons 

is altered by such high threat environments. What makes this switch? Since serotonin axons are 

widespread in the brain, does this switch in activity alter the brain state? How do the downstream 

neurons interpret the serotonin signal? Further research is necessary to understand the mechanism 

underlying environment specific behavioral regulation.  
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Fig. 3.1 DRN 5-HT neural activity decreases upon movement initiation in low- or moderate-

threat environments. A, GCaMP6s expression in DRN 5-HT neurons in a SERT-Cre mouse. B, 

Open field test (OFT) schematic. Mice were allowed to freely explore the open field during a 6-

minute recording session. C, Example OFT photometry data from a SERT::GCaMP6s mouse. 

GCaMP ΔF/F in black, speed in red. D, Mean ΔF/F aligned to OFT movement onset from the same 

SERT::GCaMP6s mouse. E, Mean ΔF/F before (pre) and after (post) OFT movement onset in 

GCaMP (n=9) and GFP (n=3) mice 

 

Fig. 3.2 DRN 5-HT neural activity increases upon movement in high-threat environments  

A, Tail suspension test (TST) schematic. B, Example TST photometry data from the same 

SERT::GCaMP6s mouse displayed in Fig. 3.1, c. GCaMP ΔF/F in black, movement in red. C, 

Mean ΔF/F aligned to TST movement onset from the same SERT::GCaMP6s mouse. D, Mean 

ΔF/F before and after TST movement onset in GCaMP (n=8) and GFP (n=2) mice. *P < 0.05, **P 

< 0.01, Wilcoxon signed-rank test. Error bars indicate s.e.m. 
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Fig. 3.3. DRN 5-HT fiber photometry and GFP control A, Fiber photometry schematic. B, 

Dorsal raphe nucleus (DRN) GCaMP vector and optical fiber placement schematic. C, Open field 

test (OFT) schematic. D, Example OFT photometry data from a control SERT::GFP mouse. GFP 

ΔF/F in black, speed in red. E, Mean ΔF/F aligned to OFT movement onset from the same 

SERT::GFP mouse. F, Tail suspension test (TST) schematic. G, Example TST photometry data 

from a control SERT::GFP mouse. GFP ΔF/F in black, movement in red. H, Mean ΔF/F aligned 

to TST movement onset from the same SERT::GFP mouse. X- and Y-axes for all panels match 

the GCaMP data in the main figures. 
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Fig. 3.4 DRN 5-HT neural activity at cellular resolution. A, DRN microendoscopy schematic. 

B, MIN1PIPE ROIs, TST and OFT. C, GCaMP6m expression in mouse M1 DRN 5-HT neurons 

with GRIN lens track. D, Example TST microendoscopy data from a mouse M1 DRN 5-HT single 

neuron. GCaMP activity in black, movement in red. E, OFT data from the same neuron. GCaMP 

activity in black, movement in blue. F, GCaMP6m activity aligned to TST movement onset for 

the same neuron. G, GCaMP6m activity aligned to OFT movement onset for the same neuron. H, 

Normalized cross-covariance between GCaMP6m activity and movement for the same neuron in 

TST (red) and OFT (blue). Light red and blue regions indicate 99% bootstrap confidence intervals. 

Error bars indicate s.e.m 
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Fig. 3.5 Individual DRN 5-HT neurons switch their activity to movement in different threat levels A, 

GCaMP6m activity from five DRN 5-HT neurons, continuously recorded during OFT and TST in mouse M2. 

GCaMP6m activity in black, OFT movement in blue, TST movement in red. B, Peak normalized cross-covariance 

between movement and neural activity for all recorded DRN 5-HT neurons in OFT and TST environments. Cells 

with an inverted activity-movement relationship across environments in yellow, cells with the same activity-

movement relationship in both environments in purple, cells without a significant movement response in one or 

both environments in gray. C, Normalized cross-covariance between GCaMP6m activity and movement in TST 

(red) and OFT (blue) for a mouse M2 neuron. Light red and blue regions indicate 99% bootstrap confidence 

intervals. D, GCaMP6m expression in mouse M2 DRN 5-HT neurons with GRIN lens track.            
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METHODS 

 

All procedures conformed to guidelines established by the National Institutes of Health 

and have been approved by the Cornell University Institutional Animal Care and Use Committee. 

 

Subjects 

SERT-Cre (Ross McDevitt, NIH/NIDA & Xiaoxi Zhuang, University of Chicago) mice 

(postnatal 3-6 months) were used for 5-HT specific viral vector expression. All Cre driver lines 

were fully backcrossed to C57BL/6J mice. All mice were male and housed in groups and were 

maintained on a 12-hour reverse light-dark cycle with ad libitum access to food and water.  

 

Viral vectors 

For photometry and microendoscopy experiments, we used AAV5-CAG-FLEX-GCaMP6s 

(Penn Vector Core, Philadelphia, PA), AAVdj-Ef1α-DIO-GCaMP6m (Stanford Vector Core, 

Stanford, CA), or AAV5-CAG-FLEX-GFP (UNC Vector Core, Chapel Hill, NC) (Chen et al., 

2013).  

 

Surgery 

Mice were deeply anesthetized with isoflurane (5%). Fur was trimmed, and mice were 

placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA). A heating pad was used to prevent 

hypothermia. Isoflurane was delivered at 1-3% throughout surgery; this level was adjusted to 

maintain a constant surgical plane. Ophthalmic ointment was used to protect the eyes. 

Buprenorphine (0.05 mg/kg, subcutaneous) was given before the start of surgery. A mixture of 

0.5% lidocaine and 0.25% bupivacaine (100 μL) was injected subdermally along the incision line. 
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The scalp was disinfected with betadine and alcohol. A midline incision exposed the skull, which 

was thoroughly cleaned, and a craniotomy was made above the DRN. Virus was targeted to the 

DRN (-4.5 AP, 0.0 ML, -3.3 & -3.0 DV), and slowly pressure injected (100 nl/min) using a 10 μL 

Hamilton syringe (nanofil; WPI, Sarasota, FL), a 33 gauge beveled needle, and a micro-syringe 

pump controller (Micro 4; WPI, Sarasota, FL). After each injection the needle was left in place for 

10 minutes and then slowly withdrawn.   

 

For photometry and microendoscopy experiments, a total of 700 nl (350 nl at each DV site) 

of vector was injected. For photometry an optical fiber embedded in a metal ferrule was implanted 

at 15° (-4.5 AP, 0.5 ML, -2.8 DV). A 400 μm diameter, 0.48 NA optical fiber (Doric Lenses, 

Québec, Canada) was used for photometry experiments. For microendoscopy experiments, 

animals were implanted with a 6 mm long, 500 μm diameter GRIN lens (Inscopix, Palo Alto, CA) 

at 15° (-4.5 AP, 1.1 ML, -3.3 DV). A layer of metabond (Parkell, Inc., Edgewood, NY) and dental 

acrylic (Lang Dental Manufacturing, Wheeling, IL) was applied to firmly hold the implant in place, 

and the surrounding skin was sutured closed. Post-operative buprenorphine (0.05 mg/kg), 

carprofen (5 mg/kg), and lactated ringers (500 μL) were administered subcutaneously. For 

microendoscopy, a baseplate was implanted above the GRIN lens after 3 weeks. Virus was allowed 

to express for a minimum of 3 weeks before behavioral testing.     

 

Fiber photometry 

Fiber photometry was performed as previously described (Gunaydin et al., 2014). 473 nm 

and 405 nm data were collected for all GCaMP and GFP photometry experiments. 473 nm and 

405 nm diode lasers (Omicron Luxx, Rodgau-Dudenhofen, Germany) were modulated at 700 Hz 
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and 500 Hz, respectively, using a dual optical chopper (New Focus Model 3502, Newport, Irvine, 

CA). Both laser beams were combined using a mirror (KM100-E02, Thorlabs, Newton, NJ) and a 

dichroic filter (LM01-427, Semrock, Rochester, NY), and the power was adjusted using a neutral 

density filter to 15-100 μW. Power-adjusted laser beans were aligned to a fluorescence filter cube 

(DFMB, Thorlabs, Newton, NJ), where the excitation beams were reflected with a dichroic filter 

(FF495, Semrock, Rochester, NY), collimated (F240FC-A with AD11F, Thorlabs, Newton, NJ), 

and coupled to an optical patch cord (400 μm, Doric Lenses, Quebec, Canada). Emitted 

fluorescence was passed through a dichroic filter (FF495, Semrock, Rochester, NY) and a 

bandpass filter (FF03-525/50, Semrock, Rochester, NY), and was collected by a femtowatt 

photoreceiver (New Focus 2151, Newport, Irvine, CA). Outputs from the photoreceiver were 

directed through two lock-in amplifiers (SR810 DSP, Stanford Research System, Sunnyvale, CA), 

digitized using a DAQ (U6 pro, LabJack, Lakewood, CL) at a sampling rate of 250 Hz, and 

recorded by custom-modified LabJack software. 

 

Microendoscopy 

Microendoscopy was performed as previously described (Ghosh et al., 2011; Ziv et al., 

2013). Prior to behavioral testing animals were briefly anaesthetized to attach the microendoscope 

to the baseplate (Inscopix, Palo Alto, CA). Imaging data was acquired at 20 Hz for 15 minutes in 

the OFT and 15 minutes in the TST. Fluorescence videos were preprocessed, down-sampled to 10 

Hz, spatially filtered, and motion corrected using Inscopix software. Videos were exported and 

processed with MIN1PIPE (Lu et al., 2018), where background was subtracted, motion was 

corrected, and neural signal was extracted. MIN1PIPE seeds were picked manually, and code was 
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modified to remove the > 0 constraint on temporal components. Data was processed separately for 

the OFT and the TST.  

 

Behavioral testing: open field test (OFT), and tail suspension test (TST) 

Mouse behavior was recorded at 30 fps with a USB 3.0 camera (Chameleon3, Pointgrey, 

Richmond, BC, Canada) during all behavioral testing sessions. A Labjack DAQ (U6 pro, LabJack, 

Lakewood, CL) was used to acquire all behavioral data. The sequence of behavioral tests follows 

the individual test descriptions. 

 

OFT (photometry): A 50 x 50 cm arena made of white Plexiglas was divided into large (50 x 42 x 

37.5 x 32 cm, used for open field testing) and small (used for wheel testing) subsections. Testing 

took place under bright room light. Mice were placed in the center of the large arena at the start of 

each OFT and allowed to freely explore for 6 minutes. Movement was tracked using Ethovision 

(Noldus, Leesburg, VA).  

 

TST (photometry): The mouse’s tail was taped to a 40 cm high horizontal bar, and the mouse was 

suspended by its tail for 6 minutes. Struggling behavior was recorded using an accelerometer taped 

to the tail. 

 

Perfusion and histological verification 

Following experiments, animals were deeply anesthetized with Fatal-Plus at a dose of 90 

mg/kg and transcardially perfused with 20 ml of PBS (phosphate-buffered saline), followed by 20 

ml of 4% paraformaldehyde solution. Brains were extracted and stored overnight at 4°C in 4% 



 

83 

paraformaldehyde solution. After 24 hours, brains were transferred to 30% sucrose solution and 

allowed to equilibrate for at least 3 days. Brains were sectioned coronally (40 µm) on a freezing 

microtome. Sections were washed in PBS and mounted on slides with PVA-DABCO. Images were 

acquired using a Zeiss LSM 800 confocal scanning laser microscope with a 20X air objective.   

 

Data analysis 

All data analysis and statistical tests were performed using custom-written scripts in 

MATLAB (MathWorks, Natick, MA) and GraphPad Prism (GraphPad Software, San Diego, CA). 

 

Statistics: Error bars and shaded areas report standard error of the mean (s.e.m.). All statistical 

tests were two-tailed. Within-subject analyses were performed using the Wilcoxon signed-rank 

test, and between-subject analyses were performed using the Wilcoxon rank-sum test. Cross-

covariogram confidence intervals were computed using a circular block bootstrap with random 

block length (Politis and Romano, 1994). 

 

Fiber photometry: Raw 473 nm and 405 nm channels were low-pass filtered at 20 Hz. The 405 nm 

reference channel was fit to the 473 nm channel using linear least squares. Relative fluorescence 

changes, reported as ΔF/F, were calculated using the following equation:  

 

ΔF

F0

= 
473 nm signal-fitted 405 nm signal

mean 473 nm signal
 × 100 
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Open Field Test: Movement onsets were defined by at least 2 seconds of < 2 cm/s speed followed 

by at least 2 seconds of > 2 cm/s speed. Group photometry analyses compared mean ΔF/F 1.5 

seconds before and after movement onset.  

 

Tail Suspension Test (TST): Data following 2 minutes of TST exposure was used for photometry 

data analysis. Movement onset/offset calculation: The z-score of the raw accelerometer data was 

calculated, and data were rectified, thresholded above 0.3-0.6, and binned into 100 ms bins, so that 

the value of each bin reflected the fraction of samples above threshold. Movement onset was 

defined as bin transition from zero to non-zero, with a pre-onset requirement of < 0.02 for at least 

2 seconds and a post-onset requirement of >0.06 for at least 2 seconds. If onsets were within 0.8 

seconds of each other they were combined. Final movement bouts were required to be at least 2 

seconds long. Movement offset was defined as bin transition from non-zero to zero. Movement 

calculation for display only: Raw accelerometer data were rectified and normalized to the 

maximum value. Data for each movement onset (as defined above) was averaged and smoothed 

with a 50-sample moving average. Population photometry data compared mean ΔF/F during 1.5 

seconds before and after movement onset.  
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CHAPTER 4 

 

CONCLUSION 

 

In my dissertation research, I have sought to understand how neuromodulators play a role 

in goal-directed behavior. I have focused on two neuromodulators, dopamine and serotonin, to 

address two main questions - how animals learn and are motivated towards distant goals, and how 

neuromodulators shape animal behavior based on environmental valence. I addressed these 

questions by measuring neural activity using fiber photometry and microendoscopy while animals 

went through a series of behavioral experiments. 

  

In chapter 2, I reported that dopamine neural activity in VTA continuously increases as 

animals approach reward. I observed that the ramping dopamine activity emerges quickly within 

a few trials after first reward exposure in naïve animals. This ramping dopamine activity was 

sensitive to reward magnitude. Physical action was not necessary to produce dopamine ramps; 

dynamic sensory feedback of progress to reward alone can produce dopamine ramps. However, 

such dopamine ramps were short lived. When the animal is required to maintain an internal model 

of distance to reward, the dopamine ramps were robust and did not fade over training. I 

hypothesized that these data suggest that dopamine neurons might receive goal proximity 

information from regions of the brain which encode a map like relationship between goals and 

objects.  

 

In chapter 3, I reported that serotonin neurons in the dorsal raphe decrease their population 

activity during movement initiation in low/moderate threat environments while they increase their 
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activity to movement initiation in a high threat environment. I further demonstrated that this switch 

in activity happens in individual serotonin neurons signifying the routing of environmental valence 

information to individual serotonin neurons.   

 

In this chapter, I will delve deeper into the role of dopamine ramps, consider alternate 

theories in the field to compare and contrast mine. 

 

Reward prediction error theory: 

Reward prediction error quantifies the surprise - the difference between the reality and 

expectation. A random action leading to a reward is surprisingly good and results in a positive 

reward prediction error. Dopaminergic neurons are thought to encode prediction error because they 

increase their firing during a surprisingly good outcome (Schultz et al., 1997). Such phasic 

dopamine bursts modulate modulates synaptic plasticity in striatum and facilitate learning by 

strengthening actions which preceded the positive prediction error (Fisher et al., 2017). Similarly, 

during a disappointingly bad outcome, dopamine neurons pause their firing which results in 

weakening of synapses in the striatum which in turn biases the animal to not repeat the action 

again. In Pavlovian conditioning, when a temporally unexpected cue which predicts reward is 

presented, dopamine neurons increase their firing (Schultz et al., 1997). This increase in firing 

shifts to the beginning of the unexpected cue because once the cue is presented, it predicts the 

reward. This dopamine dependent reinforcement learning leads to future predictions becoming 

more accurate and resulting in the animal maximizing the number of rewards. The hallmark of 

reinforcement learning is that it requires many repetitions to learn a particular stimulus/action - 

reward association. The prediction error alters the expectation slightly and over many repetitions, 
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the expectation matches the reality. Experimental results support this theory. Dopaminergic phasic 

firing has been observed in monkeys and rodents (Bayer and Glimcher, 2005; Eshel et al., 2016, 

2015; Schultz et al., 1997). The dopaminergic cue response emerges over multiples of tens to 

hundreds of trials.  Studies which monitored dopamine spiking activity during cue – reward pairing 

found that the cue related dopamine response developed over hundreds of trials (Coddington and 

Dudman, 2018). Studies which monitored calcium activity in dopamine cell bodies during cue – 

reward pairing also showed similar results (Zhong et al., 2017). 

 

How does phasic reward prediction error explain continuously increasing dopamine 

ramps? When an animal is moving towards a reward, the animal knows where it is going and there 

is nothing surprising during approach thus there should not be any prediction errors. Further, we 

note that the dopamine ramps differentiate between approach to big and small reward which 

indicates that the animal has developed an expectation of reward magnitude. During the approach 

to reward there is no change in this expectation and so it should not result in a prediction error.    

 

An expanded version of reward prediction theory argues that dopamine ramps are a 

collection of prediction errors which progressively increase in magnitude as animals approach 

reward (Mikhael et al., 2019). They argue that animals intrinsically cannot perfectly estimate time 

to reward which results in a temporal uncertainty from cue onset to reward receipt in Pavlovian 

conditioning. Sensory feedback of progress to reward at each moment reduces this uncertainty 

which would result in a prediction error. In the absence of sensory feedback, they do not expect to 

see dopamine ramps because there are no cues which reduce uncertainty. This theory is based on 
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the fact that in delay conditioning where a cue is presented and after some time reward is delivered, 

they do not observe dopamine ramps, however they do when the animal approaches a reward.  

 

Our results argue against this theory. In our running wheel task, we trained mice to run a 

certain distance and stop on their own without any sensory feedback. At each moment in time, the 

animal cannot get a readout of goal proximity by observing any external cues. The animal has to 

maintain an internal model of distance to reward. However, we find that dopamine ramps are 

robustly expressed and persistent in this condition. On the other hand, when animals ran on a linear 

track, where the animal had sensory feedback, we saw ramps fade over sessions. 

 

Further, dopaminergic signaling of prediction errors to unexpected cues take hundreds of 

trials to emerge (Coddington and Dudman, 2018; Zhong et al., 2017). However, we find that 

dopamine ramps emerge quickly within a few trials after first exposure to reward in naive animals. 

These findings strongly support a framework in which ramping dopamine activity directly reflects 

internal encoding of goal proximity and is not supported by reward prediction error theory.  

 

How is this signal generated? 

The quick emergence of dopamine ramps in a linear track (Figure 2.1) and the appearance 

of dopamine ramps in the absence of external sensory cues (Figure 2.3) suggests that the dopamine 

neurons receive inputs from regions of the brain which model the environment and encode goal 

distance. We speculate that dopamine ramps may reflect the transmission of goal proximity 

information from cortical or cortical-like brain regions. One candidate region is orbitofrontal 

cortex. A recent study showed that neurons in the orbitofrontal cortex form a spatial map of the 
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environment, discriminating positions during navigation. They also represent and maintain the 

subsequent goal throughout the journey until the animal reaches the destination (Basu, 2021). 

Further, lesions of orbitofrontal cortex are also known to degrade reward expectation signals in 

VTA dopamine neurons (Takahashi et al., 2011). Other frontal cortical regions which are involved 

in rapid learning and decision making (Behrens et al., 2018; Botvinick et al., 2019; Rushworth et 

al., 2011) contain neurons that display ramping activity and implement a flexible value code in 

fluctuating environments (Tsutsui et al., 2016). Collectively neurons in these regions may route 

goal proximity information to dopamine neurons. 

 

Another candidate region which might be involved in generating dopamine ramps is the 

hippocampal-entorhinal system. Neurons in medial entorhinal cortex fire when animals are at 

specific distances from spatially confined objects (Høydal et al., 2019). Hippocampal neurons in 

bats flying in complex trajectories toward a spatial goal encode distance and direction to the goal 

(Sarel et al., 2017). Ventral hippocampal neurons projecting to ventral striatum exhibit goal 

directed firing during goal approach (Ciocchi et al., 2015). Ventral striatal neurons show ramping 

activity during approach to goals (Atallah et al., 2014). Ventral striatal neurons further send 

projections to dopamine neurons in the VTA. Dopamine neurons in the VTA in turn release 

dopamine in a ramping manner in ventral striatum (Collins et al., 2016; Hamid et al., 2016; Howe 

et al., 2013; Syed et al., 2016). Further investigation such as inhibition of hippocampal fibers is 

necessary to dissect this circuit loop and understand the origin of dopamine ramps. 
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What does this signal do? 

In humans and animals, administration of amphetamine, a drug which increases dopamine 

levels in the synapse, elicits preference for the place where amphetamine was administered (Childs 

and de Wit, 2009; Spyraki et al., 1982). Optogenetic activation of dopamine neurons in VTA elicits 

place preference for the stimulated chamber (Tsai et al., 2009), and robust self-stimulation (Witten 

et al., 2011). What could dopamine ramps reinforce? One possibility is that dopamine ramps can 

reinforce spatial locations with value. Dopamine ramps could build a value map across space to 

help the animal navigate to places of high value. Animal migration is known to follow resource 

rich regions (Wilmshurst et al., 1999). Building a value map of rich resources will be useful in 

future navigation. 

 

However, in the optogenetic studies, dopamine neurons were stimulated phasically. It is 

unclear if the stimulation led to a ramp like activation of dopamine neurons. The downstream 

neurons may perceive phasic and ramping dopamine signals differently. Simultaneous imaging of 

dopamine activity with optogenetic stimulation will help better understand the effects of 

stimulation.  

 

Another possibility is that the dopamine ramps are involved in control of ongoing behavior. 

Dopamine ramps could help allocate cognitive resources, reduce distractibility by modulating 

striatal and cortical dynamics (Song and Lee, 2019). For example, when an animal sees a reward, 

it approaches and obtains the reward. When the reward is far away, the animal might get distracted 

but when it is closer to reward, the animals increase their effort and reach the goal faster (Hull, 

1932). This increase in motivation towards goal as the goal gets closer has been widely observed 
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in human behavior (Harkin et al., 2016; Kivetz et al., 2006; Liberman and Förster, 2008). Why? 

Dopamine could reinforce actions or cognitive effort to varying levels as the animal approaches 

the reward. The focus and strength of attention and engagement fluctuate during task performance 

(Cohen and Maunsell, 2011; Killingsworth and Gilbert, 2010; Smallwood and Schooler, 2015; 

Weissman et al., 2006; Ashwood et al., 2020). Depending on the difficulty of the task and the amount 

of prior experience, thoughts may center on the goal, strategic concerns, motor performance, or 

the sensory environment (Brown et al., 2016; Buschman and Miller, 2007; Chun et al., 2011; 

Cohen and Newsome, 2008; Corbetta and Shulman, 2002; Duncan, 2013; James, 1890; Liberman 

and Trope, 2008; Norman and Shallice, 1980; Pham and Taylor, 1999; Posner, 1990; Schneider 

and Shiffrin, 1977; Wulf and Prinz, 2001). If the goal is imminent, it captures attentional resources 

and ‘looms larger’ (Förster et al., 1998), and if a task is easy or habitual, requiring minimal 

conscious supervision, the mind may wander to task-unrelated ‘daydreams’ (Antrobus et al., 1966; 

Buckner et al., 2008; Mason et al., 2007; McKiernan et al., 2003; Singer, 1966; Smallwood and 

Schooler, 2006; Teasdale et al., 1995). Natural environments have a multitude of features that may 

or may not be relevant for the task at hand. How is learning about the most important features 

prioritized in complex environments? Selective attention has been proposed as a possible solution 

to the ‘curse of dimensionality’ problem in reinforcement learning (Gershman et al., 2010; Leong 

et al., 2017; Niv et al., 2015; Radulescu et al., 2019; Wilson and Niv, 2012), and indeed, attended 

stimuli are more easily learned and more effectively control behavior (Mackintosh, 1975; Pearce 

and Hall, 1980; Ruff and Cohen, 2019). In our experiments the most useful environmental feature 

is goal proximity, and our findings show that when animals actively use this information to guide 

their behavior, DA ramps are stronger. Dopamine ramps thus may guide cognitive resources to 

help convert a computationally intensive task to a habitual task.     
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