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Abstract

Dopamine has become widely known for its role in reward-based reinforcement learning.
This thesis will add to the growing literature arguing that midbrain dopamine neurons are
functionally diverse. My work began with the hypothesis that functionally distinct populations
should receive inputs from different neurons. To look for this type of organization, I used a
virus-based tracing method to label the inputs to dopamine neurons with specified projection
targets and developed an automated pipeline for whole-brain imaging and analysis to quantify
the data. This study (Chapter 1), demonstrated that many populations of dopamine neurons
receive similar patterns of inputs, but that those projecting to the posterior tail of the striatum
(TS) were unique and did not receive significant innervation from the ventral striatum, a region
known best for its role in reward and addiction. To look for clues regarding the function of each
population, I assayed the activity of dopamine neuron axons in different projection targets using
a GCaMP calcium indicator (Chapter 2). This study demonstrated that dopamine axons in the
ventral striatum (VS) encode a pure value-based prediction error that is not contaminated by
novelty or stimulus intensity. Surprisingly, I found that dopamine axons in TS are exclusively
modulated by novelty and stimulus intensity and are not related to reward. To look for the
function of this unusual population, I performed optogenetic stimulation and drug-based lesion
experiments (Chapter 3). This study demonstrated that TS dopamine stimulation caused
avoidance, and that TS dopamine is required for retreat from novel stimuli or high intensity
stimuli. Together, these data suggest that dopamine neurons are diverse and do not all reinforce
reward. This thesis will argue that dopamine performs reinforcement of different types of neural
activity depending on the target region.
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Introduction
Reinforcement learning in animals
I recently trained my dog to sit on command by giving him food every time he sat.
According to Edward Thorndike, this type of training is effective because “what comes after a
connection acts upon it to alter its strength” (Thorndike, 1927). As evidence of this “law of
effect”, Thorndike placed cats into a puzzle box and placed a fish outside of the box that the
hungry cats had a strong motivational drive to reach. On the first trial, the cats randomly pawed
at various parts of the box until eventually opening the door by using a lever. After many trials,
cats would press the lever very quickly upon being placed into the box, indicating that they had
learned that pressing the lever would lead to reward. This basic formulation of reinforcement
learning put forth by Thorndike inspired a wealth of behavioral studies on animal learning.
Animal learning has been observed in practical contexts for as long as humans have
trained animals to perform tasks. Early systematic and well-documented studies of animal
learning employed “classical conditioning” paradigms. In these experiments, animals would be
presented with a stimulus and then be presented with a reward. Behavioral measures of
expectation were observed once the animal learned the association between the stimulus (CS, or
“conditioned stimulus”) and the reward (US, or “unconditioned stimulus). This was first
formalized by Pavlov (Pavlov, 1927), who used a dinner bell as the stimulus (CS) and used food
as the reward (US). In these experiments, the amount of saliva produced at the sound of the
dinner bell was a direct measure of whether the association had been learned. Because the dogs
would salivate in response to the bell only after learning, it is called a “conditioned response”.
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Animal learning has also been extensively studied in “operant conditioning” paradigms.
Early examples of operant conditioning come from B.F. Skinner, who believed that free will is
an illusion, and Thorndike’s “law of effect” dictated the course of animal behavior just as
Darwin’s “law of evolution” dictated the course of evolution. B.F. Skinner trained several types
of animals to perform simple actions in order to receive rewards (Ferster & Skinner, 1957;
Skinner, 1936, 1957, 1963). Perhaps most famously, Skinner trained pigeons to peck at a target
in order to receive a food reward, and proposed that these pigeons could be used to guide
missiles after training them to peck at the image of a boat on a monitor (Heron & Skinner, 1939).
The key difference between this paradigm and classical conditioning is that operant conditioning
requires animals to perform an action and then learn that the performance of this action leads to
reward. In a sense, the action can then be viewed as the CS predicting reward.
Modeling animal learning
Based on the animal learning observed by these behaviorists (such as Pavlov and
Skinner), many theorists produced models to explain how learning could occur. These models
can be separated broadly into those emphasizing “CS effectiveness” and those emphasizing “US
effectiveness”. In short, CS effectiveness emphasizes the importance of paying attention to cues
and learning their consequences and US effectiveness emphasizes the importance of paying
attention to important outcomes and remembering what preceded them.
Models that emphasize the US are based on the idea that animals retrospectively try to
assign “credit” to recently encountered stimuli after receiving a reward. For example, a dog may
not pay attention to a dinner bell, but these theories suggest that upon receiving food, the dog
would assign some credit to the bell. A very influential model of this type was proposed by
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Rescorla and Wagner (Rescorla, 1972). In their model, the change in the associative strength
between a CS and a US is proportional to three parameters. (1) The salience of the stimulus,
bounded by 0 and 1. A louder dinner bell might be more salient than a quiet bell, for example.
(2) A learning rate, also bounded by 0 and 1. A fast learning rate would imply that associations
are very unstable, whereas a slow learning rate might make it difficult to learn at all. (3) The
difference between the maximum possible association and the current association between the
CS and US. This model was remarkable because it could be used to fit a wide range of
behavioral data using these relatively few parameters.
In particular, the Rescorla-Wagner model was very successful in explaining a
phenomenon called “blocking” (Kamin, 1969). The “blocking” effect refers to the fact that after
learning the contingency between a CS (for example, a bell) and a reward, animals will not learn
the contingency of a new CS (for example, a light that precedes the bell) and the reward. This
would be problematic for a learning model that did not propose a steady-state in which nothing
was learned, since reward was already fully predicted. The Rescorla-Wagner model addressed
this with its third parameter: that learning was proportional to the difference between the
maximum possible association and the current association between the CS and the US.
Therefore, if a reward is already very well-predicted, then it would not induce learning.
The Rescorla-Wagner model described learning based on trial structures where there was
a CS followed by a US, and time was generally ignored. However, behaviors in the real world
are not always easily separable into such components, the real world occurs in continuous time
rather than discrete binds, and the real world often features complex sets of CS’s that do not
always immediately precede US’s. Attempting to address these issues, Sutton and Barto created
a model that treated time as a continuous set of moments. They then proposed that an unexpected
3

reward should attribute “value” to the moment of reward delivery as well as to the few moments
immediately preceding reward delivery (R.S. Sutton & Barto, 1998). In these temporal difference
(TD) models, the reward signal initially elicited by the reward (US) should transfer backwards
temporally to the earliest stimulus predicting it (CS). So, after learning, there should be a signal
only when the stimulus is unexpectedly delivered.
Models for animal learning that emphasize CS effectiveness in learning take a somewhat
opposite approach. These models try to explain how an animal can choose what stimulus (CS) to
pay attention to in a complex world filled with many stimuli. Therefore, these models are based
more on how attention is allocated among CS’s at the time of the stimulus onset rather than how
value is retrospectively assigned to them at the time of reward (outcome) delivery.
The Pearce-Hall model is premised on the idea that animals attend to stimuli which are
not accurate predictors of their consequences (Pearce & Hall, 1980). This is based on the
intuitive idea that animals must learn about stimuli if they do not already know what the stimulus
predicts. This model suggests that the change in the associative strength between a CS and a US
is proportional to three factors. (1) The intensity of the CS. Similar to the salience term in other
models, this parameter is large when the stimulus is loud or bright. (2) The associability of the
CS. This term is assumed to be high for a novel stimulus and then decreases once the outcome of
the CS becomes predictable. (3) The intensity of the US. In the case of a rewarding US, this is
roughly equivalent to value. This model was successful because it helped explain how learning
could occur in a world filled with stimuli. For example, a fire alarm is very loud and relatively
novel compared to most stimuli that a typical human encounters. Therefore, a Pearce-Hall model
of attention would predict that it would be easy to learn the meaning of a fire alarm the first time
it is heard because it is highly associable and does not have an already-known outcome.
4

There is an important similarity between the Rescorla-Wagner model of learning and the
Pearce-Hall model of attention. Under both models, unexpected outcomes induce learning.
According to Rescorla-Wagner, the unexpected outcome should increase the association between
a preceding CS and the unexpected US, on the same trial. By contrast, Pearce-Hall suggests that
the unexpected outcome would increase the associability of the CS on the next trial, because the
unexpected outcome suggests that the animal did not actually know what the CS would predict.
This is an important aspect of their second parameter (the associability of the CS). Pearce-Hall
models suggest that a CS is most “associable” when its outcome is not well known.
Another model that emphasized CS effectiveness was proposed by Nicholas Mackintosh,
and has a roughly opposite underlying assumption to the Pearce-Hall model. Mackintosh
suggested that animals pay more attention to stimuli that prove to be reliable predictors of
important events (N. J. Mackintosh, 1965). Whereas the Pearce-Hall model suggests that animals
pay more attention to stimuli with unknown consequences, Mackintosh essentially suggests that
animals should pay more attention to stimuli with very well known, important, consequences.
Both models emphasize the importance of attention to the stimulus itself in learning, rather than
focusing only on signals back-propagating from the US (reward). Additionally, the Mackintosh
model, like the Pearce-Hall model, suggests that there should be a high degree of attention paid
to novel stimuli, despite the fact that they are not known to be reliable predictors of important
events. Both models propose a “novelty bonus” for attention – meaning that they suggest that
there are separate mechanisms underlying the allocation of attention to novel events. This is
important, because it is not clear how much attention would be paid to novel events based on
their models alone.
5

A role for dopamine in value-based reinforcement learning
Dopamine was first observed in the human brain in the 1950s (Montagu, 1957). Soon
after, it was demonstrated that dopamine acts as a neurotransmitter rather than simply serving as
an intermediate for norepinephrine production (Carlsson, Lindqvist, & Magnusson, 1957;
Carlsson, Lindqvist, Magnusson, & Waldeck, 1958; Carlsson & Waldeck, 1958). Next,
dopamine neurons were found to be mostly localized to a few small nuclei in the midbrain such
as the VTA and SNc (Anden et al., 1964). One of the first studies suggesting a function for
dopamine was the demonstration that deceased Parkinson’s patients had reduced levels of
dopamine (Hornykiewicz, 1963) and that the application of L-DOPA, a precursor for dopamine
synthesis, to Parkinson’s patients was an effective method of treatment (Davidson, Lloyd,
Dankova, & Hornykiewicz, 1971; Hockman, Lloyd, Farley, & Hornykiewicz, 1971;
Hornykiewicz, 1963; Lloyd & Hornykiewicz, 1970). Based on these early studies, a clear
hypothesis was developed: midbrain dopamine neurons were important for movement.
With this idea in mind, Wolfram Schultz recorded from midbrain dopamine neurons as
nonhuman primates performed a lever-pressing task to observe activity as animals performed a
simple motor action. Surprisingly, rather than observing signals related to locomotion, Schultz
found that dopamine neuron activity was related to reward (Mirenowicz & Schultz, 1996). Even
more surprisingly, he found that the neurons (1) responded to cues predicting reward, (2) had
little or no response to expected rewards, and (3) were inhibited when an expected reward was
omitted (Hollerman & Schultz, 1998; W. Schultz, Dayan, & Montague, 1997; Waelti, Dickinson,
& Schultz, 2001). This result was striking because the “reward prediction error” signal he
observed appeared to mirror the “teaching” signals proposed by many models (such as the
Rescrola-Wagner model and TD learning models) made to explain learning in animals.
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Furthermore, dopamine neurons were known to be positioned at an anatomically
privileged location within the brain to broadcast a brain-wide reward signal (Wise, 2004). From
the midbrain, dopamine neurons project widely to the striatum and cortex, so one popular idea is
that they convey a message to all of these regions that could be important to all of them, such as
reward prediction error (Wolfram Schultz, 2013). Basically, this type of information could guide
learning in many regions with disparate functions all toward the common goal of securing more
reward for the animal. The remarkable similarity between the reward prediction error signals
observed in dopamine neurons and the error term in behavioral models for reinforcement
learning led to the theory that dopamine neurons guided learning based on value (W. Schultz,
2002; Waelti et al., 2001). Dopamine became widely known for its role in reward-based
reinforcement learning, and it was widely assumed that dopamine’s role in movement was
related to its tonic activity (W. Schultz, 2001).
Phasic responses to non-rewarding stimuli in dopamine neurons
As with many simple theories pertaining to complex biological systems, the RPE
hypothesis did not fit all of the data. Specifically, not all responses recorded from dopamine
neurons conformed to the idea that it responds only to reward and cues predicting reward. For
example, some dopamine neurons responded to novel stimuli, such as tones, the first time that
they were presented (Horvitz, 2000; Horvitz, Stewart, & Jacobs, 1997). This was rationalized as
a “value bonus” that could reinforce the exploration of novel stimuli based on the assumption
that novel stimuli could possibly lead to reward (Kakade & Dayan, 2002). Responses to novel
stimuli have also been interpreted as a type of generalization. In a task where each trial has a 1/3
chance of being a reward trial, for instance, detecting that a trial is initiated means that there is a
1/3 chance that reward will follow. Therefore, detecting any stimulus (novel or otherwise) could
7

elicit a quick response from value-coding dopamine neurons (W. Schultz, 2016). So, in one way
or another, the responses to novel stimuli were largely incorporated into the existing reward
prediction error framework.
More recently, responses to explicitly aversive air puffs, and cues predicting them, were
also observed in some dopamine neurons (M. Matsumoto & Hikosaka, 2009). These neurons
were in clear violation of the hypothesis that dopamine reinforces behaviors leading to reward
because animals do not seek out aversive air puffs (i.e. air puffs are not behaviorally reinforcing).
If dopamine neurons learned reward, then there is no plausible explanation for why they would
have larger responses to stimuli predicting air puff than to stimuli predicting no outcome.
Clearly, there was a missing piece in the puzzle.
Diversity among dopamine neurons
Midbrain dopamine neurons are a small population of neurons that projecting to many
regions of the forebrain (Haber, 2014). Although single neurons can project to a relatively large
area within a structure (Matsuda et al., 2009), single dopamine neurons do not tend to project to
multiple target regions (Lammel et al., 2008; Lammel, Ion, Roeper, & Malenka, 2011; Lammel
et al., 2012). Because of this, there are at least two major possibilities as to how the circuit could
be organized. (1) Both dopamine neurons signaling reward and those that respond to nonrewarding stimuli project to each target area. (2) Dopamine neurons signaling reward project to
specific target areas such as the ventral striatum and those that respond to non-rewarding stimuli
project to other areas such as the dorsal striatum.
Studies of self-stimulation and drug addiction have coarsely mapped out what regions of
the brain are responsible for mediating reward.
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In self-stimulation paradigms, animals are trained to press a lever in order to obtain
electrical stimulation in a particular region of the brain (Beninger, Bellisle, & Milner, 1977; Olds
& Milner, 1954; Wilson, Hitomi, & Schuster, 1971). By varying the location of the electrical
stimulation, these studies “mapped” out the regions where stimulation had a strong behaviorally
reinforcing effect, highlighting the importance of regions like the ventral striatum and frontal
cortex (Berridge, 1996; Berridge & Kringelbach, 2015; Berridge, Robinson, & Aldridge, 2009;
Pecina, Smith, & Berridge, 2006). These stimulations were linked explicitly to dopamine release
when it was found that stimulation increased the concentration of dopamine in the ventral
striatum (Bauco & Wise, 1994; Blaha, Coury, Fibiger, & Phillips, 1990; Blaha & Phillips, 1990;
Gratton, Hoffer, & Gerhardt, 1988). These experiments firmly suggest that the ventral striatum is
involved in reward, and that ventral striatum dopamine release is correlated with this reward.
Another set of early “mapping” studies come from the study of addiction. Soon after the
initial identification of dopamine in the brain, it was shown that dopamine concentrations
increase following the application of numerous addictive drugs such as cocaine (Church, Justice,
& Byrd, 1987; Hurd & Ungerstedt, 1989; Hurd, Weiss, Koob, And, & Ungerstedt, 1989), opiates
(Devine, Leone, Pocock, & Wise, 1993; Dichiara & Imperato, 1988b), nicotine (Bauco & Wise,
1994), amphetaimes (Carboni, Imperato, Perezzani, & Di Chiara, 1989) , and others (Dichiara &
Imperato, 1988a). With drug-based approaches, the site of activity for these drugs could be
mapped out, and these mapping studies all pointed clearly to the ventral striatum (Annett &
Robbins, 1987; Dichiara & Imperato, 1988b; Dworkin, Guerin, Goeders, & Smith, 1988; Taylor
& Robbins, 1986). In these studies, temporary or permanent dopamine blockade specifically in
the ventral striatum led to reduced effectiveness of addictive drugs in reinforcing behavior.
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Many fast-scan cyclic voltammetry and fiber photometry studies have demonstrated that
dopamine neurons projecting to the ventral striatum encode reward (Budygin, Kilpatrick,
Gainetdinov, & Wightman, 2000; Cameron, Wightman, & Carelli, 2014; Fortin, Cone, NgEvans, McCutcheon, & Roitman, 2015; Hamid et al., 2016; Schluter, Mitz, Cheer, & Averbeck,
2014), while those projecting to the dorsal striatum are more diverse and may be related to
direction of movement (Parker et al., 2016) or initiation of movement (Dombeck & Tank, 2014;
Howe & Dombeck, 2016). These studies are suggestive that dopamine might have different
functions in different projection region. However, direction of movement and initiation of
movement are often goal-directed, so it is possible that many of these observations could fall
under the canonical hypothesis for dopamine function.
Experimental approach
Because the ventral striatum is the active site of addictive drugs (Castro & Berridge,
2014; Pecina & Berridge, 2013; Pecina et al., 2006), dopamine axons in this area are known to
encode reward prediction error (H. M. Bayer & Glimcher, 2005), and it is required for the
reinforcing effect of dopamine (Steinberg et al., 2014), I hypothesized that dopamine neurons
projecting to this area could be “canonical” in the sense that they conformed to the theory that
dopamine neurons encode a value-based error signal to guide learning. The main puzzle then,
was to ascertain the function of dopamine elsewhere in the brain. Are other populations different
from canonical VS-projecting dopamine neurons? I hypothesized that studying different
dopamine projections could lead to a better understanding of the puzzles in the literature: 1) that
dopamine neurons thought to reinforce behavior by responding to reward would also respond to
cues predicting punishment, 2) that they project to many regions not directly associated with
reward, and 3) that their activity in these regions was not always reward-related.
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My approach to this puzzle had three parts, and each will be discussed in detail in one
chapter of this thesis. First, I looked for differences in “wiring” by tracing the monosynaptic
inputs to dopamine neurons based on their projection site (Chapter 1). Then, I recorded the
activity of dopamine neurons at their projection sites to look for common or segregated
information (Chapter 2). Finally, I activated or ablated dopamine neurons based on their
projection target to ascertain their function (Chapter 3). With this approach, I found that
dopamine neurons projecting to the posterior tail of the striatum (TS) are an anatomically unique
subtype that responds to novel and high intensity stimuli, and that this population functions to
reinforce the avoidance of such stimuli. Contrasting these neurons with canonical dopamine
neurons projecting to the ventral striatum (VS) allowed me to better understand which properties
of dopamine neurons’ function at corticostriatal synapses are global principles and which are
target-specific based on the projection site.
Based on my results, it appears that the nature of the information coded and the type of
learning employed by each region can differ. While VS dopamine encodes value in a manner
resembling US-based models of learning such as temporal difference learning, TS dopamine
appears to encode threat in a manner resembling CS-based models of attention as suggested by
Mackintosh. However, the function of dopamine in each region may be similar: to reinforce a
prediction. VS dopamine likely reinforces a value prediction and therefore guides behavior
toward valuable outcomes, whereas TS dopamine appears to reinforce a threat prediction and
therefore guide behavior away from threatening outcomes.
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Abstract
Combining rabies-virus tracing, optical clearing (CLARITY), and whole-brain light-sheet
imaging, we mapped the monosynaptic inputs to midbrain dopamine neurons projecting to
different targets (different parts of the striatum, cortex, amygdala, etc.) in mice. We found that
most populations of dopamine neurons receive a similar set of inputs rather than forming strong
reciprocal connections with their target areas. A common feature among most populations of
dopamine neurons was the existence of dense “clusters” of inputs within the ventral striatum.
However, we found that dopamine neurons projecting to the posterior striatum were outliers,
receiving relatively few inputs from the ventral striatum and instead receiving more inputs from
the globus pallidus, subthalamic nucleus, and zona incerta. These results lay a foundation for
understanding the input/output structure of the midbrain dopamine circuit and demonstrate that
dopamine neurons projecting to the posterior striatum constitute a unique class of dopamine
neurons regulated by different inputs.
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Introduction
A longstanding challenge in neuroscience is to understand how neurons compute their
output by integrating information from multiple sources. Mapping precise neural connectivity is
a critical step towards understating neural computation. Recent developments in viral, molecular,
and imaging techniques offer unprecedented opportunities to outline various aspects of the
brain’s wiring diagram in systematic and quantitative manners (Callaway & Luo, 2015; Denk,
Briggman, & Helmstaedter, 2012; Hart, Rutledge, Glimcher, & Phillips, 2014; Huang & Zeng,
2013; Ogawa, Cohen, Hwang, Uchida, & Watabe-Uchida, 2014; Oh et al., 2014; Osten &
Margrie, 2013; Pollak Dorocic et al., 2014; Watabe-Uchida, Zhu, Ogawa, Vamanrao, & Uchida,
2012; Weissbourd et al., 2014).
Midbrain dopamine neurons play important roles in various brain functions including
motivation, reinforcement learning, and motor control (Ferreira, Del-Fava, Hasue, & ShammahLagnado, 2008; Ikemoto & Wise, 2004; Redgrave & Gurney, 2006; W. Schultz, 2007).
Recording experiments have shown that many dopamine neurons signal reward prediction error
(RPE): the discrepancy between predicted and actual reward value (H. M. Bayer & Glimcher,
2005; Bromberg-Martin, Matsumoto, & Hikosaka, 2010; Clark, Hollon, & Phillips, 2012; Cohen,
Haesler, Vong, Lowell, & Uchida, 2012; W. Schultz, 2016; W. Schultz et al., 1997). Classically,
it is thought that RPE coding is relatively uniform among dopamine neurons, and that
dopamine’s major function is to guide behavior toward maximizing future rewards. However,
recent studies have suggested that there are at least two types of dopamine neurons, value-coding
and salience-coding (Matsumoto and Hikosaka, 2008), although the extent of physiological
diversity remains controversial (Fiorillo, 2013; Fiorillo, Song, & Yun, 2013; Fiorillo, Yun, &
Song, 2013).
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Most dopamine neurons reside in midbrain nuclei called the ventral tegmental area
(VTA), the substantia nigra pars compacta (SNc), and the retrorubral field (RRF). Clusters of
dopamine neurons in and around these nuclei are designated A10, A9, and A8, respectively. In
the mouse brain, just ~30,000 dopamine neurons reside in these nuclei (Zaborszky & Vadasz,
2001). As with other monoamine neurotransmitters in the brain such as serotonin and
noradrenaline, this small population of midbrain dopamine neurons exerts its influence over
much of the brain as a neuromodulator. However, compared to the other monoamine
neuromodulators, the dopamine system is anatomically unique in that the collateralization of
dopamine neurons is limited (Fallon, Riley, & Moore, 1978; Sobel & Corbett, 1984; Swanson,
1982). In other words, unlike the other monoaminergic neurons, a single dopamine neuron tends
to target just one brain area, raising the possibility that different functional populations can be
defined by the region that they target.
Recent studies have shown that dopamine neurons projecting to different targets have
distinct properties (H. F. Kim, Ghazizadeh, & Hikosaka, 2014; Lammel et al., 2008; Lammel et
al., 2011; Lammel, Lim, & Malenka, 2014; Lammel et al., 2012). For instance, a population of
dopamine neurons in the posterior medial VTA that projects to the medial prefrontal cortex
(mPFC) in mice, is unique with respect to many features: low expression of dopamine
transporter (DAT), tyrosine hydroxylase (TH), and the D2 dopamine receptor (D2R), narrow
spike waveform, high baseline firing and low level of cocaine-induced synaptic plasticity
(Lammel et al., 2008; Lammel et al., 2011; Lammel et al., 2014; Lammel et al., 2012).
Dopamine neurons that project to different areas are located at slightly different, but highly
overlapping locations in the midbrain (Swanson, 1982; Yetnikoff, Lavezzi, Reichard, & Zahm,

15

2014). These results have raised the possibility that projection target, rather than anatomical
location, can better classify functional groups of dopamine neurons.
To understand how dopamine neurons compute their output, it is critical to know their
inputs. Early systematic studies produced a thorough list of input areas to dopaminergic nuclei
(Geisler, Derst, Veh, & Zahm, 2007; Geisler & Zahm, 2005) using conventional tracers. A recent
study using a cell-type specific transsynaptic tracing method employing a rabies virus confirmed
that many of these areas actually project directly onto dopamine neurons (Watabe-Uchida et al.,
2012). This study also showed that VTA dopamine neurons received a distinct set of inputs
compared to SNc dopamine neurons. It is possible that the differences observed in this study
between inputs to VTA and SNc dopamine neurons were attributable to the uneven distribution
of populations of dopamine neurons with different projection targets between these two nuclei.
Both VTA and SNc contain dopamine neurons projecting to different targets, and each
population of dopamine neurons projecting to a given target is distributed in a complex manner,
often encompassing both VTA and SNc. Thus, it remains to be determined whether dopamine
neurons projecting to different targets receive different or similar inputs.
In the present study, we classified dopamine neurons according to their projection targets
and defined the distribution of monosynaptic inputs of each subpopulation. We compared the
inputs of dopamine neurons defined by eight major targets: different parts of the striatum (ventral
striatum [VS], dorsal striatum [DS], tail of the striatum [TS]), cortex (medial prefrontal cortex
[mPFC], orbitofrontal cortex [OFC]), central amygdala (Amy), globus pallidus (GP), and lateral
habenula (lHb). To collect and analyze this large data set, we developed a data acquisition and
analysis pipeline using a brain clearing method (CLARITY) (Chung & Deisseroth, 2013), wholebrain imaging using light-sheet microscopy (Keller et al., 2010), and semi-automated software
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for analysis. We found that populations of dopamine neurons projecting to most of these targets
receive a similar set of inputs, while dopamine neurons projecting to TS (“tail of the striatum” or
“posterior striatum”) are a clear outlier. These results indicate that classifying dopamine neurons
based on their projection target is a viable approach, and lay a foundation for studying the
mechanisms by which dopamine neurons are regulated. Our approach is based on an automated
imaging and analysis suite that will facilitate similar anatomical studies in other brain systems in
an efficient and quantitative manner.
Results
Tracing monosynaptic inputs to projection-specific dopamine neurons
To visualize the monosynaptic inputs to dopamine neurons, we used a retrograde
transsynaptic tracing system based on a modified rabies virus (SADΔG-EGFP(EnvA))
(Wickersham, Finke, Conzelmann, & Callaway, 2007). This rabies virus is pseudotyped with an
avian sarcoma and leukemia virus (ALSV-A) envelope protein (EnvA), so that the initial
infection is restricted to cells that express a cognate receptor (TVA) in mammalian brains. In
addition, this rabies virus lacks the gene encoding the rabies virus envelope glycoprotein (RG),
which is required for trans-synaptic spread. This allows us to restrict trans-synaptic spread to
cells that exogenously express RG. In this way, only monosynaptic (but not poly-synaptic) inputs
are trans-synaptically labeled. In our previous work, we used two helper viruses to express TVA
and RG under the control of Cre recombinase (AAV5-FLEX-TVA-mCherry and AAV8-FLEXRG) (Watabe-Uchida et al., 2012). We previously injected these helper viruses into the VTA or
SNc of transgenic mice expressing Cre specifically in dopamine neurons (dopamine transporter-
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Cre, or DAT-Cre) (Backman et al., 2006) to specifically label the monosynaptic inputs of these
dopamine neurons throughout the brain (Watabe-Uchida et al., 2012).
In the present study, we sought to restrict the initial rabies infection to subpopulations of
dopamine neurons defined by their projection sites. To do this, we injected a helper virus that
expresses TVA under the control of Cre recombinase (AAV5-FLEX-TVA) into a dopamine
projection site and co-injected a virus bearing blue fluorescent protein (AAV1-CA-BFP) to mark
this site. Because it has been shown that minute TVA expression is sufficient for infection by
ALSV-A (Belanger, Zingler, & Young, 1995), we reasoned that DAT-Cre-expressing dopamine
neurons in the midbrain which were retrogradely infected by AAV5-FLEX-TVA would express
enough TVA for initial rabies infection in a Cre-dependent manner (Figure 1.1A).
Figure 1.1
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Figure 1.1 (Continued)

Figure 1.1: Labeling projection-specific dopamine neurons and their monosynaptic inputs
throughout the brain with rabies-GFP
A) A schematic of the injections used to label projection-specific populations of dopamine
neurons. The blue circle represents the site of infection with AAV-FLEX-TVA and green
neurons represent the DAT-Cre-expressing dopamine neurons projecting to that area. B)
Horizontal optical section showing rabies-GFP signal following AAV-FLEX-TVA injection into
the striatum of a DAT-Cre animal followed by rabies injection into the VTA and SNc. Number
of infected neurons shown in Figure 1.2. Bar indicates 2 mm. C) Coronal physical section
showing rabies labeled neurons from B) in green and anti-TH antibody staining in red. Bar
indicates 500 μm. D-F) Higher magnification image of rabies labeled neurons and TH staining.
Bars indicate 200 μm. G) A schematic of the injections used to label the inputs of projectionspecific populations of dopamine neurons throughout the brain. The blue circle represents the
site of infection with AAV-FLEX-TVA and the red circle represents the site of infection with
AAV-FLEX-RG. Green neurons outside of VTA/SNc represent the monosynaptic inputs labeled
throughout the brain. H) Horizontal optical section showing rabies-GFP signal following AAV-
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FLEX-TVA injection into the striatum and AAV-FLEX-RG into the VTA and SNc of a DATCre animal followed by rabies injection into the VTA and SNc. Number of infected neurons
shown in Figure 1.2. Bar indicates 2 mm.
To verify this, we injected AAV5-FLEX-TVA into one of the projection sites, the dorsal
striatum (DS). After three weeks, rabies virus was injected into both VTA and SNc. In this
experiment, we did not inject AAV8-FLEX-RG, so the rabies virus did not spread transsynaptically. We did this to visualize only neurons that were directly infected by rabies virus
(Figure 1.1B). Consistent with our intention, we observed that many VTA/SNc neurons were
infected by the rabies virus and therefore expressed GFP (Figure 1.1B; Figure 1.2A). Based on
antibody staining, almost all of the GFP-positive neurons were also positive for tyrosine
hydroxylase (TH) (Figure 1.1C-F), a marker for dopamine neurons (98 ± 1%; n = 600 neurons, n
= 3 mice). Given that injecting pseudotyped rabies virus alone resulted in very few infections
(Watabe-Uchida et al., 2012), these results indicate that the injection of AAV5-FLEX-TVA into
a dopamine projection site allowed us to restrict infection of rabies virus to dopamine neurons in
a projection specific manner.
To allow rabies virus to spread trans-synaptically, we performed the same AAV5-FLEXTVA injection to infect DS-projecting dopamine neurons, but this time also injected AAV8FLEX-RG into both the VTA and SNc. Because a large quantity of RG is required for robust
trans-synaptic spread, we injected this virus near the cell bodies of dopamine neurons (in the
VTA and SNc) rather than near their axons. After three weeks, rabies virus was injected into
both the VTA and SNc (Figure 1.1G). This resulted in a large number of trans-synaptically
labeled GFP-positive neurons outside VTA/SNc (Figure 1.1H; Figure 1.2B). Together, these
results demonstrate that our method allows us to label subpopulations of dopamine neurons

20

defined by their projection sites and the monosynaptic inputs to these populations. We used this
method to identify the monosynaptic inputs to dopamine neurons projecting to different targets.
Figure 1.2

Figure 1.2: Number of starter cells and inputs labeled
A) The average numbers of projection-specified dopamine neurons labeled in each condition,
using the injection schematic shown in Figure 1.1A with the indicated injection sites of AAVFLEX-TVA on the x-axis of the graph. Mean ± s.e.m. B) The average numbers of inputs (outside
of the VTA/SNc) labeled in each condition using the injection schematic shown in Figure 1.1H
with the indicated injection sites of AAV-FLEX-TVA on the x-axis of the graph. Mean ± s.e.m.
Acquisition and analysis of rabies tracing data
Comparing the eight experimental groups required us to acquire and process a large data
set. To achieve this goal, we developed a new data acquisition and analysis suite. In order to
quantify the spread of rabies virus in each condition, we cleared brains using CLARITY to
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prepare them for light sheet microscopy (Figure 1.3A). Before imaging each brain, we prescreened to ensure sufficient optical clarity by shining a 488nm light sheet through the ventral
part of the brain and collecting light through an objective near the dorsal surface (~6mm away).
Seventy-seven of 89 processed brains (~87%) were sufficiently clear for visualization of the
ventral-most cells, and only these brains were used. We imaged each brain from the dorsal and
ventral sides (such that each image was a “horizontal” optical section), and then merged these
images to create a continuous 3D image of the brain (Figure 1.3B).
Because rabies spreads to monosynaptic input neurons, the only information we
ultimately needed to collect from each brain for the present goal of comparing the distribution of
inputs was the position of each labeled cell body. Therefore, we only needed to image with
sufficient resolution to distinguish every cell body throughout the brain (Figure 1.3C). This
resulted in ~2Tb of image data from each brain, allowing us to image many brains, whereas
imaging with even 2x higher magnification in each dimension would have led to prohibitively
(based on our present processing capacity) large file sizes of ~20Tb per brain. We applied
multiple segmentation algorithms to this data to classify each pixel as “cell” or “non-cell”
(Figure 1.3D; see Materials and Methods). Quality of segmentation was consistent across many
regions and imaging depths, including cortex (Figure 1.3E), striatum (Figure 1.3F), midbrain
(Figure 1.3G), and cerebellum (Figure 1.3H). Because each cell was present in several images (at
different depths), we then collapsed all neighboring “cell” pixels in all three dimensions to
generate a list of the centroids of the detected cells. To compare the distribution of cells across
brains, we aligned the autofluorescence image captured from each brain to a common “reference
space” and used these transformations to align each set of centroids into this common space (see
Materials and Methods). By aligning brains with different genetically defined populations of
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neurons labeled, we were able to determine the boundaries of major brain regions in this
reference space in three dimensions. This strategy for analysis mirrors the analysis pipeline
called “CUBIC”, proposed for comparable analyses of whole-brain images acquired using a
similar clearing method (Susaki et al., 2014).
Figure 1.3
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Figure 1.3 (Continued)

Figure 1.3: Automated acquisition and analysis of whole-brain tracing data
A) A schematic of the brain clearing, imaging, and analysis pipeline used to acquire data from
brains labeled using the injection schematics outlined in Figure 1.1A and Figure 1.1G. B) A
graphical explanation of the image acquisition and stitching process. Whole brains were imaged
horizontally, from the dorsal (orange arrow) and ventral (purple arrow) sides and these images
were stitched and combined to create a whole brain image. An example brain expressing
tdTomato under the control of genetically encoded vglut2-Cre is shown. C) An example of a
horizontal optical section acquired as described in A-B. Boxes indicate the locations of inset
panels. Bar indicates 2 mm. D) The automatically generated segmentation of C, with each
labeled cell being represented by a single pixel. Bar indicates 2 mm. E-H) Insets displaying raw
images and automatically generated segmentations from the indicated regions (cortex, striatum,
midbrain, and cerebellum). Bars indicate 200 μm.
Distribution of dopamine neurons projecting to different projection targets
The main target structure of midbrain dopamine neurons is the striatum. However,
dopamine neurons also project to other brain areas including other basal ganglia structures,
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amygdala, and much of the cortex. We characterized the distribution of dopamine neurons that
project to cortex (mPFC, OFC), striatum (VS, DS, TS), globus pallidus (GP), central amygdala
(Amy) and lateral habenula (lHb). To do this, AAV5-FLEX-TVA was injected into one of the
eight projection sites in DAT-Cre animals expressing Cre specifically in dopamine neurons
(without injecting AAV8-FLEX-RG into the midbrain). Three weeks later, rabies virus was
injected into both VTA and SNc to infect dopamine neurons projecting to the area of the AAV5FLEX-TVA injection (Figure 1.1A). Brain samples were collected after one week.
As previously reported, we found that dopamine neurons with distinct projection targets
reside in different, but overlapping, areas of the midbrain (Figure 1.4; Figure 1.5; Figure 1.6;
Figure 1.7) (Bjorklund & Dunnett, 2007; Haber, 2014; Lammel et al., 2008; Swanson, 1982).
Interestingly, we observed an overlapping but dorso-laterally shifted distribution of dopamine
neurons that project to VS, DS, and TS, in this order (Figure 1.6; Figure 1.7). Because many of
the labeled populations of neurons overlapped in space, it is difficult to discriminate between
populations based on location alone. In the case of Amy-projecting dopamine neurons, we
observed labeling throughout VTA/SNc and also substantial labeling in supramammillary areas
(A10rv) (Yetnikoff et al., 2014). In short, each brain area receives projections from dopamine
neurons in slightly different, but highly overlapping subareas of VTA/SNc. Furthermore, we
found that the distribution of labeled neurons in the VTA/SNc was similar in cases with and
without transsynaptic spread (with and without RG, respectively), indicating that transsynaptic
spread between primarily infected dopamine neurons and other dopamine neurons did not lead to
the nonspecific infection of all dopamine neurons (Figure 1.7).
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Figure 1.4: Distribution of monosynaptic inputs to projection-specific populations of
dopamine neurons throughout the brain
A summary of the inputs to each of the projection-specified populations of dopamine neurons
assayed (using the injection scheme from Figure 1.1G) normalized such that the 1500 neurons
were randomly sampled from each brain. We then combined such subsampled neurons from
three randomly selected animals for each condition and plotted them in corresponding 400 um
sections. Inputs to: VS-projecting, DS-projecting, TS-projecting, GP-projecting, Amy-projecting,
OFC-projecting, mPFC-projecting, and lHb-projecting dopamine neurons as well as selected
coronal sections for reference (A-H). In this figure, and all others, the following abbreviations
were used: “VS” for ventral striatum, “DS” for anterior dorsal striatum, “TS” for tail of the
striatum (posterior dorsal striatum), “GP” for globus pallidus, “Amy” for amygdala, “OFC” for
orbitofrontal cortex, “mPFC” for medial prefrontal cortex, and “lHb” for lateral habenula. Data
collected in the same manner from experiments with no transsynaptic spread. Bars indicate 2
mm.
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Figure 1.4
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Figure 1.5: Distribution of projection-specific populations of dopamine neurons within the
midbrain
A summary of the projection-specified populations of dopamine neurons labeled (using the
injection scheme from Figure 1.1A) in cyan, compared to the distribution of all DAT-cre
expressing neurons in the area of the injection in red. Distribution of: VS-projecting dopamine
neurons, DS-projecting dopamine neurons, TS-projecting dopamine neurons, GP-projecting
dopamine neurons, Amy-projecting dopamine neurons, OFC-projecting dopamine neurons,
mPFC-projecting dopamine neurons, lHb-projecting dopamine neurons, and selected landmarks
for reference (A-D). Plots were prepared by projecting all neurons within 400 μm of the selected
coronal plane onto a single image. Bars represent 2 mm.
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Figure 1.5

29

Figure 1.6: Distribution of projection-specific populations of dopamine neurons within the
midbrain: Maximum Intensity Projection
For each graph, 75 neurons were sampled at random from 3 of the (-RG) brains shown in Figure
1.5. These 225 neurons were then plotted as a “maximum intensity projection” (i.e. their Z
coordinate was ignored). In the case of Lhb-projecting dopamine neurons, labeling was very
sparse, so we plotted all 122 neurons. The distribution of all DAT-cre expressing neurons is
shown in red. The distribution of dopamine neurons projecting to the indicated site in each case
is shown in cyan. Grid lines indicate 500 microns.
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Figure 1.6
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Figure 1.7: Comparison of labeled cell distribution between control and experimental
groups
A comparison of the distribution of labeled VTA/SN neurons in experiments lacking RG
(labeling dopamine “starter neurons” only) and experiments with RG (labeling dopamine “starter
neurons” as well as their monosynaptic inputs). Coronal planes match Figure 1.5 B and C. VS,
DS, and TS are color-coded, while the total distribution of all DAT-Cre expressing neurons in
the area are shown in red.
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Figure 1.7
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Distribution of inputs: TS-projecting dopamine neurons receive a unique set of inputs
compared to other populations
Next, we mapped the monosynaptic inputs to these 8 subpopulations of dopamine
neurons (Figure 1.8; Figure 1.9) defined by their projection target. Because the number of
labeled neurons is different in each condition (Figure 1.2), comparing different conditions
required a method of normalization. We first observed the distributions of labeled neurons by
plotting the positions of labeled neurons for each condition. To normalize for the different
numbers of total neurons labeled for visualization, we randomly sampled 1,500 neurons from
each brain, and plotted corresponding neurons in coronal sections (Figure 1.4).
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Figure 1.8

Figure 1.8: Injection Sites
CLARITY-based brain clearing did not preserve native BFP fluorescence, so brains were
physically sectioned and stained with an anti-BFP antibody to label the injection site of AAVFLEX-TVA in each animal. All injection sites used for input tracing (based on the schematic in
Figure 1.1G) are summarized in the left panels and a single raw image from each is displayed in
the panels on the right. Injection sites were intended to allow TVA uptake into VS-projecting (AA’), DS-projecting, B-B’), TS-projecting (C-C’), GP-projecting (D-D’), Amy-projecting (E-E’),
OFC-projecting (F-F’), mPFC-projecting (G-G’), and lHb-projecting (H-H’) dopamine neurons.
Red: injection sites. Blue: autofluorescence.
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Figure 1.9

Figure 1.9: Subdivisions of the striatum
A) Maximum intensity projection (horizontal) of the outline of the brain (black), the dorsal
striatum (green), the nucleus accumbens (orange), and the injections into VS (blue), DS (cyan),
and TS (red). Stereotactic coordinates are shown as grid lines with 1mm spacing. B) Maximum
intensity projection (sagittal) of the outline of same injection sites as shown in above. C) Coronal
views of the approximate centers of the VS/DS and TS injections.
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In our previous studies, we mapped the monosynaptic inputs to all of the dopamine
neurons in VTA and SNc (Ogawa et al., 2014; Watabe-Uchida et al., 2012). We initially
hypothesized that each of the eight populations would receive inputs from a subset of the regions
identified in these previous studies. Surprisingly, we found that the distribution of inputs to each
population appeared to be largely similar (Figure 1.4). We found that monosynaptic inputs to
most dopamine neurons were concentrated in the ventral striatum (Figure 1.4A) and that several
areas containing inputs are continuous around the medial forebrain bundle, along the entire
anterior-posterior axis (across the nucleus boundaries) (Figure 1.4A-E) as was observed
previously (Geisler & Zahm, 2005; Watabe-Uchida et al., 2012), regardless of the projection
targets. However, we found that TS-projecting dopamine neurons did not show a similar
concentration of inputs: these neurons received many fewer inputs from anterior regions (Figure
1.4A-B) and ventromedial regions (Figure 1.4C,-D). In short, these observations suggested that
the overall distribution of inputs to TS-projecting dopamine neurons is different from those of
the rest of the dopamine neuron populations (whose inputs largely overlapped with one another).
We next examined these similarities and differences in more systematic and quantitative
manners.
To quantify the differences between inputs to dopamine neurons with different projection
sites, we compared the percentage of input neurons observed in each brain area in each condition
(Figure 1.10). This normalization allowed us to average between brains within a given condition
(n = 3-5 mice per condition, n = 4 for TS) and then to compare across conditions. Although we
found some differences between subpopulations, the overall patterns were surprisingly similar.
Among the brain systems, we found that the basal ganglia and hypothalamus provided the
majority of inputs to dopamine neurons (Figure 1.10, Figure 1.11). In the basal ganglia, the
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ventral striatum (nucleus accumbens core and shell), dorsal striatum and ventral pallidum were
the largest sources of inputs. In hypothalamus, the lateral hypothalamus (including the
parasubthalamic nucleus) contained the largest number of inputs, and the preoptic areas also
provided a substantial number. In the midbrain, the superior colliculus and dorsal raphe provided
inputs as well.
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Figure 1.10: Comparison of the percentage of inputs from each region across populations
of projection-specific dopamine neurons
A summary of the distribution of inputs to dopamine neurons with different projection sites, with
bars representing the average % of inputs observed (out of all labeled input neurons outside of
the VTA/SNc/SNr/RRF) per region (mean ± s.e.m..). Each color represents inputs to a different
population of dopamine neurons, as indicated in the inset. The 20 most prominent inputs are
compared in Figure 1.11.
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Figure 1.10
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Figure 1.11: Comparison of the percentage of inputs from selected regions across
populations of projection-specific dopamine neurons
A summary of the distribution of inputs among the 20 most prominent regions providing input to
dopamine neurons. These areas were selected based on the maximum percentage of inputs
among 8 conditions for each area. Plots are identical to those displayed in Figure 1.10 and each
condition is labeled with the same color as in Figure 1.10. p-Values are given based on 1-way
ANOVA. Asterisks (*) indicate significant differences among conditions after Holm-Sidak
corrections for multiple comparisons.
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Figure 1.11
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In spite of similarities among dopamine populations, several prominent differences
emerge upon focusing on TS-projecting dopamine neurons. While the ventral striatum is one of
the largest sources of inputs to most of the subpopulations, it is a relatively minor source of
inputs to TS-projecting dopamine neurons (Figure 1.4A, Figure 1.10). Instead, TS-projecting
neurons receive an increased proportion of their inputs from the globus pallidus (GP, Figure
1.4C, Figure 1.10), entopeduncular nucleus (EP, Figure 1.4D, Figure 1.10), parasubthalamic
nucleus (PSTh), subthalamic nucleus (STh) and zona incerta (ZI) (Figure 1.4E, Figure 1.10). To
statistically verify these observations, we first performed a 1-way analysis of variance (ANOVA)
among the 20 main input areas (Figure 1.11). After correcting for multiple comparisons, nucleus
accumbens shell, GP, STh and ZI remained significant (p = 0.00045, 0.0017, 0.00023, and
0.0028, respectively; significant after Holm-Sidak corrections for multiple comparisons). These
differences are mainly attributable to the effect of the TS-projecting dopamine population. If we
remove TS in the analysis, none of these areas retain statistical significance with the exception of
the ventromedial hypothalamus (p = 0.0028, 1-way ANOVA), which appears to be a slightly
larger source of inputs to VS-projecting dopamine neurons. Furthermore, in all of the above
cases, the percentage of inputs from TS was significantly larger than the group mean of the
remainder of the populations (p < 0.001; t-test). These results suggest that many dopamine
neurons are embedded in a “canonical” circuit similar to VS-projecting dopamine neurons
(which are known to encode reward prediction error), while TS-projecting dopamine neurons
have a unique distribution of inputs and therefore form a distinct class of dopamine neurons.
By carefully examining the data, we could also discern some trends among the
“canonical” populations of dopamine neurons. For example, DS-projecting dopamine neurons
received more inputs from the neocortex than other populations (Figure 1.10), while VS43

projecting dopamine neurons received more inputs from the olfactory tubercle and other
ventromedial structures such as the ventromedial hypothalamus (Figure 1.10). Furthermore, DSprojecting and OFC-projecting dopamine neurons appeared to receive more inputs from the
dorsal-most part of the dorsal striatum (Figure 1.4B). In the posterior midbrain, all populations
received inputs from the dorsal raphe, but lHb-projecting dopamine neurons received fewer
inputs from nearby areas (Figure 1.4H). In addition, lHb-projecting dopamine neurons received
fewer inputs from posterior midbrain regions such as the periaqueductal grey and gigantocellular
reticular nuclei (Figure 1.10). By far, though, the most distinct outlier was the set of inputs to
TS-projecting dopamine neurons. In all of the cases in which our data attained statistical
significance across all populations after correction for multiple comparisons (ventral striatum,
ventromedial hypothalamus, globus pallidus, zona incerta, and subthalamic nucleus), TSprojecting neurons were the clear outliers (Figure 1.11).
To further quantify the overall similarity of patterns of inputs between conditions, we
calculated pair-wise correlations (Pearson’s correlation coefficients) between the percentage of
input neurons across anatomical areas (Figure 1.12). We found that most pairs had relatively
high correlations (r = 0.85 - 0.98). Here again, TS-projecting dopamine neurons had consistently
lower correlations than other populations (Figure 5A): TS-projecting dopamine neurons were
most distinct from VS- and DS-projecting dopamine neurons (r = 0.65 and 0.69, respectively)
(Figure 5A), although the similarity was slightly higher compared to non-striatal regions (r =
0.69 – 0.82). Hierarchical clustering supported this view: TS-projecting dopamine neurons were
an outlier among the populations tested (Figure 1.12B). Together, these results show that TSprojecting dopamine neurons receive the most unique set of inputs among the populations of
dopamine neurons that we examined.
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Figure 1.12

Figure 1.12: Correlation between projection-specific populations of dopamine neurons
A) Scatter plots comparing the percent of inputs from each anatomical region for VS-, DS-, and
TS-projecting dopamine neurons. Each circle represents the average percent of inputs for one
anatomical area for each condition. r: Pearson’s correlation coefficient. The axes are in log
scale. B) Dendrogram (left) and correlation matrix (right) summarizing all pair-wise
comparisons. Color on the right indicates correlation values. The dendrogram was generated
based on hierarchical clustering using the average linkage function.
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Inputs to TS-projecting dopamine neurons are dorso-laterally shifted compared to inputs
to other populations of dopamine neurons
When parceling the data based on brain regions, we found that most dopamine neurons
receive more inputs from structures along the ventral medial part of the basal ganglia and
hypothalamus, while TS-projecting dopamine neurons receive more inputs from subthalamic
areas. Because we noticed that labeled neurons often did not respect the boundaries between
regions (i.e. they did not form discrete clusters corresponding to each sub-region) and that
distributions of labeled neurons were not always uniform in each area (e.g. the lateral
hypothalamus), we also examined the general topography of inputs in these areas irrespective of
regional boundaries.
We found that, in several coronal planes along the A-P axis, the center of mass of labeled
neurons differed between conditions. Interestingly, we observed that the inputs to TS-projecting
dopamine neurons were shifted dorso-laterally compared to the inputs to other subpopulations
(Figure 1.13). In the anterior part of the brain, this shift is caused by the relatively low number of
inputs from the ventral striatum to TS-projecting dopamine neurons (Figure 1.13A). In the
middle sections of the brain, the shift is caused by an increased number of inputs from globus
pallidus (Figure 1.13B) and entopeduncular nucleus (Figure 1.13C), as well as a decrease in
inputs from the ventromedial hypothalamus. Finally, in a more posterior section of the brain, this
shift is caused by the large number of inputs from the subthalamic and parasubthalamic nuclei to
TS-projecting neurons (Figure 1.13D), as well as the lower number of inputs from the
ventromedial hypothalamus.
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Figure 1.13: Topological shift in the center of mass of input neurons to projection-specified
dopamine neurons
Four coronal optical sections (400 μm thick) were chosen to demonstrate the dorsolateral shift of
inputs to TS-projecting dopamine neurons. A-D) Coronal optical sections, with a region of
interest marked in yellow for reference. Bars represent 2 mm. The distribution of inputs to each
population of neurons is plotted in red and neurons within the ventral striatum (A), globus
pallidus (B), entopeduncular nucleus (C), and subthalamic nucleus (D) are indicated. A fixed
number of neurons were randomly chosen from each brain and those neurons from three
randomly chosen animals per condition were plotted for corresponding coronal sections. E-H)
Coronal optical sections, with a yellow box showing the location of the insets displayed below.
The center of mass for each population is shown, with vertical and horizontal lines representing
the standard error in the y-axis and x-axis, respectively.
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Figure 1.13
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In summary, we found that the center of mass of inputs to TS-projecting dopamine
neurons were dorso-laterally shifted compared to inputs to other subpopulations in several
coronal planes (Figure 1.13E-H). This suggests that the input pattern to TS-projecting dopamine
neurons was unique, regardless of the method used for analysis. Although the meaning of the
shift is not clear, overall, our analysis revealed that the inputs to subpopulations of dopamine
neurons were topographically organized within and across nucleus boundaries.
TS-projecting dopamine neurons do not receive inputs from “clusters” within the VS that
are common sources of inputs to other dopamine neurons
As we discussed above, the most prominent inputs to the “canonical” dopamine neurons
are from the nucleus accumbens, a part of the ventral striatum, though TS-projecting dopamine
neurons received far fewer inputs from the nucleus accumbens (Figure 1.4A, Figure 1.10, Figure
1.11). For each of the “canonical” populations, between 12% and 20% of the input neurons were
located in the ventral striatum whereas only 5% of the input neurons were located in the ventral
striatum for TS-projecting dopamine neurons (Figure 1.14D).
Our labeling showed discrete peaks of high density within the nucleus accumbens that do
not correspond to the boundaries of commonly delineated sub-areas of this region (i.e. “core” or
“shell”) (Figure 1.14E-H). Our previous study reported the existence of these “ventral patches”
in consistent locations across animals (Watabe-Uchida et al., 2012). In the present study, using
precise 3D density plotting, we determined the exact number and locations of these patches: 5
total, with 3 in the anterior medial ventral shell, 1 in the medial core and 1 in the posterior lateral
shell (Figure 1.14G-H, Figure 1.15).
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We observed these dense patches of inputs in all cases, with the exception of inputs to
TS-projecting dopamine neurons (Figure 1.14A-C, J). Of the input neurons in the nucleus
accumbens, 16-26% were localized to these patches for all of the “canonical” populations
(Figure 1.14I). By contrast, the few inputs that TS-projecting neurons did receive from the
nucleus accumbens were not concentrated in patches (Figure 1.14C, I, J). Thus, whereas neurons
in the ventral patches may play a key role in regulation of dopamine neurons, TS-projecting
dopamine neurons may be relatively disconnected from this regulatory system.
We next compared the distribution of inputs from these patches between different
populations of dopamine neurons. We found that each subpopulation received inputs
differentially from different patches. For example, mPFC-projecting dopamine neurons received
a larger ratio of inputs from the most medial patch, while Amy-projecting dopamine neurons
received more of their inputs from the lateral patches (Figure 1.14J). Each of these patches could
potentially have a distinct functional role, and their contributions to dopamine neurons should be
considered individually in future experiments.
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Figure 1.14: Dense regions of inputs within the ventral striatum
A-C) Coronal optical sections showing typical distributions of inputs in the ventral striatum. A
comparison of the typical “patch” structure of inputs from the ventral striatum (to VS-projecting
or DS-projecting dopamine neurons, for example) with the atypical “patch-less” structure of
inputs from the striatum to TS-projecting dopamine neurons. D) Percentage of input neurons
within the ventral striatum (core, medial shell, and lateral shell combined) in each condition. Red
dotted line indicates the percentage expected based on chance distribution throughout the brain,
while green dotted line indicates the average percentage among all animals. E) Horizontal optical
section showing a typical distribution of inputs in the ventral striatum, with many input neurons
in tight clusters. Bar represents 2 mm. F) A zoomed view of E, taken from the indicated box.
Clusters are dispersed along the A-P axis, so two planes are used to display them in coronal
sections: the black arrow indicates the anterior plane and the white arrow indicated the posterior
plane. G-H) Coronal optical sections showing the two planes indicated above, as well as a
graphical representation of the 5 patches in those planes. I) Among labeled neurons in the ventral
striatum, the percentage within the patches in each condition. Red dotted line indicates the
percentage expected based on chance distribution throughout the nucleus accumbens, while
green dotted line indicates the average percentage among all animals. J) Among labeled neurons
within the patches, the percentages within each patch in each condition. Green arrows point to
patch 2, cyan arrows point to patch 3, and yellow arrows point to patch 5. More detailed
description of the patches shown in Figure 1.15.
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Figure 1.14

52

Figure 1.15: Density-based analysis of inputs to projection-specified dopamine neurons
All neurons from all animals were plotted in a reference space with 20μm x 20μm x 20μm
voxels, and a 3D Gaussian with kernel size of 60μm x 60μm x 60μm was used to estimate
density at each voxel. A) A typical optical coronal section of raw fluorescence containing the
ventral striatum colored such that black indicates fluorescence. B) Average fluorescence among
all animals displayed as a heat map. C). Density estimate based on Gaussian smoothing of the
image generated by plotting all extracted centroids from all animals displayed as a heat map. D)
A series of coronal sections demonstrating the 3D structure of the patches, obtained by finding
the local maxima from C and expanding stepwise pixel-by-pixel until either 1/3 maximum
intensity or another patch boundary was reached. Patch coloring matches Figure 1.14. Bars
represent 2 mm.
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Figure 1.15
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Reciprocity is not a defining characteristic of midbrain dopamine neuron circuitry
We observed that most populations of dopamine neurons receive a large number of
monosynaptic inputs from the ventral striatum. Because dopamine neurons also innervate the
ventral striatum, we wondered whether VS-projecting neurons receive a larger proportion of
inputs from the VS than other populations and whether the other populations received a larger
proportion of inputs from their respective projection sites. Because we labeled the AAV-FLEXTVA virus injection sites with BFP (to label the areas that the infected dopamine neurons project
to, in each case), monosynaptic inputs residing within the BFP-labeled regions are more likely to
have reciprocal connections with dopamine neurons. Because the CLARITY-based clearing
process completely degraded the native fluorescence of BFP, we sliced the brains into 1mm
sections and stained them with an anti-BFP antibody to reveal the injection sites. We examined
the distribution of inputs with respect to these injection sites. Surprisingly, we did not observe
that monosynaptic inputs accumulated in BFP-labeled areas (Figure 1.16A-F).
To quantify this observation, we compared the number of potential reciprocal inputs to
each subpopulation to the average number of inputs in this area among all other subpopulations.
First, we compared how many inputs each population receives from the nucleus that it projects
to. We found that there was some variability, but that no population received a statistically
significantly higher fraction of inputs from the region that it projected to (Figure 1.16G).
Because some of our injections were limited to a portion of a region (for example, our injection
into the dorsal striatum only covered the anterior medial dorsal striatum), we did a further
analysis using the injection sites instead of the targeted nuclei to quantify the data. With this
analysis, we also found no statistically significant differences (Figure 1.16H). In short, we
observed that reciprocal monosynaptic connections are not a defining characteristic of inputs to
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dopamine neurons with differing projection targets (Figure 1.17). Rather, we found that most
dopamine neurons (besides TS-projecting dopamine neurons) have similar inputs regardless of
their projection target.
Figure 1.16

Figure 1.16: Reciprocity of connection between dopamine neurons and neurons at their
projection sites
CLARITY-based brain clearing did not preserve native BFP fluorescence, so brains were
physically sectioned and stained with an anti-BFP antibody to label the injection site of AAVFLEX-TVA in each animal. A-C) The injection site (red) and input neurons (green) labeled in a
physical coronal section for DS-projecting dopamine neurons. D-F) The injection site (red) and
input neurons (green) labeled in a physical coronal section for VS-projecting dopamine neurons.
G) A comparison of the percentage of inputs from the reciprocal region (defined by brain region)
of each injection site (in purple) with the average percentage of inputs from that region among all
other brains (in black). For this analysis, the dorsal striatum was split into “anterior dorsal
striatum” for DS and “posterior dorsal striatum” for TS at Bregma -0.9 mm. There were no
significant differences between pairs (two-sample t-test). H) A comparison of the percentage of
inputs from the reciprocal site (defined by region of BFP infection) of each injection (in red)
with the average percentage of inputs from that region among all other brains (in black). There
were no significant differences between pairs (two-sample t-test).
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Figure 1.17

Figure 1.17: Summary and Model
A) A working model suggesting that dopamine neurons receive inputs primarily from the region
that they project to, based on the idea that input neurons provide an “expectation” signal and
dopamine neurons correct them (i.e. send them a prediction error signal based on the type of
expectation that they encoded) individually. B) Our model, in which dopamine neurons in the
“canonical” pathway receive inputs primarily from a common set of regions (and particularly
heavy inputs from the ventral striatum) and send a common prediction error signal to many parts
of the forebrain. We propose that TS-projecting dopamine neurons could be part of a relatively
separate pathway with a potentially unique function (different from reward prediction error
calculation) based on its unique distribution of inputs. Some common inputs such as the dorsal
striatum and ventral pallidum are omitted for clarity.
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Rabies tracing with increased efficiency using optimized G protein “oG”
Because we did not label many TS-projecting dopamine neurons total (Figure 1.2A) or
many inputs to TS-projecting dopamine neurons total (Figure 1.2B), we looked for a more
efficient labeling procedure that we could use to verify our primary findings. To this end, we
used a modified version of the rabies G protein (“oG”) in an AAV-FLEX-oG-GFP construct in
place of AAV-FLEX-RG (Figure 1.18, Figure 1.19).We found that there were many more input
neurons labeled, and that our main findings were consistent across 5 animals: that very few
inputs to TS projecting dopamine neurons come from VS and that more inputs come from dorsolaterally shifted regions such as GP, IPAC, STh, PSTh, and ZI (Figure 1.18). Furthermore, we
verified that TS projecting dopamine neurons are primarily localized in the lateral part of the
midbrain (SNL) in these 5 brains as well (Figure 1.19).
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Figure 1.18: Tracing inputs to TS-projecting dopamine neurons using optimized G protein
TS-projecting dopamine inputs data was repeated with a more efficient labeling method. First,
AAV-FLEX-TVA and AAV-FLEX-oG-GFP were injected into the VTA and SNc. Three weeks
later, EnvA-dG-Rabies-mCherry and AAV-BFP was injected into TS to infect TVA-expressing
dopamine axons from the midbrain with rabies and to infect TS-resident neurons with BFP. One
week later, brains were analyzed using traditional slice histology Shown here is the distribution
of mCherry-labeled inputs to TS-projecting dopamine neurons in 5 example brains. Consistent
with previous data, not many inputs were labeled in the ventral striatum “patches” and were
instead localized to more dorso-lateral input regions.
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Figure 1.18
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Figure 1.19: Tracing the distribution of axons from TS-resident neurons in the midbrain
A) Summary of injection strategy. First, AAV-FLEX-TVA and AAV-FLEX-oG-GFP were
injected into the VTA and SNc. Three weeks later, EnvA-dG-Rabies-mCherry and AAV-BFP
was injected into TS to infect TVA-expressing dopamine axons from the midbrain with rabies
and to infect TS-resident neurons with BFP. One week later, brains were analyzed using
traditional slice histology B) Distribution axons from TS-resident neurons in the midbrain of an
example animal. BFP-labeled axons are shown in blue C) Distribution of axons in 4 other brains.
Notably, the axons are localized in the lateral part of the substantia nigra, although the identity of
the post-synaptic cells is unknown. D) Detailed distribution of axons in a single brain, with every
100 micron slice imaged throughout the midbrain.
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Figure 1.19
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Figure 1.19 (Continued)
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Tools for analysis of whole-brain rabies tracing data
To ensure that our future experiments and future experiments of other groups can
replicate our findings, and compare other findings to ours, we created several datasets to be used
as tools. First, we made an average brain from 5 VGlut2-GFP animals that can be used as an
anatomical reference due to the increased detail compared with autofluorescence (Figure 1.20).
Second, we created heat maps from the average of inputs to all dopamine neurons in the
midbrain (Figure 1.21) and from the average of only dopamine neurons in the midbrain and not
their inputs (Figure 1.22). Finally, we created a detailed map with over 150 manually annotated
regions based on the Paxinos and Franklin’s mouse brain atlas that is equally detailed in each
dimension (i.e. X,Y,Z) and has a resolution of 20 microns (Figure 1.23). These resources will be
stored on lab servers at various resolutions (from 1 micron/pixel to 20 micron/pixel) that range
widely in size (from ~2 Tb per brain to ~200 Mb per brain). They are available to anyone upon
request, in the hope that they will be useful for comparison with other tracing studies.
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Figure 1.20

Figure 1.20: Average signal from various molecular markers in cleared brains
Brains of VGAT-GFP-expressing reporter animals were analyzed using the brain clearing,
imaging, alignment, and analysis pipeline described above. This image is the average of 5 brains
with 400 micron spacing between optical slices.
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Figure 1.21

Figure 1.21: Average signal from rabies-labeled inputs to VTA and SNc dopamine neurons
Inputs to all dopamine neurons in the VTA and SNc were labeled by injecting AAV-FLEX-TVA
and AAV-FLEX-RG into the VTA and SNc and then two weeks later also injecting EnvA-dGrabies-GFP into the VTA and SNc. This image is the average of 5 brains with 400 micron
spacing between optical slices.
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Figure 1.22

Figure 1.22: Average signal from rabies-labeled VTA and SNc dopamine neurons
All dopamine neurons in the VTA and SNc were labeled by injecting AAV-FLEX-TVA into the
VTA and SNc and then two weeks later also injecting EnvA-dG-rabies-GFP into the VTA and
SNc. This image is the average of 5 brains with 400 micron spacing between optical slices.
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Figure 1.23

Figure 1.23: Atlas outlines projected onto average brain
All dopamine neurons in the VTA and SNc were labeled by injecting AAV-FLEX-TVA into the
VTA and SNc and then two weeks later also injecting EnvA-dG-rabies-GFP into the VTA and
SNc. This image is the average of 5 brains with 400 micron spacing between optical slices.
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Discussion
In this study, we mapped the monosynaptic inputs to subpopulations of dopamine
neurons defined by their projection targets. Our data show that reciprocal connectivity with
target areas is not a prominent feature of dopamine neurons. Instead, most populations of
dopamine neurons receive a surprisingly similar set of inputs. On the other hand, we found a
systematic outlier: dopamine neurons projecting to the tail of the striatum receive a distinct set of
inputs compared to dopamine neurons projecting to other targets. This conclusion was supported
by the following observations. First, when the percent of inputs from a given area was found
significantly different among conditions (1-way ANOVA), TS-projecting dopamine neurons
were the main driver of these differences. TS-projecting dopamine neurons received far fewer
inputs from the nucleus accumbens, whereas TS-projecting neurons received uniquely higher
numbers of inputs from the globus pallidus (GP), subthalamic nucleus (STh), and zona incerta
(ZI). Second, our examination of the spatial shift of input neurons in coronal optical sections also
indicated that the center of mass of inputs to the TS-projecting population tended to be located
more lateral and dorsal while the center of mass of inputs for the VS-projecting population
tended towards the opposite. Third, correlation analysis and hierarchical clustering indicated that
the pattern of inputs to TS-projecting dopamine neurons was most distinct from other conditions.
Together, these results indicate that the dopamine neurons projecting to the posterior striatum
form a distinct class of dopamine neurons.
The basic architecture of the dopamine circuit
The brain performs complicated tasks using layers of hierarchical and/or parallel neural
circuits. Alheid and Heimer proposed that a major organizational principle of the brain is the
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existence of parallel functional and anatomical macrosystems, each comprised of a cortical area,
a cortical input nucleus (such as an area in the striatum), an output nucleus (such as a part of the
pallidum), thalamus, and brainstem (Alheid & Heimer, 1988; Druilhe et al., 2008). According to
this view, each macrosystem (such as the ventral striatum, the dorsal striatum, or the extended
amygdala) would have its own dedicated dopamine system, resulting in a circuit organization
resembling many parallel closed loops. This idea is plausible, considering the topographical
organization of the dopaminergic nuclei (Swanson, 1982; Yetnikoff et al., 2014), and it could
explain the diverse function of dopamine neurons. If dopamine neurons encode RPE, each
macrosystem could learn independently through its own feedback. To test this directly, we asked
whether dopamine neurons projecting to a nucleus in one macrosystem receive a larger
proportion of their inputs from that nucleus or from other nuclei in that same macrosystem.
In stark contrast to this proposal, we found only loose reciprocity between dopamine
neurons and their projection targets. If RPE is used to correct a neuron’s behavior so that the
neuron could represent predicted value more accurately in the future, a logical structure could be
for prediction (expectation) to be sent to dopamine neurons and then for the same dopamine
neurons to send back the error of the prediction (RPE) to the same neuron or the same system.
Although many areas that receive dopamine projections also send projections to dopamine
neurons, we found that reciprocal connections are not a basic principle explaining the
distribution of monosynaptic inputs. In other words, reciprocal connectivity might not be the
general mechanism of RPE computation and dopamine functions. Our data suggests that neurons
in cortex, striatum, pallidum, habenula, or amygdala may not “entrain” different populations of
dopamine neurons. Rather, most dopamine neurons are more likely to gather information from a
set of common sources and broadcast a common RPE to many brain areas (Figure 1.17), while
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specific populations with different sets of inputs, such as TS-projecting dopamine neurons, might
have different functions.
Previously, we found that many brain regions send monosynaptic inputs to dopamine
neurons (Watabe-Uchida et al., 2012). However, which of these brain areas are most important
for RPE computation remains unclear. Because the ventral striatum was reported to receive a
RPE signal from dopamine neurons (Clark et al., 2012; Hart et al., 2014; Roitman, Wheeler,
Wightman, & Carelli, 2008a), we reasoned that finding the monosynaptic inputs to VSprojecting dopamine neurons would narrow down the list of inputs that are potentially important
to RPE computation. Although we were able to rule out some of the areas mentioned above
which preferentially project to TS-projecting dopamine neurons, many brain areas still remain on
the list of prominent inputs to VS-projecting dopamine neurons. Based on this logic, many brain
areas have the potential to directly modulate RPE in dopamine neurons.
The tail of the striatum
Our results suggest that dopamine neurons projecting to the anterior versus posterior part
of the striatum receive distinct inputs. Considering that dopamine plays essential roles in striatal
functions, this result provides insight into the functioning of different parts of the striatum. Most
commonly, the striatum is divided into two parts along the dorso-ventral axis: ventral striatum
(or nucleus accumbens in rodents, also called the “limbic” striatum) and dorsal striatum. In
addition, the striatum is divided into more sub-regions by splitting the ventral striatum into
“core” and “shell” regions and splitting the dorsal striatum into dorso-medial (associative) and
dorso-lateral (motor-related) regions (Francois, Yelnik, Percheron, & Fenelon, 1994; Haber,
Fudge, & McFarland, 2000; Joel & Weiner, 2000; Lynd-Balta & Haber, 1994; Redgrave et al.,
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2010). In primates, projections from different cortical areas define different striatal regions.
Projections from dorsolateral prefrontal cortex (DLPFC) and pre-supplementary motor cortex
preferentially target associative striatum, whereas projections from orbitofrontal cortex (OFC)
are unique to the limbic striatum. In rodents, there is a substantial controversy over the existence
and location of homologous structures to the DLPFC or OFC of the monkey (T. Kita, Osten, &
Kita, 2014; Preuss, 1995; Uylings, Groenewegen, & Kolb, 2003; Vertes, 2004). Thus, it is
difficult to define the subareas of the striatum in the mouse brain. Nonetheless, even if it is not
perfectly homologous to the primate striatum, previous studies suggest that the rodent striatum
could contain a functional gradient from ventromedial to dorsolateral in agreement with the
organization of cortical projections (Berendse, Galis-de Graaf, & Groenewegen, 1992; Voorn,
Vanderschuren, Groenewegen, Robbins, & Pennartz, 2004).
The three regions of the striatum that we targeted for investigation, VS, DS, and TS may
reside roughly in this order in this gradient (1.6). Our target for DS (or the dorsal head) belongs
to the “dorso-medial” subarea, whereas TS (or the posterior striatum) consists of proportionally a
more “dorso-lateral” portion with some “dorso-medial” and “ventral” portions. Supporting the
notion that these populations form a functional gradient, the input patterns to TS-projecting
dopamine neurons are slightly more similar to that of DS-projecting dopamine than VSprojecting dopamine (Figure 1.16). However, we found that the similarity of inputs between DSand VS- projecting dopamine neurons was much higher than similarity of inputs between DSand TS- projecting dopamine neurons. This could potentially be explained by the fact that our
injections into DS and VS were much closer together along the A-P axis (1.6). It may be fruitful
to investigate a potential functional gradient along the A-P axis of the striatum in the future.
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Previous studies suggested that there is a functional difference between anterior and
posterior striatum in monkey and human (Lehericy et al., 2005; Miyachi, Hikosaka, Miyashita,
Karadi, & Rand, 1997). For example, it has been shown that the anterior striatum is important for
skill learning and the posterior part is important for skill execution in monkeys (Miyachi et al.,
1997). More recently, Kim and Hikosaka showed that the anterior caudate encodes flexible
values, whereas the posterior caudate encodes stable values (Chen et al., 2013). It would be
interesting to determine whether this type of specialization for flexible or stable value coding
applies also to the anterior and posterior parts of the putamen. It also remains unknown whether
the striatum in rodents contains similar functional differences between the anterior and posterior
parts.
Increasing evidence suggests that dopamine neurons projecting to the ventral striatum
signal RPE (Clark et al., 2012; Hart et al., 2014; Roitman et al., 2008a), however, it remains to
be clarified whether dopamine neurons projecting to other brain areas send distinct signals. Our
results raise the possibility that dopamine neurons projecting to the tail of the striatum convey a
different type of information than RPE. One interesting possibility is that dopamine signals in the
tail of the striatum lack mechanisms to update the value representation based on the
consequences of actions, consistent with the idea that the dopamine recipient neurons residing in
this part of the striatum store “stable values” (H. F. Kim & Hikosaka, 2013). Dopamine is
involved in different aspects of reward-based learning (e.g. goal-directed versus habit) as well as
a wider range of functions besides reward-based learning, including motor and cognitive
functions. It is therefore possible that TS-projecting dopamine neurons are related to habitual
behavior or one of these other functions, unlike other dopamine neurons that signal RPE.
Unique set of monosynaptic inputs to TS-projecting dopamine neurons
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The most prominent feature of TS-projecting dopamine neurons is that there are many
fewer inputs from the ventral striatum (especially from the ventral patches), whereas the ventral
striatum is one of the largest sources of inputs to the other dopamine neurons we investigated.
Various models of RPE computations assume specific roles for inputs from particular areas. For
instance, it has often been assumed that the striatum sends inhibitory “expectation” signals to
dopamine neurons that can “cancel out” reward values when they are expected (Doya, 2008;
Houk & Adams, 1995; Khamassi & Humphries, 2012; Y. Kobayashi & Okada, 2007; Rao,
2010). Our finding that most populations of dopamine neurons received heavy innervation from
the ventral striatum, which might encode “expectation” or “state values” in a RPE calculation,
suggest that dopamine signals in these target areas are suppressed when reward is expected. On
the other hand, our results indicate that TS-projecting dopamine neurons may not be subject to
this type of regulation.
Rather than the ventral striatum, TS-projecting dopamine neurons received more inputs
from the subthalamic nucleus (STh), parasubthalamic nucleus (PSTh), and zona incerta (ZI). STh
is known for its role in motor function and is a uniquely glutamatergic structure of the basal
ganglia (whereas all the other nuclei in basal ganglia are mainly inhibitory). STh receives a
strong projection from the globus pallidus (GP) in addition to the cortex (Canteras, ShammahLagnado, Silva, & Ricardo, 1990; Francois et al., 2004; T. Kita et al., 2014) and sends
projections to other basal ganglia nuclei, such as striatum, GP, EP and SNr (Degos, Deniau, Le
Cam, Mailly, & Maurice, 2008; H. Kita & Kitai, 1987). Interestingly, TS-projecting dopamine
neurons receive inputs from STh as well as from areas that tend to be heavily interconnected
with STh, such as GP, EP and SNr. These results suggest that, instead of inhibitory inputs from
the ventral striatum (“direct pathway”), TS-projecting dopamine neurons receive more
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glutamatergic inputs from the STh (“hyperdirect pathway”), inhibitory inputs from pallidum
(“indirect pathway”), and also inputs from two output nuclei: SNr and EP (Figure 1.17). Thus,
cortical information may be transmitted to TS-projecting dopamine neurons through different
pathways than other dopamine neurons. Finally, ZI, which is related to arousal, and PSTh, which
is related to autonomic function, (Goto & Swanson, 2004; T. Kita et al., 2014), are additional
unique pathways from cortex to TS-projecting dopamine neurons.
Ventral patches
Previous studies have shown that there are functional and histological subdivisions of the
ventral striatum (Pennartz, Groenewegen, & Lopes da Silva, 1994; Zahm & Brog, 1992).
However, to our knowledge, there is no clear structure or function corresponding to the ventral
patches that we described. In a previous study, we found that calbindin, a marker for patches in
the dorsal striatum, partially distinguished the ventral patches from surrounding areas (WatabeUchida et al., 2012). These patches are, in essence, dense “hot spots” for inhibitory inputs to
dopamine neurons whereas neurons outside the patches are predominantly indirectly (if at all)
connected to dopamine neurons. One interesting possibility is that these ventral patches are
negatively or positively correlated with the observation of “hedonic hot spots” within the
striatum. These hot spots are so named because the “hedonic” desire for food was enhanced by
the local stimulation of μ-opioid receptors residing in the medial-dorsal part of the anterior
ventral striatum but not by the stimulation of neighboring areas (Castro & Berridge, 2014).
Overall, the type of information each part of the striatum relays to dopamine neurons is an open
question. Our anatomical definition of the stereotypical locations of the ventral patches will help
guide future studies of what information is channeled through these microdomains (ventral
patches) of the ventral striatum.
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Relationship to Parkinson’s disease
In Parkinson’s disease, dopamine neurons in the SNc are progressively lost as the disease
worsens. In particular, there is a prominent loss of dopaminergic axons in the posterior putamen
and a corresponding loss of dopamine neurons in the ventrolateral SNc (Damier, Hirsch, Agid, &
Graybiel, 1999; Fearnley & Lees, 1991; Frost et al., 1993; Kish, Shannak, & Hornykiewicz,
1988; Morrish, Sawle, & Brooks, 1995; Pavese & Brooks, 2009; Redgrave et al., 2010).
Interestingly, dopamine neurons projecting to the tail of the striatum preferentially reside in the
lateral part of SNc, suggesting that the tail of the striatum in mice may be homologous to the
posterior putamen.
One prominent feature of TS-projecting dopamine neurons is relatively strong input from
STh. STh is uniquely excitatory compared to the other nuclei of the basal ganglia. Although the
etiology of Parkinson’s disease remains unclear, it has been proposed that uncontrolled,
excessive excitation may eventually kill dopamine neurons (Olanow & Tatton, 1999; Rodriguez,
Obeso, & Olanow, 1998). The strong monosynaptic excitation from STh could at least partially
explain why dopamine neurons that project to the posterior putamen are specifically vulnerable.
Because of the side effects of systemic L-DOPA administration, more and more patients
have been receiving deep brain stimulation (DBS) as a treatment for Parkinson’s disease
(Benabid, Chabardes, Mitrofanis, & Pollak, 2009; Chaudhuri & Odin, 2010; Cyron, Funk,
Deletter, & Scheufler, 2010; Deniau, Degos, Bosch, & Maurice, 2010; Ponce & Lozano, 2010).
Currently, the main targets for deep brain stimulation are STh, ZI, GPi (also called EP in
rodents) and PPTg. Interestingly, our results showed that TS-projecting dopamine neurons
receive monosynaptic inputs preferentially from all of these areas. In other words, effective DBS
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sites might reside in presynaptic sites that preferentially target TS-projecting dopamine neurons,
rather than common inputs to all the dopamine neurons such as lateral hypothalamus (LH). As a
result, DBS applied to these areas might influence only the circuits relevant to the TS-projecting
dopamine system (most of which is lost in patients) without changing other aspects of dopamine
functions, such as learning and reward-seeking behaviors. If this is true, the list of monosynaptic
inputs to TS-projecting dopamine neurons will be a useful reference for seeking new DBS
targets. Furthermore, expanding the framework for understanding the mechanism of DBS
function could help improve its efficiency.
Technical considerations and relation with recent studies
In this study, we examined dopamine subpopulations that project to 8 different projection
targets. Two studies were published very recently that are highly related to our present work.
One study found that monosynaptic inputs to dopamine neurons in VTA that project to medial
and lateral NAc, mPFC and Amy were similar in all the areas they examined, with the exception
of inputs from the dorsal raphe and within NAc (Beier et al., 2015). Similarly, another study
found that monosynaptic inputs to neurons in SNc that project to medial DS and lateral DS were
similar with the exception of inputs within DS (Lerner et al., 2015). Although neither of these
studies examined TS-projecting dopamine neurons, the results are largely consistent with our
finding that monosynaptic input patterns to most dopamine subpopulation are similar, and
strengthen our finding that TS-projecting dopamine neurons are relatively unique. However, the
patterns of inputs for VS-projecting neurons shown in the former study (Beier et al., 2015) and
those for DS-projecting dopamine neurons in the latter study (Lerner et al., 2015) were quite
different, in contrast to our finding. We previously observed different patterns of input between
VTA and SNc dopamine neurons such as a strong preferential projection from DS to SNc
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(Watabe-Uchida et al., 2012). In the present study, we found that most populations of projectionspecific dopamine neurons are distributed both in VTA and SNc. We, therefore, injected rabies
virus both in VTA and SNc for all 8 conditions. The large difference in inputs between VSprojecting VTA neurons (Beier et al., 2015) and DS-projecting SNc populations (Lerner et al.,
2015) may not be due to the difference in projection targets (VS versus DS), but rather because
of the location of their virus injection sites (VTA versus SNc). It remains to be examined
whether VTA dopamine neurons with a specific projection site receive a different set of
monosynaptic inputs compared to SNc dopamine neurons that project to the same site (i.e. VTA>DS neurons versus SNc->DS neurons).
Our study relies on the assumption that each dopamine subpopulation defined by
projection target is a different population. In general, dopamine axons from both VTA and SNc
are mainly unbranched and thus target one structure (Fallon et al., 1978; Febvret, Berger, Gaspar,
& Verney, 1991; Matsuda et al., 2009; Sobel & Corbett, 1984; Swanson, 1982). However, there
is some disagreement about the extent of collateralization of dopamine axons (Yetnikoff et al.,
2014); some dopamine neurons may project to multiple brain areas (Fallon & Loughlin, 1982;
Loughlin & Fallon, 1984; Takada & Hattori, 1986). Using CLARITY and whole brain imaging
with membrane-bound GFP, Lerner et al. found that DS-projecting SNc neurons have negligible
collateralization to NAc and no collateralization to other dopamine target areas such as prefrontal
cortex or amygdala (Lerner et al., 2015). On the other hand, using conventional light microscope,
Beier et al. found that lateral NAc-projecting dopamine neurons have broad arborizations going
to DS, whereas medial NAc-projecting dopamine neurons do not project to the DS (Beier et al.,
2015). They found that neither dopamine groups collateralize to mPFC or amygdala (Beier et al.,
2015). In spite of some discrepancies between studies, these studies show that dopamine neurons
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projecting to the target areas which we chose in the present study consist of largely nonoverlapping subpopulations. However, because these studies could have overlooked sparse axon
signals, we must interpret the results carefully, because any populations of dopamine neurons
infected due to their projections to multiple areas would make the data appear more similar.
Our viral tracing method may allow trans-synaptic spread between dopamine neurons,
which would make the trans-synaptically labeled populations appear more similar. However, the
intrinsic connections in VTA/SNc originate mainly from non-dopamine neurons without TH
immunoreactivity (V. E. Bayer & Pickel, 1990; Ferreira et al., 2008; Jhou, Geisler, Marinelli,
Degarmo, & Zahm, 2009). With respect to potential trans-synaptic spread, aforementioned
studies overcame this problem by using CAV-Cre in wild type mice, sacrificing cell type
specificity (Lerner et al., 2015) or by establishing a technically advanced method using CAV
virus combined with Cre and Flp recombinase (Beier et al., 2015). Importantly, these studies also
found that subpopulations of dopamine neurons had largely similar monosynaptic inputs.
We found that dopamine neurons that were infected with AAV5-FLEX-TVA at axon
terminals provided sufficiently high levels of TVA to allow for subsequent infection with a
modified rabies virus (i.e. SADΔG(envA)). This is a good reminder of the extremely high
efficiency of this rabies tracing system and simultaneously reinforces its limitations: although
some studies have used this system to examine inputs to ubiquitous cell types such as GABA
neurons (Beier et al., 2015; Watabe-Uchida et al., 2012; Weissbourd et al., 2014), there is
substantial risk for this AAV to infect not only Cre-expressing neurons in the injection site but
also Cre-expressing neurons that project to that area, which may result in direct (i.e. nontranssynaptic) infections by the rabies virus. Proper controls are always necessary for tracing
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using this system, especially because a very small TVA infection could allow for subsequent
rabies infection.
Automating whole brain rabies tracing
The acquisition and analysis of whole-brain tracing data has previously been
accomplished by physically sectioning the brain at ~100

m intervals, imaging each (or every

third) slice, manually defining regional boundaries in each section, and counting the number of
cells in each region. This process is highly time-consuming and requires the dedicated attention
of an expert in brain anatomy. To acquire and analyze this type of data with higher throughput,
we decided to make use of novel methods in imaging and analysis.
Several methods have recently been developed with the goal of acquiring an image of the
whole mouse brain in an automated fashion. In broad terms, most strategies either employ serial
sectioning 2-photon microscopy (Oh et al., 2014; Ragan et al., 2012) or optical clearing (Chung
& Deisseroth, 2013) followed by light-sheet microscopy (Tomer, Ye, Hsueh, & Deisseroth,
2014). Serial sectioning 2-photon microscopy has the advantage of using an opaque brain as
starting material, meaning that it doesn’t require any clearing steps. Light-sheet imaging of
cleared tissues, by contrast, allows for much more rapid image acquisition since there is no time
spent physically sectioning the tissue and also because scanning is done with a sheet rather than a
line. This increased scan speed allows for the rapid imaging of whole mouse brains with
sufficient resolution to image every neuron. Because we wanted to characterize the distributions
of all labeled neurons across brains, we decided to use light sheet microscopy on cleared brains.
Among methods to clear brains, a key distinction is between protocols that employ an
inorganic solvent to reduce the internal differences in refractive index within a tissue and those
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that use an aqueous solution to wash away lipids and thereby reduce total scattering. Methods
relying on inorganic solvents (such as iDISCO) denature native fluorescent proteins and require
subsequent antibody staining (Renier and Tessier-Lavigne, 2014). Because we wanted to
visualize GFP-labeled neurons, we decided to use CLARITY so that some native fluorescence
(i.e. GFP and tdTomato) would remain intact, although we found that CLARITY causes a loss of
mCherry and BFP fluorescence. Furthermore, exposure to inorganic solvents dramatically alters
the size and overall morphology of the brain, while CLARITY leaves it relatively intact.
Therefore, although the autofluorescence is dimmer in CLARITY-cleared brains (compared to
iDISCO-cleared brains), brain structures are easier to identify. In summary, we found that the
combination of CLARITY and light sheet microscopy allows for the rapid acquisition of whole
brain rabies-tracing results.
Paired with automated cell detection and alignment between brains, this method allows
for a consistent, unbiased, and automated analysis of tracing experiments that would previously
have required countless hours of attention from an expert in brain anatomy.
Conclusions and Future Directions
Although the neural circuits controlling dopamine function are complex, a
comprehensive understanding of the inputs/output structure of different populations of dopamine
neurons will likely prove useful for understanding these circuits. In this study, we contributed to
this effort in three different ways. First, we developed an automated pipeline for whole brain
imaging, using a brain-clearing method (CLARITY), light sheet microscopy, and semiautomated data analysis. This will help to lower the hurdle for future systematic anatomy studies,
and increase their consistency and efficiency. Second, we defined the full sets of monosynaptic
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inputs to eight subpopulations of dopamine neurons specified by projection targets. Third, we
found that dopamine neurons projecting to the tail of the striatum are unique in their
monosynaptic inputs, suggesting that they might also be an outlier functionally compared both to
dopamine neurons projecting to other parts of the striatum and to those projecting to other brain
regions (i.e. cortex, globus pallidus, amygdala). This foundational work also opens the door to
further investigations. For example, what are the functional differences between the anterior and
posterior (tail) regions of the striatum, and what is the role of dopamine in each? What
information is calculated by dopamine neurons that project to different parts of the striatum, and
how do the patterns of their inputs account for the differences in their signals? How is each
dopamine population related to the symptoms of various disorders such as Parkinson’s disease?
We hope that our work will help guide these types of studies by providing them with a detailed
circuit diagram as a starting point.
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Materials and Methods
Animals
Eighty-nine male adult mice were used. These mice were the result of a cross with
C57BL/6J mice and DAT (Slc6a3)-Cre mice such that they were heterozygous for Cre
recombinase under the control of the dopamine active transporter (DAT) (Backman et al., 2006).
Four male Vglut2 (Slc17a6)-Cre (Vong et al., 2011) crossed with B6.Cg-Gt(ROSA)20Sortm9(CAGtdTomato)Hze

/J (Jackson Laboratory) were used to help with the visualization of region boundaries.

All procedures were in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Harvard Animal Care and Use Committee.
Viral Injections
pAAV-EF1 -FLEX-TVA was made by inserting TVA950 (Belanger et al., 1995)
truncated after transmembrane domain in pAAV-EF1 -FLEX (Watabe-Uchida et al., 2012).
pAAV-CA-BFP was made by cloning GFP with point mutations (BFP) (Subach et al., 2008) in
pAAV-CA-FLEX-RG (Watabe-Uchida et al., 2012). AAVs were produced by the UNC Vector
Core Facility.
In the first surgery, we injected 250-500 nl of adeno-associated virus (AAV) into the
projection site (AAV5-FLEX-TVA, 1x1012 particles/ml and AAV1-BFP, 9x1012 particles/ml)
and either AAV8-FLEX-RG (2x1012 particles/ml) (Watabe-Uchida et al., 2012) (to label inputs),
or no virus (to label only starter neurons) into both the VTA and SNc. After 3 weeks, in the
second surgery, 250-500 nl of SADΔG-EGFP(EnvA) (5x107 plaque-forming units [pfu]/ml)
(Wickersham, Lyon, et al., 2007) was separately injected into both the VTA and SNc. Brain
samples were collected after one week. All surgeries were performed under aseptic conditions
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with animals anesthetized with isoflurane (1-2% at 0.5-1.0 L/min). Analgesia (ketoprofen, 5
mg/kg, I.P.; buprenorphine, 0.1 mg/kg, I.P.) was administered for the three days following each
surgery. The virus injection sites are as follows: VTA) Bregma -3.1, Lateral 0.6, Depth 4.3 to
4.0, SNc) Bregma -3.1, Lateral 1.2, Depth 4.3 to 4.0, VS) Bregma 1.3, Lateral 0.5, Depth 3.8,
DS) Bregma 1.0, Lateral 1.5, Depth 2.8, TS) Bregma -1.7, Lateral 3.0, Depth 2.35, mPFC)
Bregma 2.1, Lateral 0.75, Depth 1.5, Angle 20 degrees, OFC) Bregma 2.45, Lateral 1.35, Depth
1.75, Amy) Bregma -1.35, Lateral 2.35, Depth 4.0, lHb) Bregma -1.8, Lateral 1.15, Depth 2.95,
Angle 15 degrees, GP) Bregma -0.45, Lateral 1.85, Depth 3.5.
Perfusion in Hydrogel
To prepare a hydrogel solution, water, paraformaldehyde (PFA), phosphate buffered
saline (PBS), Bis, and Acrylamide were mixed on ice, and then VA-044 Initiator (Fisher
Scientific NC9952980) was added. Then, 50mL aliquots were made for storage at -20˚C.
Hydrogel was thawed at -4˚C for 3 hours prior to each perfusion. During the perfusions,
hydrogel solution was kept on ice. Immediately after the perfusions, brains were transferred to 4˚C. The recipe used for hydrogel:
40mL of 40% Acrylamide
10mL of 2% Bis
1 gram VA-044 Initiator
40mL of 10x PBS
100mL of 16% PFA
210mL of H20
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Oxygen/Nitrogen Exchange and Hydrogel Solidification
After 2 days of storage in hydrogel at 4˚C, oxygen was removed from tube using a food
sealer and replaced with nitrogen. Immediately after oxygen/nitrogen exchange, tubes were
placed in a water bath at 37˚C. After 1.5 hours, the hydrogel solution solidified into a jelly-like
texture. At this point, brains were gently removed from the hydrogel using gloved fingers. Brains
were placed on a paper (Kimwipe, Kimtech Science) and gently rolled over the paper so that
excess hydrogel would come off of the brain. Great care was taken to ensure that all of the
hydrogel was removed, but that none of the brain was damaged in the process. At this point,
brains were put in PBST (0.1% Triton in PBS, pH=8) overnight at 37˚C on a rocker, covered by
aluminum foil. After one day, brains were transferred to clearing solution. The recipe used for
clearing solution:
123.66 g Boric Acid
400 g SDS
9.5 L H2O
60 mL NaOH (10M)
Water, boric acid, and NaOH were mixed in a 5-gallon plastic container. Then, sodium
dodecyl sulfate (SDS) was added 100g at a time while mixing. Finally, solution was left to mix
for several hours on a rocker at 37˚C prior to use.
Tissue Clearing
Clearing was based on the original CLARITY protocol (Chung & Deisseroth, 2013).
Simple and inexpensive parts were used in place of the originally proposed components. A
Niagra 120V (Grey Beard 316) pump was used to circulate clearing solution. A KORAD
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Precision Adjustable 60V/5A (KA6005D) power supply was used to provide current at a
constant voltage. A 5-gallon plastic container (US Plastic 97028) was used as a clearing solution
reservoir and tubing was run though a second 5-gallon plastic container filled with water to cool
the solution flowing through it. Chambers were constructed as previously described (Chung &
Deisseroth, 2013) using a Nalgene chamber (Nalgene 2118-0002) and platinum wire (Sigma
267228). Clearing was done in a room held at 37˚C.
Electrophoresis was performed with a constant current of 30V, with an average
temperature of 40˚C, over the course of 60 hours. With the voltage held at 30V, the current
fluctuated between 0.5A and 1A, and generally stabilized at ~0.75A. The exact voltage/current
relationship varied slightly depending on the chamber. The polarity of the electric field was
switched every 12 hours. Clearing solution was replaced after every 120 hours of use (so, after
using it twice). Platinum wire was replaced after every 1,200 hours of use (so, after using it
twenty times). After removing brains from the clearing chamber and placing them in PBST
(0.1% Triton, pH=8) for 24 hours, brains appeared snow white and expanded relative to their
normal size.
Preparation for imaging
Brains were placed in an imaging solution called OptiView (Isogai, in press) (patent
pending, application U.S. Serial No. 62/148,521) with refractive index 1.45 and pH 8 at room
temperature on a rocker for 2 days before imaging. The imaging solution used was very similar
to the recently described “RIMS” imaging solution (Yang et al., 2014). RIMS solution can be
made as follows:
40 grams of Histodenz (Sigma)
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30 mL PBS
NaOH to pH 7.5
RI to 1.46
Light-sheet imaging
Images were acquired with the Zeiss Z.1 Lightsheet microscope. Brains were glued to the
tip of a 1 ml syringe (without needle) such that the posterior tip of the cerebellum was in contact
with the syringe. Brains were then lowered into the imaging chamber. A 488nm laser was used to
excite GFP and a 561nm laser was used to produce autofluorescence. Images were collected
through a 5x objective with PCO-Edge scMOS 16 bit cameras with 1920 x 1920 pixels. Each
frame was 2000 x 2000 μm, so each pixel was roughly 1.04 μm. The step size between images
was set to 5.25 μm, so the voxels were not quite isotropic. Brains were imaged horizontally from
the dorsal side, and then rotated 180 degrees for imaging from the ventral side. Each view was
tiled with 7 x 6 tiles (14,000 x 12,000 μm) and the two views were combined to create a
continuous image. Autofluorescence images were subsequently downsized to 700 x 600 x 350
pixels for alignment to the reference space. In these downsized images, voxels have 20 μm
spacing in all 3 dimensions.
Cell Detection
Images were segmented into “cell” and “non-cell” pixels with 8 different segmentation
algorithms. Each algorithm was trained with a selection of images from one of eight “parent
regions” including: 1) olfactory bulb, 2) cortex/hippocampus, 3) thalamus, 4) striatum/pallidum,
5) hypothalamus, 6) midbrain, 7) hindbrain, and 8) cerebellum. For each of these parent regions,
a random set of 50 images from 10 different brains were used to train each of the segmentation
87

algorithms manually using Ilastik, software that has been recently applied to segment EM images
(Maco et al., 2014; Sommer, Straehle, Koethe, & Hamprecht, 2011). Because neuron appearance
and background fluorescence appearance differs drastically through the brain, segmentation
algorithms only reliably recognized cells within the region they were trained on.
Ilastik was used to calculate 6 features for each pixel (Gaussian, Laplacian of Gaussian,
Gaussian Gradient Magnitude, Difference of Gaussians, Structure Tensor Eigenvalues, Hessian
of Gaussian Eigenvalues) with 3 radiuses (0.7 pixels, 1.6 pixels, and 5 pixels). In total, therefore,
a vector with 18 values was produced for each pixel. During training, subsets of these vectors
(pixels) would be marked as “cell” or “non-cell” by a human in each of the training images and
then the rest of the vectors’ identities were inferred using a random forest with 200 trees and 4
randomly chosen features per tree. Random sets of images from brains that were not part of the
training set were used to manually verify the accuracy of segmentation.
After training, all 8 segmentation algorithms were applied to all of the images. This
resulted in a binary version of the original data from the microscope with all pixels either
classified as “1 (cell)” or “0 (non-cell)”. Because each cell was present in multiple Z positions,
all sets of neighboring pixels that were labeled as “1 (cell)” pixels were collapsed in 3D using
MATLAB to find the centroid of each detected cell. This afforded an extra opportunity to reduce
noise by only counting “cells” that were within a reasonable range of diameters (2.5

m to 50

m), present in consecutive images, and with a reasonable shape (i.e. circularity of >0.1).
Finally, the centroids’ positions were transformed into the reference space based on the result of
autofluorescence alignment (see below). At this point, the centroids were masked using the
outline of the appropriate parent region and combined. For example, only the results of the
cortex segmentation algorithm within the cortex were retained.
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Brain Alignment
The autofluorescence signals derived from 25 brains were averaged to produce a single
“reference space” to serve as a template for subsequent brains. Subsequent brains were routinely
aligned to this reference space using Elastix (Klein, Staring, Murphy, Viergever, & Pluim, 2010).
We performed affine alignment followed by B-spline alignment based on mutual information, as
previously proposed for human MRI image registration (Metz, Klein, Schaap, van Walsum, &
Niessen, 2011). The resulting transformation (from individual brain to reference space) was
applied to the centroids of detected cells in order to plot all cells in the same reference space.
Atlas Construction
First, the 100 coronal slices of the Franklin and Paxinos atlas (Franklin & Paxinos, 2008)
were manually aligned to the nearest matching optical slices of the reference brain (which has
700 coronal optical sections total). Then, boundaries of major regions were manually drawn onto
each of these 100 slices. Finally, each region was manually smoothed in each dimension to
produce continuous regions in 3D.
Immunohistochemistry
Brains were sectioned using a vibrotome with 1 mm spacing. After CLARITY, brains
were extremely difficult to section owing to their unusual structural properties (soft, yet resistant
to cutting). Slices were stained as previously described (Chung and Deisseroth, 2013). Briefly,
primary antibody was applied at 1:200 for 2 days (then washed off for 1 day) and then secondary
antibody was applied at 1:200 for 1 day (then washed off for 1 day). Every step (including
washes) was performed at 37˚C on a rocker with PBST (0.1% Triton, pH=8) containing sodium
borate (1M).
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Confocal Imaging
After CLARITY, BFP signal was lost completely. An antibody (Evrogen #234, 1:100,
Rabbit) was used to detect BFP signal and another (Abcam #76442, 1:100, Chicken) was used to
detect TH. Brains were imaged to determine injection site and percentage of TH-positive starter
cells using an inverted confocal microscope (Zeiss LSM 700). Stained 1 mm sections were
placed in a glass-bottom well and then covered with a thin layer of imaging solution (as
described above) to prevent them from drying during image acquisition. Images were acquired
and stitched using Zeiss Blue.
Data analysis
Further data analysis was performed using custom software written in MATLAB
(Mathworks, Natick, MA, USA). For statistical comparisons of the mean, we used 1-way
analysis of variance (ANOVA) and the two-sample student’s t-test, unless otherwise noted. The
significance level was corrected for multiple comparisons using a Holm-Sidak method. All error
bars in the figures are the standard error of the mean (s.e.m.).
To quantify the percentage of inputs, we excluded areas that contained dopamine cell
bodies that could potentially have been starter cells in and around VTA, SNc, SNr and RRF, to
avoid potential contamination from dopamine neurons in the counts of inputs. We defined the
primary infection sites by adding the sites of all the dopamine cell bodies in experiments without
RG (Figure 1.1A, Figure1.7). We did not exclude A10rv in the supramammillary area because
DAT positive neurons in this area projected only to Amy and data did not change with or without
this area.
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To quantify the similarity in input patterns, we calculated Pearson’s correlation
coefficients between the percent of input neurons across anatomical areas. To compare spatial
distributions of input neurons in the forebrain, the mean of the coordinates of all input neurons
on a given coronal section was obtained. Hierarchical clustering was done using the correlation
coefficients as a distance metric and using the average linkage function. Using other linkage
functions produced similar results.
To define “ventral patches”, we first pooled all neurons from all animals and plotted them
in a reference space with 20μm x 20μm x 20μm voxels. A 3D Gaussian with kernel size of 60μm
x 60μm x 60μm was then used to estimate the density of cells at each voxel. We defined ventral
patches by finding the local maxima of the Gaussian-filtered 3D data and expanding stepwise
pixel-by-pixel until either 1/3 of the maximum intensity or another patch boundary was reached.
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Abstract
Dopamine neurons are thought to encode novelty in addition to reward prediction error
(the discrepancy between actual and predicted values). In this study, we compared dopamine
activity across the striatum using fiber photometry in mice. During classical conditioning, we
observed opposite dynamics in dopamine axon signals in the ventral striatum (“VS dopamine”)
and the posterior tail of the striatum (“TS dopamine”). TS dopamine showed strong excitation to
novel cues, whereas VS dopamine showed no responses to novel cues until they had been paired
with reward. TS dopamine cue responses decreased over time, depending on what the cue
predicted. Additionally, TS dopamine showed excitation to several types of stimuli including
rewarding, aversive, and neutral stimuli whereas VS dopamine showed excitation only to reward
or reward-predicting cues. Together, these results demonstrate that dopamine novelty signals are
localized in TS along with general salience signals, while VS dopamine reliably encodes reward
prediction error.
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Introduction
Animals respond to new stimuli in a characteristic way across species, historically
characterized as an “orienting reflex” or a “what is it reflex” (Pavlov, 1927; Sechenov, 1935;
Sokolov, 1963). Detection of novel stimuli is advantageous for survival because novel stimuli
can signal potential rewards or potential threats. Orienting towards a novel stimulus and
understanding it through exploration can allow future exploitation of potential rewards. In
addition to behavioral advantages, novelty detection is fundamental for computation in our brain.
For example, novelty detectors, or “novelty filters” (Kohonen & Oja, 1976; Marsland, Shapiro,
& Nehmzow, 2002), can reduce the amount of total information so that we can focus on
unexpected perceptions as inputs to pay attention to and to learn from. Indeed, behavioral studies
have repeatedly shown that both animals and humans have enhanced memory for novel items
(Kishiyama, Yonelinas, & Knight, 2009; Restorff, 1933).
Physiologically, it is widely accepted that novelty responses are distributed over a
network of many brain areas (Courchesne, Hillyard, & Galambos, 1975; Kishiyama et al., 2009;
Knight, 1996). Among these, single unit recordings have shown that dopamine neurons in the
midbrain increase their firing in response to the presentation of a novel stimulus in several
species and behavioral paradigms (Horvitz et al., 1997; Ljungberg, Apicella, & Schultz, 1992;
W. Schultz, 2015; Steinfels, Heym, Strecker, & Jacobs, 1983).
As animals experience the repeated association of a stimulus and a reward, they learn to
expect the reward when the stimulus is presented (Pavlov, 1927). Dopamine neurons are thought
to be the neural substrate underlying this type of learning because they signal reward prediction
error: the difference between expected and actual reward values (H. M. Bayer & Glimcher, 2005;
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Bromberg-Martin et al., 2010; Clark et al., 2012; Cohen et al., 2012; W. Schultz et al., 1997).
These neurons are thought to guide decision-making by broadcasting this information to many
regions of the forebrain and reinforcing behaviors that lead to reward (Barto, Fagg, Sitkoff, &
Houk, 1999; P. Dayan & Niv, 2008; Haber, 2014; Montague, Hyman, & Cohen, 2004; Steinberg
& Janak, 2013).
Novelty responses in dopamine neurons (Horvitz et al., 1997) were initially puzzling
because animals cannot know whether a novel stimulus will reliably predict an outcome with a
positive or negative value. One hypothesis is that dopamine neurons take an optimistic approach
toward novel stimuli, assuming that they will predict a valuable outcome until proven wrong
(Hazy, Frank, & O'Reilly, 2010; Kakade & Dayan, 2002). This “optimistic initialization” in
dopamine neurons may have advantages. For example, the novelty responses in dopamine
neurons may induce orienting behaviors towards novel stimuli, similar to dopamine responses to
reward or reward-predicting cues that induce orienting behaviors (Hazy et al., 2010; Kakade &
Dayan, 2002). Further, dopamine novelty responses may allow computational exploration (Peter
Dayan & Sejnowski, 1996), or storage of the stimulus in working memory (Braver & Cohen,
1999), so that animals have a better chance to associate novel stimuli to potential rewards (Hazy
et al., 2010; Kakade & Dayan, 2002). However, these hypotheses do not necessarily fit with
conflicting observations of animals’ behavioral responses to novel stimuli (Gershman & Niv,
2015). Indeed, depending on the experimental context, animals sometimes approach and
sometimes avoid novel options compared to familiar ones (Gershman & Niv, 2015).
One explanation for why some dopamine neurons respond to novel stimuli could be that
some subpopulations of dopamine neurons are not strictly related to reward prediction error
coding. Recent studies have shown that there is substantial diversity among dopamine neurons at
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the molecular level (Grimm, Mueller, Hefti, & Rosenthal, 2004; Lacey, Mercuri, & North, 1989;
Lammel et al., 2008; Roeper, 2013) as well as in their activity (Brischoux, Chakraborty, Brierley,
& Ungless, 2009; Bromberg-Martin et al., 2010). For example, single unit recordings in monkeys
showed that some dopamine neurons are inhibited by aversive outcomes and others are excited
by them (M. Matsumoto & Hikosaka, 2009). This suggests that there are distinct types of
dopamine neurons and that some do not encode pure value. Instead, the data suggest that some
dopamine neurons encode value and others might encode “motivational salience” (the absolute
value of ‘value’).
Recent anatomical studies have revealed that dopamine neurons with different projection
targets are embedded in separate circuits. The entire set of inputs to dopaminergic nuclei
includes a large number of regions (Geisler et al., 2007; Geisler & Zahm, 2005). Neural circuit
tracing using a modified rabies virus (Wickersham, Finke, et al., 2007) enabled us to specifically
label the monosynaptic inputs onto dopamine neurons, revealing that the ventral tegmental area
(VTA) and the substantia nigra compacta (SNc) dopamine neurons receive slightly different
inputs (Watabe-Uchida et al., 2012). More recent studies have shown that dopamine neurons
with different projection targets receive different inputs (Beier et al., 2015; Lerner et al., 2015;
Menegas et al., 2015). Specifically, we found that dopamine neurons projecting to the posterior
‘tail’ of the striatum (TS) have unique inputs compared to dopamine neurons projecting to many
other brain regions, including the ventral striatum (VS), suggesting that these neurons could have
a distinct function (Menegas et al., 2015).
Based on our previous anatomical findings, in this study, we compared dopamine axon
activity in VS and TS while mice learned new odor-outcome associations (we will call the bulk
calcium signal that we observed from the axons of DAT+ midbrain dopamine neurons in the
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striatum “VS dopamine” and “TS dopamine” in the following sections). Our results revealed
opposite dynamics for learning new cue-outcome associations in VS dopamine and TS
dopamine. We observed a large response to novel cues in TS dopamine which subsequently
decreased over the course of associative learning. On the other hand, we saw no response to
novel cues in VS dopamine. Instead, VS dopamine gradually developed responses to rewardpredicting cues during learning. These findings revealed that dopamine novelty coding is
localized to the posterior part of the striatum, while VS dopamine faithfully encodes reward
prediction error. Thus, novelty responses in dopamine may be better formalized separately from
the RPE framework, rather than being included in the RPE framework.
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Results
Recording activity from dopamine axons in the striatum
We used optical fiber photometry to record bulk calcium signals from the axons of
midbrain dopamine neurons projecting to several regions of the striatum (C. K. Kim et al., 2016;
Y Kudo et al., 1992; Parker et al., 2016). We chose four regions: the ventral striatum (VS),
dorsomedial striatum (DMS), dorsolateral striatum (DLS), and the posterior tail of the striatum
(TS) (Figure 2.1). To measure activity from dopamine axons in these regions, we infected
midbrain dopamine neurons with a genetically encoded calcium indicator, GCaMP6m
(Akerboom et al., 2012b; Chen et al., 2013). To target dopamine neurons specifically, we
injected a cre-dependent virus (AAV-flex-GCaMP6m) into both the VTA and SNc of transgenic
mice expressing Cre recombinase under the control of dopamine transporter (DAT-cre mice)
(Backman et al., 2006) crossed with reporter mice expressing red fluorescent protein (tdTomato)
(Jackson Lab).
We chronically implanted optic fibers into the striatum of these mice to deliver 473nm
and 561nm light and collect GCaMP and tdTomato signals (Chen et al., 2013; Gunaydin et al.,
2014; C. K. Kim et al., 2016) (Figure 2.1A, Figure 2.2). For these experiments, we continuously
excited GCaMP with 473nm light and continuously recorded GCaMP emission (2.3). We
recorded from 65 fibers total, targeted to either VS (n=25), DMS (n=8), DLS (n=8), or TS
(n=24) (Figure 1B, Figure 2.4). In fixed tissue, we observed fluorescence from GCaMP6m+
axons primarily in the striatum of these mice (Figure 2.5).
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Figure 2.1: Recording dopamine activity across the striatum using fiber fluorometry
A) Schematic of GCaMP virus injection and optic fiber implantation sites. Detailed schematic of
recording setup is shown in Figure 2.2. Sample raw data is shown in Figure 2.3. B) Distribution
of optic fibers (sagittal max-projection) used for recording labeled red (VS), orange (DMS), blue
(DLS), and purple (TS) with dotted lines denoting ½ mm increments. Coronal sections are
shown in Figure 2.4. C) Schematic of the basic trial structure. An odor cue (CS) is followed by
an outcome (US) or no outcome 2 seconds later, followed by a random inter-trial interval (ITI) of
6-12 seconds. At a low frequency, unexpected outcomes are also delivered. D) Licking in
response to odors predicting reward (blue) or nothing (grey). Odor delivery time is t=0 and water
delivery time is t=2, so anticipatory licking occurs between t=0 and t=2 (quantified on the right).
E) An example of GCaMP virus infection. Green indicates AAV-flex-GCaMP6m infection (top),
red indicates genetically encoded tdTomato in DAT-cre-expressing neurons (middle), and the
bottom panel is an overlay of the two signals. Labeled axons in the striatum are shown in Figure
2.5. F) Example single trial responses to unpredicted water from GCaMP (top) and tdTomato
(middle) from a single session in a mouse with a fiber implanted in VS. The average GCaMP
signal across trials in that session are plotted in the bottom panel.
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Figure 2.1
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Figure 2.2

Figure 2.2: GCaMP6m recording and example traces
A) Schematic of recording setup using 473nm and 561nm lasers to deliver light, and ultimately a
500 +/- 20 nm bandpass filter to collect GCaMP signal and a 600 +/- 20 nm bandpass filter to
collect tdTomato signal. B) Example raw voltage traces from each pre-amplifier are shown in
green and red. The green trace corresponds to 480-520 nm light and the red trace corresponds to
580-620 nm light. Water delivery times are plotted (blue), along with reward-predicting odor
(black) and nothing-predicting odor (grey) delivery times. C) An example of the individual
(grey) and average (blue) unpredicted water responses from a single animal over the course of a
month of recording every 4th day are plotted after calculating dF/F.
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Figure 2.3

Figure 2.3: Example recording sessions
Examples of complete recording sessions from a VS-implanted fiber (top) and TS-implanted
fiber (bottom). The signal is raw voltage continuously measured from the pre-amplifier. Scale
bars indicate 1 volt and 1 minute. In these sample recording sessions, the excitation laser was on
continuously for ~25 minutes and then turned off (traces dip sharply at the point of laser-off).
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Figure 2.4

Figure 2.4: Distribution of recording fibers
Distribution of recording fibers in VS (red), DMS (orange), DLS (blue), and TS (purple). Each
coronal image represents an optical slice that is 100 µm thick, and the fibers that fall within that
range are plotted. After image registration, fiber positions were manually identified (see Methods
and Figure 2.22). Below, the summary panel from Figure 2.1B is duplicated.
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Figure 2.5

Figure 2.5: Midbrain dopamine axon distribution in the striatum
Distribution of dopamine axons from anterior (left) to posterior (right) striatum. Red indicates
genetically encoded tdTomato in the axons of DAT+ neurons and green indicates virally encoded
GCaMP in the axons of DAT+ neurons. Top row: a mouse expressing tdTomato in dopamine
neurons, with no GCaMP virus injection. Second row: GCaMP infection in the VTA only,
resulting in stronger labeling of VS axons than TS axons. Third row: GCaMP infection in the
SNC only, resulting in stronger labeling of TS axons than VS axons. Bottom row: GCaMP
infection in the VTA and SNC, leading to labeling of dopamine axons throughout the striatum.
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Mice were presented with odors paired with water delivery or no outcome (Figure 2.1C).
In some experiments, odors were paired with an aversive air puff or a mild tone. Infrequently,
mice also received unpredicted water, air puff or tone (≤10% of trials). After training, mice
licked with an increased frequency in response to the reward-predicting odor (anticipating the
reward), but not in response to odors that predicted no outcome (Figure 1D), indicating that mice
had learned an association between an odor and reward. We observed large responses to
unpredicted reward in GCaMP, but not tdTomato, signals (example traces shown in Figure 2.1EF and Figure 2.2B) and recorded from the same fibers over the course of several weeks with
relative stability (Figure 2.2C).
We identified the fiber implant sites by clearing brains using CLARITY (Chung &
Deisseroth, 2013), imaging them as intact volumes using a light sheet microscope (Tomer et al.,
2014), and aligning them to a single reference space (Menegas et al., 2015). We categorized the
location of fibers in the dorsal striatum into the DMS, DLS, or TS based on their medial-lateral
and anterior-posterior positions (see Materials and Methods). VS fibers were spread throughout
the core and lateral shell of the ventral striatum (Figure 2.4). TS fibers were located near the
posterior end of the dorsal striatum (Figure 2.4). We will focus on VS and TS dopamine, because
VS and TS dopamine displayed the most contrasting input patterns in our previous anatomical
study (Menegas et al., 2015).
Excitation to novel cues in TS dopamine
In order to examine dopamine activity in VS and TS during associative learning, we
recorded both during the initial learning of new odor-outcome associations (first time
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association, Figure 2.6 and Figure 2.10) and also during repeated learning where animals
experienced new associations every day (Figure 2.12).
For initial training, mice were first habituated in a recording set-up with head-fixed
preparation for 2-3 days (see Methods). After this initial habituation, animals were presented
with 4 randomly interleaved trial types: 1) unpredicted water, 2) odor predicting water followed
by water, 3) odor predicting water followed by no outcome, or 4) odor predicting no outcome.
We first compared VS dopamine and TS dopamine responses to an odor predicting no
outcome over the course of the session (Figure 2.6). At the time of novel odor presentation, TS
dopamine was excited very strongly by new odors (Figure 2.6D). By contrast, VS dopamine did
not respond to novel odors – not even on the very first trial (Figure 2.6A). We examined 13
animals with fibers implanted into VS and 12 animals with fibers implanted into TS. TS
dopamine showed significant excitation above baseline following the presentation of novel odors
(p = 1.76 x 10-6, t-test, n = 12 animals, Figure 2.6G), whereas responses to novel odors in VS
dopamine were not significantly different from baseline (p = 0.354, t-test, n = 13 animals, Figure
2.6G).
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Figure 2.6

Figure 2.6: Responses to novel odors in VS and TS dopamine
Comparison of VS and TS responses to novel odors in naïve animals. A) Average response to the
first presentation of a novel odor in VS dopamine, with SE bars. B) Average responses over the
course of the first 30 trials are shown in bins of 5 trials. C) A heat map of responses to a novel
odor over the course of a single session (each row is one trial) with yellow indicating an increase
in signal and cyan indicating a decrease in signal. D-F) TS dopamine responses to novel odors,
plotted as in A-C. G) Comparison of first-trial water responses in VS and TS (left) and first-trial
responses to novel odors (right). H) Time course of responses to a novel odor in VS (circles) and
TS (squares) over the course of 30 trials in bins of 5 trials. This data was analyzed based on odor
decay rates to show that there was no large effect of odor decay in Figure 2.7. Motion artifacts
were examined in Figure 2.8. GCaMP signal decay was measured in Figure 2.9.
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The responses to novel odors in TS dopamine decreased significantly over the course of
the first 30 odor presentations (p = 5.10 x 10-11, repeated measures ANOVA, n = 12 animals,
Figure 2.6E-F). The responses after 5 odor representations (6-10 trials) were significantly smaller
than the responses in the first 5 trials (p = 1.45 x 10-4, paired t-test, n = 12 animals). To
determine whether this decrease in signal was caused by a decrease in effective odor
concentration within sessions, we compared responses to fast-decaying and slow-decaying odors
(Figure 2.7). TS dopamine responses to novel odors, both fast-decaying and slow-decaying
odors, decreased over the course of a session (Figure 2.7), whereas TS dopamine responses to
familiar odors did not change (Figure 2.9). In VS, no responses were seen over the course of the
session (Figure 2.6B-C). Both VS dopamine and TS dopamine showed excitation to water
(responses to the first presentation of unpredicted water are shown in Figure 2G).
To determine whether the signals we observed could have been caused by a movementrelated artifact, we used video analysis to quantify the total body movements of mice performing
the task (Figure 2.8). We found that mice did not show gross body movements in response to
odors predicting no outcome (Figure 2.8B) or novel odors (Figure 2.8C), although they
performed a stereotypical approach behavior in response to odors predicting reward (Figure
2.8A). To determine whether changes in signal intensity observed within a session were likely to
have been related to bleaching, we compared responses to free water and familiar odors over the
course of sessions (Figure 2.9). We found that both VS dopamine responses (Figure 2.9A) and
TS dopamine responses (Figure 2.9B) to free water remained constant within sessions. Similarly,
TS dopamine responses to familiar odors predicting no reward remained constant as well (Figure
2.9C).
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Figure 2.7

Figure 2.7: PID measurements of odor decay rates
A-B) An example of PID measurements from an odor with a slow rate of decay:
dimethoxybenzene. Plot on the left is a single trial PID measurement after 1:10 dilution, 1:20
dilution, or 1:100 dilutions. Plot on the right is the decay of the PID measurement over a session.
C-D) An example of PID measurements from an odor with a fast rate of decay: butenol. Plots are
the same as above. E) Average decay rate of slow decaying odors (blue) and fast decaying odors
(red) over a session. F) Average TS dopamine signal in response to novel odors with a slow
decay rate (blue) or fast decay rate (red). Data from 2H is plotted, separated based on odorant.
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Figure 2.8

Figure 2.8: Animal body movement during trials
Heat maps from example sessions showing the total body movement following familiar odors
predicting reward (A), familiar odors predicting nothing (B), and novel odors predicting reward
(C). The average trace from 6 animals is shown for each of these trial types (D-F) along with
standard error.
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Figure 2.9

Figure 2.9: GCaMP response decay within sessions
The average GCaMP responses to free water in VS (A, D, G), free water in TS (B, E, H), and
familiar odors in TS (C, F, I) are plotted. Top row: average traces over the course of a session
(~45 minutes) with early responses plotted in blue and late responses plotted in red. Middle row:
average peak responses plotted over the course of a session, with a linear fit of the data plotted in
grey. Bottom row: heat maps of the average responses, with yellow indicating an increase in
signal and cyan indicating a decrease in signal.
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Opposite initialization to novel cues in VS and TS dopamine
On the first day of odor-outcome association learning, TS dopamine was strongly excited
by new odors (Figure 2.10, Figure 2.11). The responses to novel odors that predicted water were
significantly larger than responses to unpredicted water itself (p = 1.36 x 10-4, paired t-test, n =
19 animals, Figure 2.10B). Dopamine responses to odors gradually decreased over 21 days (p =
1.095 x 10-8, n = 19 animals, repeated measures ANOVA). The responses to water-predicting
odors in TS dopamine were significantly smaller on the 7th day of training than on the first day (p
= 1.93 x 10-5, n = 19 animals, day 1 vs day 7, Figure 2.10B). On the other hand, responses to
predicted water did not change significantly (p = 0.641 paired t-test, n = 19 animals, day 1 vs day
7, Figure 2.10B).
By contrast, VS dopamine did not respond to novel odors predicting water (Figure 2.10,
Figure 2.11). Instead, we observed an initially large excitation in response to water itself (Figure
2.10A). Over the course of the first 7 days, responses to predicted water (US responses)
significantly decreased (p = 1.96 x 10-4, paired t-test, n = 10 animals, Figure 2.10A). Notably,
this was independent of any CS response developing. VS dopamine did not display significant
responses to odor cues that predicted reward on the first day (p = 0.099, t-test, n = 10 animals,
CS responses compared to baseline on day 1) or on day 7 (p = 0.054, t-test, n = 10 animals, CS
responses compared to baseline on day 7) (Figure 2.10D). In fact, responses to reward-predicting
cues appeared only after 2 weeks of training (Figure 2.10A). Of note, responses to unpredicted
water remained constant over the course of learning (Figure 2.10A-B). Anticipatory licking
gradually increased in frequency over the course of learning (p = 0.0052, repeated measures
ANOVA, n = 10 animals, Figure 2.10C).
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Figure 2.10

Figure 2.10: Opposite dynamics of VS and TS dopamine during initial learning of new
odor-reward associations
Learning dynamics for VS dopamine (A) and TS dopamine (B) over the course of 3 weeks of
training, as naïve animals learn an association between an odor and reward. Odor delivery time
(CS) and water delivery time (US) are shown as dotted lines. Responses are compared on day 1,
day 7, day 14, and day 21. The average traces are plotted in blue (predicted reward) and black
(unpredicted reward), with the standard error of the mean (SEM). Individual animals’ responses
can be found in Figure 2.11. C) Average licking in response to reward-predicting odor (blue)
compared to average licking in response to unexpected reward (black). D) A quantification of
the CS and US responses in VS from the above traces, over training compared to responses to
unexpected water (black). E) A quantification of the CS and US responses in TS from the above
traces, over training, compared to responses to unexpected water (black). F) The average number
of anticipatory licks compared over days of training.
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Figure 2.11: Individual traces during initial learning of new odor-reward associations
Individual animals’ responses to (A) predicted water (blue) and (B) unpredicted water (black)
over the course of learning. Average among animals is shown as a slightly darker trace. Each
individual trace represents the average among trials for a single session, for that animal. The
session day is indicated on the left.
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Figure 2.11
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We tested whether repeated training affected the observed pattern for novel cues and
reward signaling in VS and TS dopamine. We trained 9 mice with VS fiber implants and 11 mice
with TS fiber implants mice by introducing a new odor paired with reward or no outcome every
day for a week, and then measured dopamine activity while learning new odor-water or odornothing associations (Figure 2.12). We found that repeated training with odor-reward
associations did not change responses to new odors in VS dopamine or TS dopamine. VS
dopamine did not respond to new odors (p = 0.8749, t-test, n = 9 animals, trial 1 or p = 0.322, ttest, n = 9 animals, trial 1-5 vs baseline, Figure 2.12B-E) and TS dopamine strongly responded to
new odors (p = 0.0059, t-test, n = 11 animals, trial 1 or p = 0.0027, t-test, n = 11 animals, trial 15 vs baseline, Figure 2.12H-K). Indeed, TS dopamine showed excitation to 91% of new odor
presentations (response in trial 1 vs baseline). Dopamine axon signals in mice repeatedly trained
on learning odor-outcome contingencies displayed the same trends in the dynamics, but at a
much faster rate: within a single session (Figure 2.12) rather than over the course of weeks
(Figure 2.10). VS dopamine showed a decrease in US response followed by an increase in CS
response, with no response to novel stimuli (Figure 2.12A-F). TS dopamine decreased responses
to either novel odor (nothing-predicting or water-predicting) (Figure 2.12G-L).
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Figure 2.12: Opposite dynamics of VS and TS dopamine during repeated learning of new
odor-reward associations
Responses to new cues predicting nothing (A-C) or water (D-F) in VS. Responses to new cues
predicting nothing (G-I) or water (J-L) in TS. Responses to aversive air puffs are found in
Figure 2.13 and quantified in Figure 2.14. In the panels on the left, trials are color-coded such
that red indicates the first trial and blue indicates the last trials of the session. Trials were
quantified in bins of 5 trials. The middle panels show the average CS (magenta) and US (green)
responses over the course of a session, again quantified in bins of 5 trials. The panels on the right
are heat maps, where every line is a single trial. In these heat maps, yellow indicates an increase
in signal and cyan indicates a decrease.
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Figure 2.12
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To better understand the dopamine response to novel odors, we also paired new odors
with an aversive air puff in these well-trained mice (Figure 2.13). As in the cases of novel odors
predicting water or nothing, VS dopamine showed no odor responses (Figure 2.13 A-C) and TS
dopamine responded strongly to the novel odor (Figure 2.13D-F). Notably, the decrease in TS
dopamine response to novel odors predicting air puff was much smaller than the decrease of TS
dopamine response to novel odors predicting no outcome (Figure 2.14), indicating that the
dynamics of the response depend on what the novel odor cue predicts.
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Figure 2.13

Figure 2.13: Opposite dynamics of VS and TS dopamine during repeated learning of new
odor-puff associations
Responses to new cues predicting air puff in VS (A-C). Responses to new cues predicting air
puff in TS (D-F). In the panels on the left, trials are color-coded such that red indicates the first
trial and blue indicates the last trials of the session. Trials were quantified in bins of 5 trials. The
middle panels show the average CS (magenta) and US (green) responses over the course of a
session, again quantified in bins of 5 trials. The panels on the right are heat maps, where every
line is a single trial. In these heat maps, yellow indicates an increase in signal and cyan indicates
a decrease.
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Figure 2.14

Figure 2.14: Dynamics of responses to puff-predicting odors
A comparison of the CS responses to novel air puff predicting odors and novel odors predicting
nothing in VS dopamine (left) and TS dopamine (right).
Anticipatory licking in response to the rewarded odor increased after a few trials (p =
0.0387, paired t-test, n = 20 animals, trial 1-5 water lick vs baseline) (Figure 2.15, 2.16). Animals
showed differences in anticipatory licking frequency depending on cues within 10 trials of
training (p = 0.000259, paired t-test, n = 20 animals, trial 6-10 water lick vs baseline), indicating
learning of outcomes of the odor cue (Figure 2.15C). VS dopamine did not show differences in
responses to cues before 15 trials (p = 0.7736, paired t-test, n = 9 animals, water CS vs nothing
CS trial 11-15, Figure 2.15D), whereas responses to predicted water decreased quickly (p =
0.020, paired t-test, n = 9 animals, trial 1-5 vs 6-10, Figure 2.15E). Plotting the CS and US
responses as a function of anticipatory licks (rather than time) showed that mice behaviorally
responded to reward-predicting odors faster than VS dopamine CS responses developed, while
TS dopamine CS responses were present in all trials (Figure 2.17). TS dopamine decreased
responses to cues depending on what the cue predicted within 5 trials (p = 0.0213, paired t-test,
n=11 animals, water CS vs nothing CS trial 1-5, Figure 2.15D) and the difference became
smaller later in the session.
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Figure 2.15: Dynamics of anticipatory licking behaviors and VS and TS dopamine
Licking in response to new odors predicting reward (A) or no outcome (B) over the course of a
session, in animals that have been trained with many new odor associations, as in Figure 2.12
(see Methods). Separate plots for VS-implanted mice and TS-implanted mice are shown in
Figure 2.16. C) A quantification of the number of anticipatory licks elicited by each odor in VSimplanted animals (left) and TS-implanted animals (right). The difference between licks
following a rewarding odor and an unrewarding odor are shown as open circles. D) A
comparison of the CS responses to rewarding and unrewarding new odors in VS dopamine (left)
and TS dopamine (right). E) A comparison of the US responses to either predicted water or
predicted nothing in VS dopamine (left) and TS dopamine (right). The relationship between
GCaMP responses in VS and TS and anticipatory licking is shown in Figure 2.16.
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Figure 2.15
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Figure 2.16

Figure 2.16: Comparison of licking in VS-implanted and TS-implanted animals
A) Licking in response to new odors predicting reward (left) or no outcome (right) in animals
with an optical fiber implanted in VS. B) Licking in response to new odors predicting reward
(left) or no outcome (right) in animals with an optical fiber implanted in TS.

125

Figure 2.17

Figure 2.17: Relationship between CS/US responses and anticipatory licking
The relationship between VS dopamine signals (A) or TS dopamine signals (B) and anticipatory
licking. The left panels are plots of CS (cue) responses and anticipatory licking. The panels on
the right are plots of US (water) responses and anticipatory licking. Markers are colored based on
the order of the trials, from blue (first trial) to red (last trial). Trials are connected with thin black
lines based on order in the session.
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In summary, dopamine axon signals in VS and TS showed opposite initialization while
learning stimulus-outcome relationships. Dopamine axon signals in TS showed strong excitation
to novel cues that gradually decreased, whereas dopamine axon signals in VS did not respond to
cues with an unknown outcome and instead gradually developed cue responses to odors reliably
predicting reward. Further, TS dopamine quickly discriminated cues, resulting in differential
decrease rates of responses to novel cues depending on the predicted outcome (air puff, water, or
nothing).
Responses to rewarding and non-rewarding stimuli in VS and TS dopamine
In order to understand the relationship between novelty responses and value coding, we
next examined responses to rewarding and non-rewarding stimuli in VS dopamine and TS
dopamine. Mice were trained to associate odors with water or with no outcome. After several
weeks of this training, in some sessions, trials with odors predicting either a mild tone (55 dB) or
an air puff were interleaved in addition to trials with water and trials with no outcome. We chose
a very mild tone with a similar intensity to the background noise in the room to try to minimize
the aversiveness of this stimulus. To estimate the aversiveness of auditory stimuli, we measured
the behavioral responses to tones of different volumes in a different set of mice and found that
quiet tones did not cause freezing. When comparing the VS dopamine and TS dopamine
responses to all stimuli, we observed that VS dopamine showed excitation only to reward and
reward-predicting cues (Figure 2.18, Figure 2.19), while TS dopamine was excited in response to
a variety of stimuli including water, tone, air puff, odor cues predicting any of these outcomes,
and also odor cues predicting no outcome (Figure 2.18, Figure 2.19).
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We next examined reward prediction error coding, which consists of three key
characteristics: 1) larger responses to reward-predicting cues than unrewarded cues, 2) smaller
responses to predicted rewards than unpredicted rewards, and 3) a decrease in activity following
reward omission. With respect to reward prediction, both VS and TS dopamine had a larger
excitatory response to reward-predicting cues than cues predicting nothing (VS: p = 1.8x10-10,
TS: p = 6.5x10-6, t-test, Figure 2.18A, D). Similarly, both VS and TS dopamine had a smaller
response to a predicted reward than an unpredicted reward (VS: p = 5.1x10-11, TS: p = 1.0x10-4,
t-test, Figure 2.18A, D). However, there was significant difference in the response to the
omission of a predicted reward: whereas VS dopamine showed a dip below baseline following
reward omission (VS: p = 4.8x10-7, t-test, Figure 2.18A, D), TS dopamine axon signal was still
significantly higher than baseline following omission (p = 2.2x10-8, t-test, Figure 2.18A, D). In
TS, reward prediction elicited sustained activity over the interval between odor presentation and
reward onset, and reward delivery caused only a small increase above this level. In fact, although
the average peak response was slightly higher in rewarded trials than unrewarded trials (p =
0.0014), the total response (area under each curve) after the outcome (reward delivery or
omission) did not differ significantly (p = 0.81).
Interestingly, we found that the signals observed in TS dopamine displayed components
of prediction error in response to non-rewarding stimuli as well. For example, TS dopamine
showed less excitation to predicted air puff or tone than unpredicted air puff or tone (p =
0.00016, p = 0.00074, Figure 2.18E-F). Additionally, TS dopamine cue responses to air puff or
tone predicting cues were larger than the responses to cues predicting no outcome (air puff: p =
6.8x10-4, tone: p = 3.4x10-4, Figure 6E-F). Similar to water omission, the omission of an
expected tone or expected air puff did not cause a dip or increase in signal (Figure 2.18E-F).
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In summary, VS dopamine encodes RPE whereas TS dopamine responds to salient
stimuli in general. TS dopamine encodes the prediction of salient stimuli, and decreases
responses to salient stimuli once they are predicted, which are characteristics of prediction error.
Notably, however, we did not observe clear responses to the omission of expected salient stimuli.
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Figure 2.18: Responses to rewarding, aversive and neutral stimuli in VS and TS dopamine
Dopamine responses to water (A), tone (B), and air puff (C) in the ventral striatum and the
posterior tail of the striatum (D-F). Plots of average traces from each region contain dotted lines
indicating odor (CS) and outcome (US) delivery times. A, D) Responses to unpredicted reward
(cyan), predicted reward (blue), omitted reward (purple), and nothing odor (grey) are plotted in
the left panels. For each trace, a quantification of the average peak response to the CS / US is
shown on the right. B, E) Responses to unpredicted tone (dark green), predicted tone (light
green), omitted tone (yellow), and nothing odor (grey) are plotted in the left panels. For each
trace, a quantification of the average peak response to the CS / US is shown on the right. C, F)
Responses to unpredicted air puff (red), predicted air puff (orange), omitted air puff (yellow),
and nothing odor (grey) are plotted in the left panels. For each trace, a quantification of the
average peak response to the CS / US is shown on the right. Data from individual sessions is
shown in Figure 2.19. Behavioral responses to the tone are shown in Figure 2.20.
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Figure 2.18
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Figure 2.19

Figure 2.19: Individual session data
A heat map of the average responses from each session (from all animals) to odors predicting
reward (left) or no outcome (right). The top panels are responses in VS and the bottom panels are
responses in TS. Each row is the average for a session.
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Organization of dopamine novelty responses in VS and TS
Finally, we examined the relationship between different responses in dopamine and
location in the striatum more carefully. For this purpose, in addition to VS and TS, dopamine
axon signals in more anterior parts of the dorsal striatum (DMS and DLS) were recorded. Signals
in each animal were pooled across sessions and the average was compared in relation to the
location of recording sites (Figure 2.20). We first examined whether responses to novel odors
were localized within VS or TS. VS consists of multiple sub-nuclei (Zahm & Brog, 1992) and it
is suggested that there are functional differences between medial VS and lateral VS (Ikemoto,
2007). We did not observe systematic differences of novelty responses along dorsal-ventral or
medial-lateral axis within VS (Figure 2.20A, anterior), although our spatial resolution could not
completely distinguish each sub-nucleus. We did not observe noticeable differences between
novelty responses in different sub-regions of TS either (Figure 2.20A, posterior).
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Figure 2.20

Figure 2.20: Maps of dopamine responses in VS and TS
Distribution of responses to novelty (A), reward (B), familiar odor predicting nothing (C), air
puff (D), and reward omission (E). In the left panels, a 3D view of the average response from
each animal. Novelty responses are the first responses to a novel odor either in the naïve case
(i.e. Figure 2.6) or the trained case (i.e. Figure 2.12). Reward responses are the average response
to unpredicted reward. Nothing responses are the response to cues predicting no outcome. Air
puff responses are the average response to unpredicted air puff. Omission responses are the
average response to the omission of expected water. In the middle panels, coronal max
projections are shown from the 3D view. On the right, the correlation between signals from
fibers and their positions on the A-P axis is shown, along with a yellow line indicating the best
fit. Plots of these responses are shown for VS, DMS, DLS, and TS in Figure 2.21.
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We examined how novelty responses were localized in the striatum. The observed
distribution supported the idea that dopamine novelty responses are localized in TS. Novelty
responses were correlated with location along anterior-posterior axis (r = -0.92, p = 1.68 x 10-9, n
= 40 animals, Pearson’s correlation). We next examined responses to cues predicting rewarding,
neutral or aversive outcomes, and responses to the omission of reward. Responses for all these
factors were correlated with the location along anterior-posterior axis to various degrees (water: r
= 0.61, p = 5.76 x 10-5, nothing: r = -0.16, p = 2.61 x 10-7, air puff: r = -0.76, p = 4.58 x 10-8, and
omission: r = -0.38, p = 1.68 x 10-9, n = 40 animals). Finally, novelty responses were positively
correlated with responses to nothing, air puff predicting cues, and reward omission (nothing: p =
8.76 x 10-7, air puff: p = 1.01 x 10-14, omission: p = 9.02 x 10-10, n = 40 animals). By contrast,
water responses were observed in both VS and TS, although the amplitudes of water responses
were slightly anti-correlated with novelty responses (p = 0.0138, n = 40 animals). We observed
that water responses were found in all parts of the striatum (Figure 2.21).
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Figure 2.21

Figure 2.21: Responses to rewarding and aversive stimuli in VS, DMS, DLS, and TS
A comparison of responses to water, water predicting cues, and water omission (left panels) with
responses to air puff, airpuff predicting cues, and airpuff omission (right panels), in A) VS
dopamine, B) DMS dopamine, C) DLS dopamine, and D) TS dopamine. Averages among all
sessions and all animals are plotted on the left in each panel, and a quantification of the peak
responses to each stimulus / outcome are plotted on the right.
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Figure 2.22

Figure 2.22: Examples of light-sheet images of cleared brains used to determine fiber
locations
Example autofluorescence images used to find the position of A) 400 µm diameter or B) 200 µm
diameter optic fiber implants after clearing with CLARITY and imaging with a light sheet
microscope. Panels on the left are horizontal optical slices, and the panels on the left are enlarged
views of slices near the tip of each implanted fiber. Yellow errors denote the position of the
implant. Both example brains have implants in both VS and TS.
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Together, the differences in novelty responses and value coding between VS and TS
dopamine suggested that novelty responses and value coding in dopamine axons are at least
partially segregated in the striatum; lack of inhibitory responses to reward omission and
excitatory responses to neutral or aversive stimulus are localized in TS and coincide with
excitatory responses to novel stimuli.
Some recordings from TS-projecting dopamine axons contain no value component
There was slight variability between animals, and in some animals we observed that
responses to water-predicting odors completely disappeared after a few presentations (Figure
2.23). The fibers that these recordings were obtained from were implanted into the most posterior
part of the tail of the striatum, though we did not have enough examples to make a statistical
claim. In these animals, responses to air puff predicting odors persisted throughout the session,
so the disappearance of reward odor responses cannot be attributed to bleaching. The initial
response to the odor predicting water early in the session may be due to its relative novelty.
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Figure 2.23

Figure 2.23: Example recording from TS dopamine in an animal where responses to water
predicting stimuli disappear, whereas responses to air puff predicting stimuli persist
In some animals, TS dopamine responses to stimuli predicting water completely disappeared
after many presentations. This cannot be attributed to bleaching, because responses to stimuli
predicting air puff did not disappear. Although not enough animals were recorded to make a
statistical claim, each fiber from which this dynamic was observed was implanted particularly
close to the posterior end of the striatum. Each response in a single session is shown, as well as
average traces. A) Responses to water-predicting odor. B) Responses to air puff-predicting odor.
Discussion
In the present study, we examined dopamine novelty responses in different parts of the
striatum. Our data demonstrate dramatic differences between dopamine axon signals in ventral
striatum (VS) (hereafter, VS dopamine) and dopamine axon signals in the tail of the striatum
(TS) (hereafter, TS dopamine). Over the course of associative learning, TS dopamine and VS
dopamine exhibited opposite initialization to novel cues. Large TS dopamine responses to novel
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cues gradually decayed, whereas VS dopamine had no response to novel cues and gradually
developed responses to cues that predicted reward. Our previous study showed that dopamine
neurons that project to the TS are anatomical outliers compared to many other dopamine neurons
including dopamine neurons that project to the VS (Menegas et al., 2015). These new results
suggest that dopamine neurons that project to TS are not only anatomically, but also functionally,
distinct compared to dopamine neurons that project to VS.
Opposite initialization to novel cues in VS and TS dopamine
The novelty responses we observed in TS dopamine, and especially the lack of novelty
responses in VS dopamine, stand in stark contrast to popular theories explaining how novelty
responses could fit into dopamine RPE framework. These theories proposed that dopamine
neurons show “optimistic initialization” to novel cues, promoting physical and/or computational
exploration in search of potential rewards (“novelty bonus”). However, our results suggest that
the ‘pure value’-coding VS dopamine axon signal does not include a novelty response, while the
salience-coding TS dopamine axon signal does include a novelty response.
Over the course of classical conditioning, dopamine axon signals in VS and TS showed
different coding principles. For a cue with an unknown outcome, VS dopamine initialized with
no value prediction and gradually accumulated evidence for value, whereas TS dopamine began
with a large excitation to novel cues and gradually decreased its responses. These dynamics can
be conceptualized such that CS-value in VS dopamine was initialized with no value, while CSsalience in TS dopamine was initialized with very high salience.
The opposite dynamics in VS and TS dopamine during learning are reminiscent of two
different views of associative learning: US associability and CS associability. Many models,
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including delta-rule, Rescorla-Wagner and temporal difference (TD) models (Rescorla, 1972;
R.S. Sutton & Barto, 1998; Widrow & Hoff, 1960), emphasize US associability; when an animal
learns to associate a CS to a US, the nature of the US determines how well animals can learn the
association. In these models, US associability is determined by the prediction error of the US
(i.e. the discrepancy between prediction and reality). Once the prediction error decreases, the US
loses its effectiveness for creating an association with a CS. On the other hand, other models
(Nicholas J Mackintosh, 1975; Pearce & Hall, 1980) emphasize CS associability; when an
animal learns to associate a CS to a US, the nature of the CS determines how well animals can
learn the association. In these models, CS associability alters attention to a stimulus, or the
storage of a stimulus in working memory, to promote association with a US.
Dopamine dynamics in VS are well suited to serve as US associability, the teaching
signals of the Rescorla-Wagner model (Rescorla, 1972). TS dopamine does not follow the
dynamics that the Rescola-Wagner model predicts. During learning of novel odor-outcome
associations, rather than US responses, CS responses were predominant and then decreased with
learning. The dynamics of TS dopamine suggest that they may serve as CS associability,
providing the attention signals for learning.
Novel stimuli may excite TS dopamine because of the unpredictability of the novel
stimulus itself (i.e. it occurs with no cue or context predicting it) or because the outcome of these
novel stimuli is unknown (i.e. they could predict a positive outcome, a neutral outcome, or a
negative outcome). These two phenomena have been implemented in the framework of CS
associability. For example, Wagner (Wagner, 1978) proposed that CS associability is correlated
with the weakness of CS-context association (or the “unpredictability” of the CS in the context).
On the other hand, Pearce and Hall (Pearce & Hall, 1980) defined the CS associability as the
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unpredictability of the US (by the CS) in the previous trial. In either case, novelty would promote
learning because of high CS associability, although the latter model did not define CS
associability on the very first trial. Our data could be explained with either framework, but one
observed phenomenon prefers the latter model. The responses to a novel odor decreased more
slowly when the odor was associated with water than when it was associated with no outcome. If
novelty responses are determined solely by odor-context association, responses to both odors
should decrease at the same speed. Furthermore, this would lead to an equal response to all
familiar odors, which we did not observe.
Importantly, previous learning models incorporated teaching signals in the RescorlaWagner model and attention signals by novelty responses in one dopamine RPE system, with
novelty responses as an exception or bonus to the system (Kakade & Dayan, 2002). Here, we
propose that CS associability, or the “attention” term in dopamine signals may not be an
exception in RPE, but instead may be a separate system – localized in particular brain regions
such as in TS. Thus, dopamine in TS signals novelty and salience, and dopamine in VS signals
RPE, although both systems may co-exist in some brain areas. In general, one big limitation of
the current reinforcement learning algorithms is the so-called “curse of dimensionality”. As the
number of stimuli in an environment becomes large as in most natural environments, it quickly
becomes difficult to properly assign credit to relevant objects. Attention would be critical to
reduce the amount of information for learning to a more realistic amount. Dopamine in TS may
be specialized for this function. In line with this idea, a recent study suggested that putative
dopamine neurons in lateral SNc in monkey represented ‘cognitive salience’, which was
correlated with working memory load (M. Matsumoto & Takada, 2013). Behaviorally, previous
studies suggested that SNc is important for acquisition of enhanced CS associability (H. J. Lee,
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Youn, Gallagher, & Holland, 2008; H. J. Lee, Youn, O, Gallagher, & Holland, 2006).
Mechanistically, dopamine in the prefrontal cortex has been modeled to serve a “gating” function
to provide flexible updating in working memory (Braver & Cohen, 1999), and a similar
mechanism may apply to dopamine in TS. Of note, different from adjacent striatal areas, TS,
categorized in caudal extreme (Hintiryan et al., 2016), does not receive projections from
sensorimotor cortex, suggesting a functional distinction from other areas in the striatum. All in
all, TS dopamine may function to “pre-process” sensory inputs to weigh potentially important
stimuli to make reinforcement learning more efficient in a complex environment.
Thus, during the learning of an association between a stimulus and a reward, dopamine
signals in VS and TS may cooperate. Salience prediction error in TS dopamine may serve as the
CS associability of the stimulus, whereas value prediction error in VS dopamine may serve as the
US associability of the reward. Alternatively, similar to value prediction error in VS dopamine
during stimulus-reward association, salience prediction error in TS dopamine may reinforce
stimulus-stimulus associations.
Different time-courses of CS and US responses in dopamine axons during learning
In contrast to TS dopamine, VS dopamine activity appeared to faithfully signal RPE.
Several theories have arisen to explain how reward prediction error could be computed in the
brain. Of these, popular models such as Houk’s model (Houk & Adams, 1995) and temporal
difference (TD) models (Richard S Sutton, 1988; R.S. Sutton & Barto, 1998) assume that a
single system controls both CS-related and US-related dopamine firing. Under these models,
higher expectation causes CS responses to become larger and US responses to become smaller at
the same time. However, we observed that changes in CS and US responses were not
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simultaneous. In VS, the decrease in response to predicted rewards (US) was faster, occurring
over the course of a single session, whereas the increase in response to reward-predicting odors
(CS) required weeks of training. Over-training accelerated the time course of these events, but
not their temporal order.
The development of CS responses in VS dopamine was also much slower than the
associative learning observed at the behavioral level. By contrast, US responses decreased as
anticipatory licking increased. These results demonstrate that US responses in VS dopamine are
well suited as prediction error signals in the Rescorla-Wagner learning model, whereas CS
responses are not time-locked to this learning.
The time course of CS responses we observed in VS dopamine is not easily explained by
simple TD models. In these models, during learning, RPE signals gradually transfer from the
timing of the reward to the timing of the preceding stimulus (Schultz et al., 1997). Although the
step-wise transfer may explain a delay between the decrease of US responses and emergence of
CS responses, such a gradual transfer has not been observed in single neuron recording of
dopamine neurons (Pan et al., 2005). With any learning rate longer than 1 trial, transferred
signals may become temporally smeared until they become time-locked to the CS (Pan, Schmidt,
Wickens, & Hyland, 2005; W. Schultz et al., 1997), which may not be detected in recording of
single units. This theory would predict that we would observe some increase in signal between
the stimulus and outcome (either smeared or sharp) during learning because monitoring of
population activity likely provides more reliable detection of small signals. However, this type of
increase was not apparent with our bulk recording method. Instead, we observed a gradual
development of a CS response directly following cue presentation. It is possible that distinct
mechanisms could cause VS dopamine excitation in response to a reward-predicting CS and VS
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dopamine suppression in response to a predicted US, as proposed in several previous models
(Brown, Bullock, & Grossberg, 1999; O'Reilly, Frank, Hazy, & Watz, 2007).
Relation to previous studies
There are different types of novelty (Schomaker & Meeter, 2015). One example is spatial
novelty, which could be signaled by different arrangements of objects/stimuli in the
environment. This kind of environmental novelty is known to induce exploration of animals and
accelerate learning in this environment (Li, Cullen, Anwyl, & Rowan, 2003; Otmakhova, Duzel,
Deutch, & Lisman, 2013). Another example is stimulus novelty, which is associated with
objects/stimuli that animals have never encountered or do not remember. It has been reported
that dopamine activity in VTA and dopamine in the ventral striatum increased in the former case,
in novel environments (Segovia, Del Arco, De Blas, Garrido, & Mora, 2010; Takeuchi et al.,
2016). On the other hand, in the present study, we focused on the latter novelty. Dopamine axon
responses to novel stimuli were localized in TS. One potential explanation is that depending on
the training history and environments, a given type of novelty may cause the animals to expect
potential rewards, resulting in the excitation of the value system. Interestingly, previous studies
found that different brain areas are responsible for different kinds of novelty (Schomaker &
Meeter, 2015). Further studies are needed to determine how dopamine in different striatal areas
responds to different kinds of novelty in different training environments.
In our previous study, dopamine neurons that project to TS were mainly observed in the
lateral SNc of mice (Menegas et al., 2015). A previous study proposed that putative dopamine
neurons in the lateral SNc of monkeys encode ‘motivational salience’, which is the absolute
value of positive or negative ‘value’ (M. Matsumoto & Hikosaka, 2009). On the other hand,
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another study proposed that excitation of dopamine neurons in response to non-rewarding stimuli
encodes stimulus intensity, regardless of value (Fiorillo, 2013). In the present study, the
excitation of TS dopamine elicited by various neutral stimuli suggested that the responses in TS
could be related to more general salience rather than motivational salience, although we cannot
rule out the possibility that the tone and odor predicting nothing had positive or negative
motivational values. On the other hand, the fact that signals encoded by TS dopamine are
modulated by prediction suggests that they are not encoding pure physical salience (i.e. stimulus
intensity). Instead, TS dopamine appears to encode general stimulus salience prediction error,
which includes prediction-dependent suppression and prediction. The novelty responses we
observed may be the extreme case of salience prediction error, causing large excitation because
of minimum prediction, rather than an exception.
A recent study found that putative dopamine neurons which project to the tail of the
caudate (part of posterior striatum) in monkey formed another group of dopamine neurons. These
dopamine neurons did not respond to water reward but encoded “sustained values” of visual
cues, whereas putative dopamine neurons projecting to the anterior caudate encoded “updating
values”, when cue-outcome contingency was frequently changed (H. F. Kim, Ghazizadeh, &
Hikosaka, 2015). However, our results indicate that the difference between VS and TS dopamine
extends beyond their flexibility. The dynamics between them are different in nature, not only in
learning speed. Most importantly, we found that TS dopamine did not encode “values”.
Where do salience signals come from? How are salience signals regulated by novelty and
experiences? A map of monosynaptic inputs to TS-projecting dopamine neurons should provide
critical information (Menegas et al., 2015). Previous studies showed that various brain areas
including olfactory and visual systems are modulated by experience (Boehnke et al., 2011; Kato,
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Chu, Isaacson, & Komiyama, 2012). Whether dopamine neurons receive this processed
information from sensory systems or whether more abstract information about salience and
novelty is passed to dopamine neurons and sensory systems in parallel is an open question. Of
note, behavioral responses to novel odors are very quick, within one respiration cycle in rats
(Wesson, Carey, Verhagen, & Wachowiak, 2008). The responses to novel odors in TS dopamine
that we observed began within 200 ms, most likely within one respiration cycle, suggesting a
potential contribution at the early stages of novelty.
Technical considerations
Optical fiber fluorometry (fiber photometry) was developed by Kudo et al. (Y. Kudo et
al., 1992) and has been applied in many studies to record the population activity of neurons from
cell bodies, dendrites, or axons (Adelsberger, Garaschuk, & Konnerth, 2005; Davis & Schmidt,
2000; Murayama, Pérez-Garci, Lüscher, & Larkum, 2007). In this study, we recorded the
population activity of dopamine axons in the striatum using GCaMP (Akerboom et al., 2012a;
Chen et al., 2013; Jeong et al., 2016; Parker et al., 2016). We should point out several limitations
associated with the present technique. First, previous studies (Fiorillo, 2013; W. Schultz, 2015)
proposed that there is a temporal separation of two signals (stimulus intensity and value) in
single dopamine neurons. However, we may only be able to measure the sum of these signals
because of the limited temporal resolution of our method (population calcium imaging using
GCaMP6m). Second, a recent study found that dopamine axons with distinct signals (locomotion
and reward) coexist in the dorsal-most part of the dorsal striatum (Howe & Dombeck, 2016).
Axons signaling different information might also co-exist in other areas of the striatum, and this
could not be resolved with our bulk-imaging method (because such signals would effectively be
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‘averaged’). Third, because the spatial resolution of z-axis is large with fluorometry (~500 µm),
we have to be careful in interpreting the analysis of differences along dorsal-ventral axis.
Dopamine axons passing through and below the ventral striatum to the cortex (Aransay,
Rodríguez-López, García-Amado, Clascá, & Prensa, 2014) may have contributed to the signals
in VS dopamine, although calcium transients in passing axons are smaller than in axon terminals
and boutons (Koester & Sakmann, 2000; Llano, Tan, & Caputo, 1997). Finally, the activity of
axons of dopamine neurons may not directly correspond to amounts of dopamine release at
synapses or spike activities in cell bodies. Dopamine neurons that project to the ventral striatum
(mainly medial shell) are able to co-release glutamate (Stuber, Hnasko, Britt, Edwards, & Bonci,
2010). Neuronal activities can be modulated locally at axon terminals in the striatum by
cholinergic neurons (Threlfell et al., 2012). Most importantly, calcium transients may not
enhance spike counts, because of autofluorescence, bleaching, motion artifacts and inevitable
normalization. Although we only applied baseline normalization (i.e. signals were subtracted
with and then divided by the average signal in a 1 second period before CS in each trial) in this
study, additional methods using activity-independent wavelength of excitation (Y. Kudo et al.,
1992; Lerner et al., 2015) or examination of emission spectrum (Cui et al., 2013) may improve
fidelity, especially in freely moving animals.
Conclusion
We found that dopamine responses to novel stimuli are more localized than previously
believed. We propose to revise current RPE models so that novelty-driven and salience-driven
attention is attributed to TS dopamine, rather than added to the RPE framework as a bonus
(Kakade & Dayan, 2002). Thus, TS dopamine may be specialized for functions apart from value,
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such as attentional orientation (Redgrave, Prescott, & Gurney, 1999), working attention, and/or
as a filter for learning (Braver & Cohen, 1999; Peter Dayan & Sejnowski, 1996; M. Matsumoto
& Takada, 2013; Pearce & Hall, 1980). Further, our proposal includes another important point:
RPE is not contaminated or distorted in VS dopamine. VS dopamine purely signals RPE,
increasing the validity of the original ideas regarding dopamine’s role in reinforcement learning
(W. Schultz et al., 1997).
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Materials and Methods
Animals
85 male adult mice were used. These mice were the result of a cross between DAT
(Slc6a3)-Cre mice (recombinase under the control of the dopamine transporter, DAT) (B6.SJLSlc6a3tm1.1(cre)Bkmn/J, Jackson Laboratory; RRID:IMSR_JAX:006660) (Backman et al., 2006).and
tdTomato mice such that they were heterozygous for DAT-Cre and also heterozygous for
tdTomato (Gt(ROSA)26Sortm9(CAGtdTomato)Hze, Jackson Laboratory). Animals were housed on a 12h dark/12-h light cycle (dark from 07:00 to 19:00), one to a cage, and performed the task at the
same time each day. All procedures were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by the Harvard Animal
Care and Use Committee.
Viral injections, fiber implants, and head-plate installation
To prepare animals for recording, we performed a single surgery with three key
components: 1) AAV-FLEX-GCaMP virus infection into the midbrain, 2) head-plate installation,
and 3) one or more optic fiber implants into the striatum. At the time of surgery, all mice were 23 months old. All surgeries were performed under aseptic conditions with animals anesthetized
with isoflurane (1–2% at 0.5–1.0 l/min). Analgesia (ketoprofen, 5 mg/kg, I.P.; buprenorphine,
0.1 mg/kg, I.P.) was administered for 3 days following each surgery.
To express GCaMP specifically in dopamine neurons, we unilaterally injected 250 nl of
AAV5-CAG-FLEX-GCaMP6m (1 × 1012 particles/ml, Penn Vector Core) into both the VTA and
SNc (500 nl total). To target the VTA, we injected virus at Bregma −3.0, Lateral 0.6, at all
depths between 4.5 and 4.0 mm. To target SNc, we injected virus at Bregma −3.3, Lateral 1.6, at
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all depths between 4.0 and 3.5 mm. Virus injection lasted several minutes, and then the injection
pipette was slowly removed over the course of several minutes to prevent damage to the tissue.
So that mice could be head-fixed during recording, we installed a head-plate onto each
mouse. To do this, we removed the skin above the surface of the brain, dried the skull using air,
and glued the head-plate onto the top of the skull with C&B Metabond adhesive cement. We
used circular head-plates to ensure that the skull above the striatum would be accessible for fiber
implants. Finally, during the same surgery, we also implanted optic fibers into the VS, DMS,
DLS, and TS (1-4 fibers per mouse). To do this, we first slowly lowered optical fibers (either 200
µm or 400 µm diameter, Doric Lenses) into the striatum. The coordinates we used for targeting
were as follows: (VS) Bregma 1.0, Lateral 1.25, Depth 4.1, (DS) Bregma 0.0, Lateral 1.5, Depth
2.25, (DLS) Bregma -0.5, Lateral 2.75, Depth 2.5, (TS) Bregma −2.0, Lateral 3.25, Depth 2.5.
Once fibers were lowered, we first attached them to the skull with UV-curing epoxy (Thorlabs,
NOA81), and then a layer of black Ortho-Jet dental adhesive (Lang Dental). After waiting fifteen
minutes for this glue to dry, we applied a very small amount of rapid-curing epoxy (Devcon,
A00254) to attach the fiber cannulas even more firmly to the underlying glue and head-plate.
After waiting fifteen minutes for the epoxy to dry, the surgery was complete.
Fiber photometry
Fiber photometry allows for recording of the activity of genetically defined neural
populations in behaving mice by expressing a genetically encoded Ca2+ indicator, GCaMP6m
(Akerboom et al., 2012b; Chen et al., 2013) and chronically implanting an optic fiber. The optic
fiber (200 µm or 400 µm diameter, Doric Lenses) allows chronic, stable, minimally disruptive
access to deep brain regions and interfaces with a flexible patch cord (Doric Lenses) on the skull
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surface to simultaneously deliver excitation light (473 nm and 561 nm, Laserglow Technologies)
and collect GCaMP and tdTomato fluorescence emission (see Figure 2.2).
Activity-dependent fluorescence emitted by cells in the vicinity of the implanted fiber’s
tip was spectrally separated from the excitation light using a dichroic, passed through a single
band filter, and focused onto a photodetector connected to a current preamplifier (SR570,
Stanford Research Systems). To record Ca2+ transients from dopamine terminals, we injected a
Cre-dependent adeno-associated virus (AAV) carrying the GCaMP6m gene into the VTA and
SNc of transgenic DAT-Cre mice and implanted 200 µm or 400 µm diameter optic fibers in the
striatum.
During recording, optic fibers were connected (1-2 per recording session) to patch cables
which delivered excitation light (473 nm and 561 nm) and collected all emitted light. Emitted
light was subsequently split and filtered (see Figure 2.2) and collected by a photodetector
connected to a current preamplifier. This preamplifier output a voltage signal which was
collected by a NIDAQ board. The NIDAQ board was connected to the same computer that was
used to control odor, water, tone, and air puff delivery with Labview, so GCaMP and tdTomato
signals could be readily aligned to task events such as odor delivery or reward delivery.
Behavior
After surgery, mice were given three weeks to recover and become habituated to the
installed head-plate and implanted optic fibers. Additionally, this allowed time for viral
expression. After this recovery period, mice were handled for 2-3 days and water deprived.
Weight was maintained above 90% of baseline body weight.
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In the first 2-3 sessions, mice were head-fixed and given unexpected water at random
intervals (randomly drawn, between 1 and 20 seconds, with a mean of 10 seconds and a normal
distribution). This allowed mice to become habituated to being head-fixed and allowed us to
determine the appropriate laser power (typically between 0.1 mW and 0.25 mW) to record >5%
dF/F free water responses (typically between 10% and 50%). These sessions were important, so
that recordings during odor-water association could begin from the very first odor presentation
on the first day of data collection (see Experimental Timeline).
The volume of water was constant for all reward trials (predicted or unpredicted) in all
conditions. Similarly, the same mild tone (15 kHz, 0.5 seconds, ~50 dB) was used in all tone
trials and the same intensity air puff was used in all air puff trials. Each behavioral trial began
with an odor cue (a puff of odor lasting 1 second), followed by a 1 second delay, and then an
outcome (either water, nothing, tone, or air puff). Odors were delivered using a custom
olfactometer (Uchida & Mainen, 2003). Each odor was dissolved in mineral oil at 1:10 dilution.
30 µl of diluted odor was placed inside a filter-paper housing (Thomas Scientific, Swedesboro,
NJ). Example PID measurements are shown in Figure 2.2. Odors were selected pseudorandomly
for each animal. Odorized air was further diluted with filtered air by 1:14 to produce a 1500
ml/min total flow rate. A variable inter-trial interval of 6-12 seconds (random) was placed
between trials. All trial types were randomized in all of the sessions. Each day, mice did about
300 trials over the course of about an hour. On a recording day, they performed the same task,
and we recorded for ~45 min, which is approximately 250 trials, with constant excitation from
the laser and continuous recording. Recordings from the same fiber were interspersed with at
least two days of no recording.
Experimental Timeline
153

On the first day of classical conditioning, odors were presented to mice for the first time,
and either predicted no outcome or reward. We quantified the “novelty response” as the response
to the first odor presentation that the mouse experienced, which was associated with no outcome
(for n=13 VS-implanted mice and n=12 TS-implanted mice). For comparison, the response to the
first unpredicted water presentation in those sessions was quantified as well. These “novelty
responses” were the first trials of the first day of classical conditioning (Figure 2.6), while the
average responses for these sessions are reported as “Day 1” and compared with later sessions in
Figure 2.10. Due to technical difficulties we encountered in recording the first response of a
session, some of the first responses were not recorded. Therefore, the sample size (number of
animals) is lower for first trial responses (n=12 mice for TS) in Figure 2.6 than for average
responses during “Day 1” (n=19 mice for TS) in Figure 2.10.
During classical conditioning, odor cues (also called “conditioned stimuli” or “CS”) were
associated with either reward or no outcome. In the case of reward trials, water (the
“unconditioned stimulus” or “US”) would follow odor presentation after 2 seconds, 90% of the
time. In ~10% of trials, unpredicted water was delivered without odor presentation. During
training, GCaMP responses were recorded at time points (Figure 2.10) rather than daily, to
minimize bleaching or tissue damage. After 3 weeks of this classical conditioning training (with
1 water predicting odor, 1 nothing-predicting odor, and occasional unpredicted water), mice were
introduced to new odor-outcome association types.
At this point in training, mice were also presented with odor-tone associations (20% of
trials) or odor-air puff associations (20% of trials), in addition to the two familiar odors
associated with water and with no outcome, allowing us to multiplex data from learning onto this
data regarding value or salience coding and prediction error coding. Unpredicted tone or air puff
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was also delivered in ~5% of trials. Data from these sessions was used in Figure 2.18 and Figure
2.21, including data from DMS-implanted or DLS-implanted mice.
Finally, a subset of these mice (n=11) were trained with two new odors each day (one
associated with water and one associated with no outcome), every day for a week, until mice
began to discriminate between odors behaviorally within a few trials (see Figure 2.15 and Figure
2.16) rather than over the course of many days (see Figure 2.10). We referred to these mice as
“overtrained mice”. After this training, we recorded GCaMP and licking signals from these
overtrained mice as they learned either new odor-water (one third of sessions) or new odornothing associations (one third of sessions) in Figure 4. In one third of sessions, a new odor
associated with air-puff was introduced in addition to the 2 familiar odors associated with water
or with no outcome. We randomized whether the new odor of a session would predict water,
nothing, or air puff to ensure that mice could not generalize that novel odors reliably predicted a
particular outcome. Mice performed one session per day.
Fiber photometry and licking data analysis
GCaMP and tdTomato signals were collected as voltage measurements from the current
preamplifiers using Labview (Figure 2.1). The “dF/F” measurement was calculated by
comparing the average signal in a 1 second period before each trial (“F1”) with the signal at any
given point during the trial (“F2”). The calculation for each point in the trial (calculated in 1 ms
bins) was then simply dF/F = (F2 – F1) / F1. We used this measurement because it readily
normalized signals (i.e. in the case of low signal to noise ratio, the denominator would be larger).
The average responses to a stimulus type within a session (often ~50 trials per stimulus type)
were averaged, and these session averages were used as the data in each figure (individual
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session averages can be found in Figure 2.19, and example individual single trial traces are
shown in Figure 2.1 and Figure 2.2).
These session averages were compared across animals in two basic ways. 1) Traces were
averaged and plotted (as the average of all session averages) along with the standard error (the
total number of sessions being the sample size) as in Figure 2.15, left panels. 2) Peak responses
to cues/outcomes were quantified by finding the point with the maximum absolute value
following cue/outcome for each trial, then comparing the averages between sessions as in Figure
2.15, right panels. Because traces were aligned using task events (i.e. cue on time) rather than
behavioral events (i.e. first inhalation), comparing peak responses ensured that signals, which
were slightly offset in time relative to odor presentation, could be compared.
To compute the latency of responses to novel cues, each trial was tested for difference
from baseline in the first 5 novel odor trials using time bins of 50 ms. We called the “latency” of
the response (in each trial) the center of the first time bin where five consecutive time bins all
showed significant difference from baseline. To compute the latency of novelty discrimination,
sessions were tested for significant difference between familiar and novel odors in the first 5
trials using time bin of 50 ms. We called the “latency” of discrimination the center of the first
time bin where five consecutive time bins all showed significance.
While recording GCaMP signals, we also recorded licking. To measure licking, we used
a detector that output a voltage based on the disruption of its infra-red light path. We set a
threshold for signal corresponding to a “lick” and then made the signal binary by finding each
time point where the signal crossed the threshold so that it could easily be quantified. Our main
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quantification for licking was counting the number of “anticipatory licks”, the licks following an
odor (CS) and preceding the arrival of the outcome (US).
GCaMP responses and licking responses were collected through Labview during the
training for offline analysis. Statistical analyses (i.e. t-tests, ANOVA) were run using Matlab
(Mathworks). All analyses considered a value of p ≤ 0.05 significant, and exact p-values are
reported in the text. To quantify body movement, we used a video camera to capture images of
the mice while they performed the task and made a rough estimate of total body movement by
subtracting each frame of the video from the last frame, using the “imabsdiff” function in
Matlab. We reported these values, which we took to be a proxy for body movement, as “arbitrary
units” or “a.u.” because they were measured in pixels.
Tissue clearing using CLARITY
Brains were cleared as previously described (Menegas et al., 2015) at 37C for 2 days,
with a constant current of 1.2 amps. A Niagra 120 V (Grey Beard Pumps #316, Mt Holly
Springs, PA, United States) pump was used to circulate clearing solution. A Precision Adjustable
60 V/5A power supply (Korad Technology #KA6005D, Shenzhen, China) was used to provide
current. A 5-gallon plastic container (US Plastic #97,028, Lima, Ohio, United States) was used
as a clearing solution reservoir and tubing was run though a second 5-gallon plastic container
filled with water to cool the solution flowing through it. Chambers were constructed as
previously described (Chung & Deisseroth, 2013) using a Nalgene chamber (Nalgene 21180002, Rochester, NY, United States) and platinum wire (Sigma-Aldrich 267228, St. Louis, MO,
United States). Clearing was done in a room held at 37°C.
Imaging using light-sheet microscope
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Images were acquired with the Zeiss Z.1 Light-sheet microscope (Carl Zeiss, Jena,
Germany). Brains were glued to the tip of a 1 ml syringe (without needle) such that the posterior
tip of the cerebellum was in contact with the syringe. A 488 nm laser was used to excite GFP and
a 647 nm laser was used to produce autofluorescence. Images were collected through a 5×
objective with PCO-Edge scMOS 16 bit cameras (PCO, Kelheim, Germany) with 1920 × 1920
pixels. Each frame was 2000 × 2000 μm, so each pixel was roughly 1.04 μm. The step size
between images was set to 5.25 μm, so the voxels were not isotropic. Brains were imaged
horizontally from the dorsal side, and then rotated 180° for horizontal imaging from the ventral
side. Each view was tiled with 7 × 6 tiles (14,000 × 12,000 μm) and the two views were
combined to create a continuous image. Autofluorescence images were subsequently downsized
to 1400 × 1200 × 700 pixels for alignment to the reference space. In these downsized images,
voxels have 10 μm spacing in all 3 dimensions. Brains were aligned to a previously described
reference space comprised of the average of 25 brains (Menegas et al., 2015). Alignment to this
reference space was performed using Elastix (Klein et al., 2010). We performed affine alignment
followed by B-spline alignment based on mutual information, as previously proposed for human
magnetic resonance imaging (MRI) image registration (Metz et al., 2011). After alignment, fiber
positions were manually determined by tracing the fiber paths to their termination points.
Classification of implant sites
After clearing and imaging each brain as a whole volume and aligning these images to
determine the exact location of each fiber, we classified each fiber as either 1) an implant into
VS, 2) an implant into DS, 3) an implant into TS, or 4) an incorrectly targeted fiber. Our analysis
in the current paper focuses on comparing VS-implanted fibers to TS-implanted fibers. Most
implants were successfully targeted to VS or TS. We classified implants as successful based on
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the following criteria. For VS: any fiber within the nucleus accumbens core or shell, between
Bregma 2.0 and Bregma 0. For DS: any fiber within the striatum anterior to Bregma 1.5. For TS:
any fiber within the striatum posterior to Bregma -1.5. We discarded data from 8 animals which
had fibers incorrectly targeted. The fibers in these animals were often in areas of cortex directly
adjacent to the intended recording site. We observed very little or no signal (compared to our
other recordings) in these cases, likely due to the relatively sparse dopaminergic innervation of
cortex relative to striatum in mouse.
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Abstract
Learning from reward and punishment is often asymmetrical, reflecting potential
differences in the circuit mechanisms underlying each process. On the other hand, reinforcement
learning theory can explain bidirectional learning from both reward and punishment in principle.
It was originally thought that dopamine neurons are activated by reward and inhibited by
punishment, and that dopamine bidirectionally reinforces behaviors based on the value of their
outcomes. The discovery that some dopamine neurons are activated by aversive stimuli
challenged this view, although the function of dopamine responses to aversive events remains
controversial. Here, we show that the activity of dopamine axons in the posterior tail of the
striatum (TS) scales with the novelty and intensity of external stimuli, but does not encode
reward value. We found that the ablation of TS-projecting dopamine neurons specifically
inhibited avoidance of novel or high intensity stimuli without affecting animals’ initial avoidance
responses, suggesting a role in reinforcement rather than simply in avoidance itself. Furthermore,
we found that animals avoid optogenetic activation of dopamine axons in TS during a choice
task and that this stimulation can partially reinstate avoidance of a familiar object. These results
suggest that TS-projecting dopamine neurons reinforce avoidance of threatening stimuli. More
generally, our results indicate that there are at least two axes of reinforcement learning using
dopamine in the striatum: one based on value and one based on external threat. The dynamics of
these reinforcement systems indicate a conservative strategy for learning: using high
initialization for the threat system while using low initialization for the value system.
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Main Text

Early electrophysiological recordings in monkeys and rodents revealed that many
dopamine neurons are excited by unpredicted rewards or reward-predicting stimuli. Conversely,
these neurons are inhibited by the omission of expected reward (Schultz, Dayan, and Montague
1997; Cohen et al. 2012) and by aversive events (Mirenowicz and Schultz 1996; Roitman et al.
2008; Matsumoto et al. 2016). Transient activation of dopamine neurons can substitute for
positive reward (Tsai et al. 2009; Witten et al. 2011; Steinberg and Janak 2013; Kim et al. 2012;
Ilango et al. 2014; Adamantidis et al. 2011), whereas transient suppression of dopamine neurons
can mimic negative outcomes (Chang et al. 2016; van Zessen et al. 2012; Tan et al. 2012). These
results led to the proposal that dopamine acts as a bi-directional reinforcement signal used by the
brain to maximize the value of future outcomes (Schultz, Dayan, and Montague 1997; Bayer and
Glimcher 2005). However, multiple studies have found that at least some dopamine neurons are
activated by non-rewarding events (Lerner et al. 2015; Lammel et al. 2011; Matsumoto and
Hikosaka 2009; Menegas et al. 2017; Menegas et al. 2015). For instance, some dopamine
neurons in the substantia nigra pars compacta (SNC) are activated by both rewarding and
aversive stimuli (Matsumoto and Hikosaka 2009). This led to the proposal that these dopamine
neurons signal “motivational salience” (the absolute value of value) and facilitate a behavioral
reaction when an important stimulus (whether it is good or bad) is detected (Matsumoto and
Hikosaka 2009). However, the function of these dopamine neurons remains unknown.
Additionally, multiple studies have reported that some dopamine neurons have larger responses
to novel stimuli than to familiar stimuli (Horvitz, Stewart, and Jacobs 1997; Ljungberg, Apicella,
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and Schultz 1992; Steinfels et al. 1983). This has been interpreted as a “novelty bonus” because
novelty may be rewarding itself or signal potential reward (Kakade and Dayan 2002).
To more clearly understand the diversity of dopamine signals, recent studies have
focused on the projection targets of dopamine neurons and have shown that different regions of
the striatum receive distinct dopamine signals (Lerner et al. 2015; Menegas et al. 2017; Parker et
al. 2016; Howe and Dombeck 2016). Particularly, whereas dopamine neurons projecting to the
ventral striatum (VS) display patterns of activity consistent with the value-coding seen in
canonical dopamine neurons (Menegas et al. 2017; Roitman et al. 2008; Parker et al. 2016; Hart
et al. 2014), those projecting to the posterior tail of the striatum (TS) are activated by aversive
and neutral stimuli (Menegas et al. 2017). A previous study demonstrated that dopamine
responses to novel stimuli are localized in TS dopamine axons, and do not coincide with valuerelated dopamine signals in VS (Menegas et al. 2017), suggesting that these signals are unlikely
to function as a “novelty bonus” for value learning and instead could have a different function. In
this study, we investigate the functional significance of the responses to non-rewarding stimuli in
dopamine axons in TS. To that end, we first examined the coding logic for dopamine in TS.
Previous studies of projection-specified populations have not examined the covariation of
dopamine activity with value or salience, which are fundamental characteristics for evaluating
the function of each population (Eshel et al. 2015; Stauffer, Lak, and Schultz 2014; Fiorillo,
Song, and Yun 2013). To better understand the nature of dopamine signals in the striatum, we
first characterized the activity of dopamine axons by presenting an array of stimuli to head-fixed
mice. We monitored the activity of dopamine axons at their projection targets using fiber
fluorometry/photometry (Gunaydin et al. 2014; Kim et al. 2016; Parker et al. 2016; Kudo et al.
1992). Calcium signals were obtained through optic fibers implanted into either the VS or TS of
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mice expressing a genetically-encoded calcium indicator (GCaMP6) (Chen et al. 2013;
Akerboom et al. 2012) in dopamine neurons (Figure 3.1, Figure 3.2, Figure 3.3). To mask any
potential responses related to the auditory detection of non-auditory stimuli (e.g. water delivery),
training and experiments were performed with constant background noise (see Methods).
Consistent with previous results (Cohen et al. 2012; Eshel et al. 2015), dopamine axons in VS
responded strongly to water but only weakly to a neutral tone, whereas dopamine axons in TS
responded strongly to tones and air puffs but only weakly to water. The activity of dopamine
axons in VS scaled with the size of the reward (f(11) = 3.91, P = 0.0072, 1-way ANOVA, Figure
3.1a), consistent with the idea that dopamine signals encode reward value in this area.
Surprisingly, responses of dopamine axons in TS to water delivery were not significantly
modulated by reward size (f(9) = 2.05, P = 0.10, 1-way ANOVA, Figure 3.1b), indicating that
the small responses to water observed here and in previous studies are potentially caused by
primitive sensory information such as the water valve click rather than reward value. Unlike
dopamine axons in VS, the responses in TS scaled with the intensity of the tone (f(9) = 0.21, P =
0.92 for VS, f(9) = 3.05, P = 0.027 for TS, 1-way ANOVA, Figure 3.1b) or air puff (Figure 3.4).
The modulation of dopamine activity by stimulus intensity has previously been proposed
(Fiorillo, Song, and Yun 2013), and we found here that such activity is localized in TS.
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Figure 3.1. Signals from dopamine axons in TS scale with external stimulus intensity but
not with reward size. (A) Schematic for recording signals from GCaMP-expressing dopamine
axons (green) through an optic fiber implanted in VS (left) and responses (mean ± s.e.m. across
animals) to different water reward sizes (blue) and tone sizes (red) in dopamine axons in VS (n =
11 animals). (B) Recording from dopamine axons in TS (n = 9 animals). (C) Recording from
dopamine neurons in lateral SN (n = 9 animals). (D) Recording from TS-projecting dopamine
neurons in lateral SN (n = 6 animals). (E) Left: TS dopamine axon responses to a variety of
external stimuli. Right: responses to unexpected air puff (magenta), unexpected bitter water
(green), and omission of expected water (blue) in dopamine axons in VS (left) and TS (right). *
P < 0.05, ANOVA with post hoc t-test, Tukey correction for multiple comparisons. ** P < 0.01,
paired t-test, peak signal in 1 sec following stimulus x peak signal during 1 sec within the intertrial interval.
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Figure 3.1
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Because high intensity external stimuli (such as tones or air puffs) are potentially
aversive, we next examined whether dopamine axons in TS respond to all events with negative
value. We found that, whereas dopamine axon signals in VS were inhibited by every negative
stimulus that we tested (t(9) = -2.95, P = 0.015 for air puff, t(6) = -11.30, P = 0.000029 for
quinine, t(9) = -4.98, P = 0.00076 for reward omission, t-test, Figure 3.1e), dopamine axons in
TS did not respond to some types of negative stimuli such as bitter taste (quinine) or the
omission of expected water (t(9) = 4.93, P = 0.00081 for puff, t(7) = 0.89, P = 0.40 for quinine,
t(10) = 0.82, P = 0.43 for reward omission, t-test, Figure 3.1e, Figure 3.5). Instead, dopamine
axons in TS were strongly activated by high intensity stimuli of multiple modalities including
somatosensory, auditory, visual, and olfactory stimuli (Figure 3.1e, Figure 3.5). Further,
consistent with a previous study (Menegas et al. 2017), dopamine axon responses in TS scaled
with the novelty of each stimulus, and the signals decayed differently depending on the stimulus
intensity and type (Figure 3.4). Together, these data demonstrate that dopamine axons in TS do
not respond to all forms of reward and/or punishment, indicating that they do not simply encode
positive and/or negative value (Matsumoto and Hikosaka 2009). Instead, these data indicate that
dopamine axons in TS respond specifically to novel or high intensity external stimuli.
Because dopamine signals are potentially modulated at axon terminals (Threlfell et al.
2012; Bonhomme et al. 1995; Clarke and Pert 1985), we also recorded activity at the cell bodies
of midbrain dopamine neurons. To target TS-projecting dopamine neurons, we first examined
their distribution within the midbrain. To do this, we labelled TS-projecting dopamine neurons
by retrogradely infecting their axons in TS with rabies virus expressing GFP (Wickersham et al.
2007) and observed the distribution of labelled cell bodies (Figure 3.8, Figure 3.6). We found
that TS-projecting dopamine neurons are concentrated in the lateral part of substantia nigra (SN)
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especially the most lateral part, called substantia nigra pars lateralis (SNL). We found that most
of their axons were located within TS, with no other region containing fluorescence that differed
significantly from baseline (t(7) = 7.46, P = 0.00029, t-test with Tukey correction for multiple
comparisons, Figure 3.8b, e), indicating that TS-projecting dopamine neurons send very few
collaterals to other regions. We recorded the population activity of dopamine neurons in lateral
SN using fiber photometry. Like dopamine axon signals in TS, signals from dopamine neurons
in lateral SN covaried with tone intensity (Figure 3.1c, f(9) = 3.93, P = 0.0088, 1-way ANOVA),
and their small response to reward was not significantly modulated by reward size (Figure 3.1c,
f(9) = 0.68, P = 0.61, 1-way ANOVA).
We also recorded specifically from retrogradely labeled TS-projecting dopamine neurons.
To do this, we used a cre-dependent infection of self-inactivating rabies virus (SiR) (Ciabatti et
al. 2017; Menegas, Uchida, and Watabe-Uchida 2017) expressing DNA recombinase (FLPo),
which in turn allowed for the expression of FLP-dependent GCaMP6 in TS-projecting dopamine
neurons in the midbrain (Figure 3.1d, also see Methods). Consistent with the activity we
observed from dopamine axons in TS, we found that activity in TS-projecting dopamine neurons
in lateral SN covaried with tone intensity (Figure 3.1d, f(6) = 5.13, P = 0.0037, 1-way ANOVA)
but not with water reward value (Figure 3.1d, f(6) = 0.35, P = 0.84). These neurons displayed
increased responses to novel external stimuli as well, consistent with the idea that the signal is
modulated by both external stimulus intensity and novelty (Figure 3.7). These results indicate
that the unique activity observed in dopamine axons in TS was not due to local modulation at the
axon level in TS, but rather reflects the activity at the cell bodies of this unique population in
lateral SN.

169

Figure 3.2

Figure 3.2. Summary of GCaMP recording fiber implant sites. Location of optic fibers used
to collect GCaMP signals in VS (top) and TS (bottom) in head fixed and freely moving animals.
Reference slices are depicted with 0.5 mm spacing, and fiber positions are plotted on the nearest
reference slice. The approximate location of the tip of each 200 µm diameter fiber is indicated
(green). Light emitted by axons directly below these sites could be detected.
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Figure 3.3

Figure 3.3. GCaMP normalization and GFP control signals. (A) Left: schematic of strategy
for expressing GCaMP in dopamine axons (green) and collecting signal using an implanted optic
fiber. Middle: example raw voltage traces (green), running median (blue), and normalized
“dF/F” signal (black). Right: Comparison of dF/F signals (one line per session) sorted from
smallest to largest dF/F value. (B) GFP control schematic (left), example signals (middle), and
comparison across sessions (right). (C) Average signals following unexpected water delivery
(left) or tone delivery (right) in GFP expressing control mice. Mean ± s.e.m. across animals. n =
11 animals.
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Figure 3.4

Figure 3.4. Responses in dopamine axons in TS scale with external stimulus novelty and
intensity. Left: average responses to different tone sizes in dopamine axons in TS (top). Data
was plotted in bins of 15 trials to demonstrate the effect of novelty (middle) and displayed as a
heat map (bottom). Right: average responses to different air puff sizes in dopamine axons in TS
(top). Data was plotted in bins of 15 trials (middle) and displayed as a heat map (bottom). Note
that “trial number” refers to the total number of each stimulus rather than the number of stimuli
of that intensity prior to that point. n = 11 animals.
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Figure 3.5

Figure 3.5. Comparison of reward omission signals in dopamine axons in VS and TS, and
responses to external stimuli in TS. (A) Top: trial structure for classical conditioning. Odor A
is 90% followed by water (green, expected water) and 10% followed by nothing (red, omitted
water). Odor B (black) is 100% followed by nothing. A small number (<5%) of all trials
consisted of unexpected water (blue). Bottom: example single trial responses to unexpected
water of different sizes simultaneously recorded from VS (cyan) and TS (magenta). (B) Example
recording sites in VS (top) and TS (bottom). (C) Average responses across animals recorded
from dopamine axons in VS (top) and TS (bottom). (D) Average difference between responses to
expected and omitted water (expected minus omitted) across animals in dopamine axons in VS
(top) and TS (bottom). * P < 0.01, t-test. TS dopamine axon responses are also shown for odor
(E), tone (F), light (G), and air puff (H). Peak signals in a 1 second window during the inter-trial
interval (“Baseline”) is compared to the peak signal in the 1 second window following stimulus
presentation (red). * P < 0.01, t-test, n = 11 animals.
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Figure 3.6

Figure 3.6. Distribution of TS-projecting dopamine neurons in the midbrain. TS-projecting
dopamine neurons were labelled with rabies-GFP (Figure 2). Here, one example midbrain
section (at ~ Bregma -3.10) from each injected animal is shown. Dopamine neurons are labelled
with anti-TH antibody (magenta) and TS-projecting dopamine neurons are labelled with GFP
(green). In the two panels on the right, anterior striatum projecting dopamine neurons were colabeled with rabies-mCherry. Bottom: GFP-labelled neurons (TS-projecting dopamine neurons)
from all animals were plotted to summarize their distribution.
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Figure 3.7

Figure 3.7. TS-projecting dopamine neurons in SNL respond to novel and high intensity
external stimuli. (A) Responses to a novel odor (black, first 5 presentations) compared to all
presentations of that odor in TS-projecting dopamine neurons in SNL. (B) Responses to first 5
presentations of sucrose (black) compared to all presentations of sucrose (grey). (C) Responses
to a loud tone (black, also see Figure 1d) and a quiet tone (grey, also see Figure 1d). (D)
Responses to a high concentration of sucrose (black, 10%) compared to a low concentration of
sucrose (grey, 2%). Each point represents the average response from one animal, error bars
depict s.e.m., and n = 6 animals.

175

It is widely accepted that the activation of dopamine neurons is positively reinforcing. In
other words, dopamine release increases the frequency of actions or decisions that elicit
dopamine release (Tsai et al. 2009; Witten et al. 2011; Steinberg and Janak 2013; Ilango et al.
2014; Adamantidis et al. 2011). Our finding that the activity of TS-projecting dopamine neurons
differs fundamentally from the activity of VS-projecting dopamine neurons suggests that TSprojecting dopamine neurons could have a different function. Therefore, we tested whether direct
stimulation of dopamine axons in TS is reinforcing in a choice task (Figure 3.8f-h). First, mice
were trained to enter a central port to initiate a trial and to then choose one of two side ports
associated with different outcomes (Figure 3.8g) (Hart et al. 2014). In this task, mice preferred
the port associated with a large amount of water over a smaller amount of water, and avoided the
port associated with air puff or bitter taste (quinine) (Figure 3.8h). In short, mice learned to
develop choice biases according to the outcomes within a session.
After mice learned the choice task, the axons of VS-projecting or TS-projecting
dopamine neurons were optogenetically activated using a light-gated ion channel,
channelrhodopsin-2 (ChR2)(Boyden et al. 2005) in one of the two choice ports while mice
received reward (Figure 3.8h, Figure 3.9). The stimulation port was pseudo-randomly assigned in
each session. Stimulation in VS biased the animals’ choices toward the port associated with
stimulation (t(8) = 3.07, P = 0.015, t-test, Figure 3.8h), consistent with the idea that dopamine
acts as positive reinforcement. On the other hand, stimulation in TS caused a bias against the port
associated with stimulation (t(8) = -3.22, P = 0.012, t-test, Figure 3.8h). Mice expressing GFP
instead of ChR2 did not show a bias toward or away from the port with sham laser stimulation
(t(6) = 0.38, P = 0.71, Figure 3.8h), and the effect on choice was significantly different between
ChR2 mice and GFP mice (t(15) = -2.59, P = 0.021, Figure 3.8h). These results demonstrate that
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the optogenetic activation of dopamine axons in VS and TS have opposite effects on animals’
behavioral choices. Optogenetic activation of dopamine axons in TS caused avoidance of a
behavioral choice associated with activation, instead of acting as a positive reinforcer of the
choice.
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Figure 3.8. Choice bias against stimulation of dopamine axons in TS. (A) Midbrain
dopamine neurons labelled with anti-TH antibody (magenta) and TS-projecting dopamine
neurons labelled with GFP (green). (B) Forebrain dopamine axons (magenta) and the axons of
TS-projecting dopamine neurons (green). (C) Schematic for labelling TS-projecting dopamine
neurons and their axons. (D) Distribution of GFP-labelled (green) cell bodies and TH-labelled
cell bodies in the midbrain. (E) Distribution of GFP-labelled axons in the forebrain and
distribution of TH-labelled axons (mean ± s.e.m. across animals). (F) Example stimulation site
(white) of ChR2-expressing dopamine axons (green) in TS. (G) Experimental design: animals
enter a central port (grey) to initiate trials and then choose between water and water + X by
entering one of two side ports. (H) Left: choice bias (mean ± s.e.m. across animals) for extra
water, air puff, or quinine (bitter). Middle: choice bias (mean ± s.e.m. across animals) for
optogenetic stimulation of dopamine axons in VS (cyan) or TS (magenta). n = 9 animals. Right:
choice bias (mean ± s.e.m. across animals) for stimulation of dopamine axons in TS in GFPexpressing (n = 7 animals) or ChR2-expressing (n = 9 animals) mice. * P < 0.02, t-test. ** P <
0.005, t-test.
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Figure 3.8
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Figure 3.9

Figure 3.9. Summary of ChR2 stimulation fiber sites. Location of optic fiber implants used to
stimulate ChR2-expressing dopamine axons in VS (top) and TS (bottom) in freely moving
animals (Figure 2). Reference slices are depicted with 0.5 mm spacing, and fiber positions are
plotted on the nearest reference slice. The approximate location of the tip of each 200 µm
diameter fiber is indicated (green). Axons directly below these sites could be subject to
stimulation.
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We next tested the necessity of TS-projecting dopamine neurons in avoidance (Figure
3.11). We specifically ablated dopamine neurons projecting to TS by injecting 6hydroxydopamine (6-OHDA, a selective neurotoxin) (Thiele, Warre, and Nash 2012) bilaterally
into TS. Although noradrenalin projections are not detectable in TS (Baldo et al. 2003), to spare
noradrenaline neurons, we administered a noradrenalin reuptake inhibitor (desipramine) before
injection. As a control, we injected a separate set of mice with saline instead of 6-OHDA. We
confirmed that the 6-OHDA injections specifically reduced dopamine innervation of TS without
affecting neighboring dopamine axons in the striatum or amygdala, or noradrenaline neurons in
the locus coeruleus (Figure 3.11a, Figure 3.12). Specifically, we found a significant reduction of
axons only in TS and a significant reduction of cell bodies in SNL (Figure 3.11a, Figure 3.12),
consistent with our rabies-based axon-labelling data (Figure 3.8a-e). The lesion mice did not
exhibit differences in general locomotor activity (Figure 3.13).
When choosing between different sizes of water, both control and lesion mice showed a
clear preference for the larger size of water (t(9) = 3.05, P = 0.013 for saline, t(9) = 2.48, P =
0.034 for 6-OHDA, Figure 3.11c). However, when given a choice between water and water plus
air puff, lesion mice did not show systematic bias away from the side associated with air puff as
a population (t(19) = 2.59, P = 0.034, saline versus 6-OHDA, t-test, Figure 3.11c, Figure 3.14a,
b) and received more air puffs total in a session (Figure 3b). Of note, we show here results of the
first session when animals experienced air puff (see Methods), and during this single session
individual lesion mice displayed a variety of port biases, consistent with the idea that random
choice (i.e. choosing both ports equally when both have the same value) is not necessarily a
default strategy when random choice is not advantageous (Bar-Hillel and Wagenaar 1991; Lee et
al. 2004; Soltani, Lee, and Wang 2006). Importantly, choice stickiness, or "win-stay" strategy
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was observed in a similar frequency in a control session between control and lesion mice (Figure
3.14c). However, in an air puff session, whereas control mice repeated the same choice (stay)
more often after the choice of a water port than after the choice of an air puff port, lesion mice
showed a similar frequency of stay after the choice of either port (Figure 3.14c), indicating that
lesion mice did not acquire different choice preference even right after experiencing water plus
air puff versus only water. The time-course of choice in the control mice showed gradual
learning as a population (Figure 3.14a, b), indicating that mice acquired port preference not only
depending on the previous trial (win-stay-lose-shift), but learned from accumulated experiences
of air puff. Lesion mice did not show any signs of learning on either time scale.
Surprisingly, the lesion animals’ immediate behavioral responses to air puff remained
largely unimpaired. Lesion mice still displayed an immediate retreat with a similar retreat
distance as controls in response to the first air puff (t(19) = 0.25, P = 0.80, saline versus 6OHDA, t-test, Figure 3.11d-f , Figure 3.14d). Over the course of the session, however, the lesion
mice responded much differently. While control mice continued to retreat from air puffs over
many trials, lesion mice showed significantly smaller retreats after a few trials (t(19) = 2.75, P =
0.014 , saline versus 6-OHDA, all trials, t-test, Figure 3.11d-f, Figure 3.15). Thus, whereas
detection of air puff and initial retreat responses to air puff itself were intact, lesion mice did not
maintain the retreat responses in subsequent trials. These results suggest that there is a system
responsible for the initial retreat behaviors ("fixed reaction" (LeDoux and Daw 2018)), which is
independent of TS-projecting dopamine neurons, and that TS-projecting dopamine neurons are
responsible for maintenance of the retreat. Consistent with a role in maintenance or
reinforcement of avoidance, dopamine axons in TS (in intact mice) responded strongly to air
puffs and the signals remained high during this task as well (Figure 3g-h, Figure 3.14e).
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Figure 3.10

Figure 3.10. Example 6OHDA histology. Example slices stained with anti-TH (green) antibody
to label dopamine cell bodies and axons. (A) Axons of dopamine neurons (green) in an example
intact animal (top) and lesioned animal (bottom) in VS, DMS, DLS, TS, and Ce. (B) Cell bodies
of dopamine neurons (green) in an example intact animal (top) and lesioned animal (bottom) in
VTA, SNC, SNL, and RRF. Also shown are TH-labelled noradrenaline neurons in LC (right).
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Figure 3.11. Ablation of TS-projecting dopamine neurons eliminates choice bias against a
threatening stimulus. (A) Schematic of ablation of TS-projecting dopamine neurons and the
effect of saline (top) or 6-OHDA (bottom) on dopamine axons in TS (right, “Tail”), but not more
anterior striatum (left, “Anterior”). Axons labeled with anti-TH antibody (magenta). (B)
Experimental design and total number of “incorrect” choices of water + air puff in saline (blue)
and 6-OHDA (red) animals in a session. (C) Normalized choice bias (mean ± s.e.m. across
animals, see Methods) for air puff, quinine, and the reduction of water in saline (blue) and 6OHDA (red) animals. (D) Example behavioral traces from control and air puff sessions in saline
(blue) and 6-OHDA (red) animals. (E) Retreat distance (mean ± s.e.m. across animals) across
trials. (F) Average retreat distance (mean ± s.e.m. across animals) on trial 1 and for all trials. (G)
Average GCaMP responses in dopamine axons in TS upon water choice (cyan) or air puff choice
(magenta). (H) Time course of responses to water or air puff. (I) Average peak GCaMP
responses (mean ± s.e.m. across animals) following water or puff on trial 1 (left) as well as for
all trials (mean ± s.e.m. across animals) (right). * P < 0.05, ** P < 0.005, t-test. n = 10 animals in
each group.
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Figure 3.11
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Figure 3.12

Figure 3.12: Quantification of 6OHDA histology. Left: Average fluorescence in dopamine
axon target regions in intact (blue) and lesion (red) animals (n=20 per condition, each
hemisphere quantified separately). Right: Average cell body counts per section in intact (blue)
and lesion (red) animals (n=20 per condition, each hemisphere quantified separately). ** P <
0.005, unpaired t-test. n = 20 hemispheres each condition.

Notably, lesion mice were able to learn from other negative events (bitter taste and water
reduction) at similar levels as control mice (t(19) = 1.4, P = 0.17 for quinine, t(19) = 0.05, P =
0.95 for water reduction, saline versus 6-OHDA, t-test, Figure 3.11c), suggesting that TSprojecting dopamine neurons are not responsible for learning from all types of negative events.
This is consistent with our observation that the activity of dopamine axons in TS increased in
response to external stimuli such as tone and air puff, but not in response to the bitter taste or
omission of water (Figure 3.1e). To determine whether the effects of lesion on choice preference
are dependent on dopamine, we pharmacologically inhibited D1 dopamine receptors in TS using
R(+)-SCH23390 hydrochloride, and observed similar effects as in 6-OHDA lesion mice (Figure
3.16). Thus, dopamine in TS is critical for avoiding air puff, and this is mediated at least partially
by D1 receptor signaling.

186

Figure 3.13

Figure 3.13. Average velocity is not affected by 6OHDA lesion. (A) Left: example cumulative
center of mass traces for saline (blue) and lesion (red) mice during a 10-minute session. Right:
example velocity plot for saline (blue) and lesion (red) mice during one minute of free
movement. (B) Average time spent moving (top) and average velocity (bottom) of saline and
lesion mice (mean + s.e.m. across animals) for first ten minutes of free movement. (C) Time
spend in center (top) and maximum velocity (bottom) of saline and lesion mice during the first
ten minutes of free movement. All panels in this figure use data from mice not performing any
choice task or engaging in novel object exploration.
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Figure 3.14

Figure 3.14. Time course of choice bias, retreat, and TS dopamine axons signals elicited by
air puff in saline control and 6OHDA lesion animals. (A) Time course of choice of water +
puff in saline (blue) and lesion (red) animals. Here, trial number indicates the total trial number
(note that Figure 3 shows the time course of retreats based on the water + air puff choice
number). (B) All choices from saline (blue) and lesion (red) animals are plotted by trial number.
(C) Left: average stay (%) in saline and 6OHDA mice when choosing between ports of equal
value (i.e. water only). Stay (%) defined as the fraction of trials in which mice did not switch
choice ports on the next trial. Right: average stay (%) in saline and 6OHDA mice when choosing
between water (cyan) and water + air puff (magenta). ** P < 0.005, paired t-test. n = 10 animals
for each condition. (D) Retreats from air puff plotted as a function of total trial number. (F) Peak
GCaMP responses to air puff in dopamine axons in TS as a function of total trial number.
Asterisks indicate that several animals did not choose air puff at all within this time bin, so an
average could not be defined. For all time courses in this figure, data was analyzed in bins of 5
trials.
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Figure 3.15

Figure 3.15. Example video clips of air puff responses in saline control and 6OHDA lesion
animals. (A) Example of a control (saline) animal’s air puff response in early (top) and later
(bottom) trials. (B) Example of a lesion (6OHDA) animal’s air puff response in early (top) and
later (bottom) trials.
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Figure 3.16

Figure 3.16. D1 antagonist in TS eliminates choice bias and modulates air puff responses.
(A) Average choice bias (mean ± s.e.m. across animals) on days with saline injection with no air
puff trials (black), with saline injection with air puff on one port (blue), and with D1 antagonist
injection with air puff on one port (red) in the same set of cannula-implanted mice. (B) Examples
of retreat distance over time for each condition. (C) Retreat distance (mean ± s.e.m. across
animals) on trial 1 (left) and trial 1-10 (right) for each condition. * P < 0.01, paired t-test. n = 6
animals. (D) Schematic of choice task. (E) Average velocity (left) and time spent moving (right)
while mice engage in the choice task. (F) Example center of mass traces from mice engaged in
the choice task.
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Our results demonstrate that dopamine neurons in TS are important for learning to avoid
air puff punishment. However, TS-projecting dopamine neurons are excited not only by air puff,
but also by seemingly neutral novel stimuli of multiple modalities (Menegas et al. 2017) (Figure
3.4). It is not immediately clear what air puff and novelty could have in common. To understand
the function of novelty signals in TS-projecting dopamine neurons, we first examined animals’
behavioral responses to a novel object (Figure 3.17). When animals encounter novelty, they
typically display elevated exploration, orientation, or approach to the novel stimulus compared to
a familiar one (Berlyne 1966; Moser, Moser, and Andersen 1994; Albasser et al. 2011).
Consistent with these observations, our mice approached novel objects more frequently than
familiar objects (t(9) = 3.67, P = 0.0051, paired t-test, Figure 3.17a). However, novel objects
caused a more intricate behavior than simple approach. Mice frequently performed “bouts” of
investigation in which they approached the novel object and then quickly retreated (Figure 3.17ad, Figure 3.18, Movie S1). The mice repeated these short bouts multiple times. The bouts became
gradually longer, and the mice spent more time at the vicinity of the novel object over days
(Figure 3.17e, saline). These approach-avoidance conflicts have been observed across various
animal species including human beings (Ainsworth and Bell 1970; Powell et al. 2004;
Montgomery 1955; Corey 1978; James 1890), and have been interpreted as an unstable
equilibrium of curiosity and timidity (“weal or woe” by William James) (James 1890), or a sense
of potential fear.
To examine the role of TS-projecting dopamine neurons in this approach-retreat
behavior, we recorded signals from dopamine axons in TS as mice interacted with a novel object
in a familiar environment. Signals in TS increased as mice reached the closest point of approach
to the novel object in the bout (as they began to retreat), but not as they approached it (Figure
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3.17b-c). The responses in TS were significantly larger when mice retreated from a novel object
than from a familiar object or from the same location in an open field (t(5) = 3.04, P = 0.020,
novel versus familiar object, t-test; t(5) = 3.65, P = 0.014, novel versus no object, paired t-test,
Figure 3.17c). The signals in TS were not correlated with the animals’ velocity or with the
initiation of movement, indicating that the signal may not be directly related to motor activity
(Figure 3.19). To control for motion artifacts, we also recorded from control mice expressing
GFP instead of GCaMP and observed no obvious artifacts that could explain the GCaMP signals
(Figure 3.20).
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Figure 3.17. Ablation of TS-projecting dopamine neurons reduces retreat from novel
objects. (A) Mice exhibit bouts of approach and retreat when investigating novel objects (left).
Frequency of approach to objects (mean ± s.e.m. across animals) (right). n = 10 animals. (B)
Example GCaMP trace from dopamine axons in TS (green) aligned to animal’s distance from the
novel object (black), with dotted lines indicating nearest approach per bout. (C) Left: GCaMP
signals aligned to onset of retreat. Bouts were sorted based on time of approach, shown as a grey
line. Right: Average GCaMP responses to novel object (cyan), familiar object (magenta), and no
object control (black), n = 6 animals. (D) Example paths from saline (blue) and 6-OHDA (red)
mice during the first 5 minutes of a 10-minute novel object interaction. No object control paths
also shown for comparison (black). (E) Left: time-course of bout duration (mean ± s.e.m. across
animals) in saline (blue) or 6-OHDA (red) mice during two 10-minute sessions denoted by
dotted lines. Right: number of approaches and fraction of time spent near a novel object (mean ±
s.e.m. across animals). n = 10 animals in each group. (F) Stimulation of TS dopamine axons
during interaction with a familiar object. n = 16 sessions from 8 animals.. * P < 0.05, ** P <
0.01, t-test.
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Figure 3.17
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Figure 3.18

Figure 3.18. Example video clips of novel object investigation in saline control and 6OHDA
lesion animals. (A) Example of a control (saline) animal’s early (top) and later (bottom)
investigation of a novel object. (B) Example of a lesion (6OHDA) animal’s early (top) and later
(bottom) investigation of a novel object.
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Figure 3.19

Figure 3.19. Responses in dopamine axons in TS are not locked to initiation of movement.
(A) Example velocity traces (grey) and GCaMP traces (green) as animals move freely within a
behavior box (not performing a task or interacting with a novel object). Three 10 second example
traces are shown. (B) Animal velocity was aligned to movement initiation and separated based
on the minimum gain of velocity (top). Corresponding GCaMP traces aligned to movement
initiation (middle). Quantification of peak GCaMP signal for movements of each size (bottom).
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Figure 3.20

Figure 3.20. Responses in dopamine axons in TS during retreat from novel object are not
an artifact due to motion. Left: bouts of novel object exploration were aligned to the nearest
point of investigation. Middle: average GCaMP (green) and GFP control (grey) traces locked to
retreat from novel object. Right: GCaMP signals (green) and GFP signals (grey) locked to retreat
from novel object (average + s.e.m. across animals). n = 6 animals. * P < 0.01, t-test.

Figure 3.21

Figure 3.21. Time course of responses to novel objects in dopamine axons in TS (A)
Responses in dopamine axons in TS plotted by bout (i.e. trial) for the first 30 interactions with a
novel object. (B) The average change in response size per trial (i.e. the slope from part A) for
each animal.
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To test whether and how TS-projecting dopamine neurons regulate animals’ responses to
novelty, we examined the effect of lesioning TS-projecting dopamine neurons using 6-OHDA.
When the lesion mice first encountered a novel object, they exhibited a similar behavior as
control mice: an approach followed by a quick retreat (t(19) = -1.66, P = 0.11, saline versus 6OHDA, first bout duration, t-test, Figure 3.17d, e, Figure 3.18, Movie S2). Strikingly, after a few
bouts, the lesion animals began to spend a much longer time near the novel object per bout (t(9)
= 4.55, P = 0.0061, paired t-test, first bout versus all bouts in 6-OHDA animals, t(19) = 4.15, P =
0.0016, all bouts, saline versus 6-OHDA, t-test, Figure 3.17d, e, Movie S3, Movie S4). In total,
lesion mice spent a significantly longer time near the object (t(19) = 5.77, P = 0.000018, t-test
Figure 3.17e), but they did not approach the object more frequently than control mice (t(19) =
0.66, P = 0.51, t-test, Figure 3.17e). In short, mice with an ablation of TS-projecting dopamine
neurons showed relatively normal novelty responses (approach-retreat) at first, but the avoidance
component of this response to the novel object quickly diminished. Importantly, like retreat from
air puff, initial retreat from a novel object was independent of TS-projecting dopamine neurons,
meaning that dopamine in TS has a role in maintaining or reinforcing avoidance of objects based
on their novelty. The retreats eventually diminished over days, consistent with recording data
showing that responses in dopamine axons in TS decayed slowly during the first session but
were much smaller in later sessions (Figure 3.17c, Figure 3.21).
Conversely, closed-loop optogenetic stimulation of dopamine axons in TS while animals
approached a familiar object reduced the duration of mice’s interaction with the object, which
could be interpreted as a reinstatement of avoidance. Bout sizes became shorter following the
activation of dopamine axons in TS (Figure 3.17f), and remained shorter after the stimulation
had ended (Figure 3.17f). Because some dopamine neurons express Vglut2, which allows co-
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release of glutamate (Yamaguchi et al. 2015), retreat behaviors triggered by novelty may depend
on glutamate release from dopamine neurons. To examine the function of glutamate co-release
from dopamine neurons during novelty responses, we genetically knocked out a synaptic
vesicular transporter for glutamate, Vglut2 (Tong et al. 2007), in dopamine neurons (see
Methods). We found that mice with no Vglut2 in dopamine neurons showed similar approachretreat behaviors as control littermates (Figure 3.22), suggesting that glutamate release from
dopamine neurons is not essential for novel object avoidance behavior.
Figure 3.22

Figure 3.22. Removing VGlut2 from dopamine neurons does not diminish avoidance of
novel objects. (A) Control animal does not express DAT-cre, meaning that VGlut2 is not
knocked out in any neurons (black), and knock out animal expressing DAT-cre to specifically
knock out VGlut2 in dopamine neurons (magenta). (B) Example center of mass of control
(black) and knock-out (magenta) mice not performing any task or novel object interaction. Right:
average velocity. (C) Example center of mass of control (black) and knock-out (magenta) mice
interacting with a novel object. Right: average fraction of time near object.
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A previous study found that TS-projecting dopamine neurons are anatomically distinct,
receiving a unique set of monosynaptic inputs compared to many other dopamine neurons
(Menegas et al. 2015). A subsequent study showed that the activity of dopamine axons in TS is
also unique (Menegas et al. 2017). It showed that dopamine axons in TS are excited by both
aversive and neutral stimuli and have some characteristics of prediction error: they signal the
prediction of a stimulus and their responses to the stimulus itself are suppressed by prediction. In
the present study, we more systematically and parametrically examined dopamine responses
(focusing on unconditioned stimuli) and examined the function of this signal as a reinforcer. We
found that dopamine axons in TS are monotonically modulated by the intensity and novelty of
external stimuli, reminiscent of a previous proposal that the early phase of dopamine signals
encodes stimulus intensity, but not aversiveness itself (Fiorillo, Song, and Yun 2013). In a sense,
TS-projecting dopamine neuron activity could be interpreted as the extreme case of having only
this phase without encoding value, which is the main phase in canonical dopamine neurons
(Fiorillo, Song, and Yun 2013). In addition, our results indicate that dopamine axons in TS are
not excited by all stimuli, but specifically by external stimuli and not by ingestion-related stimuli
(e.g. bitter taste). Further, we found that TS-projecting dopamine neurons encode both the
novelty and intensity of stimuli of multiple modalities. Consistent with their activity, we found
that TS-projecting dopamine neurons are important for both the avoidance of air puff punishment
and avoidance of a novel object, but not for the avoidance of all types of negative outcomes.
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Figure 3.23

Figure 3.23. Separate axes for dopamine-based reinforcement learning. Top: a model of
dopamine-based reinforcement learning using value prediction error signals conveyed to the
ventral striatum (VS) primarily by VTA dopamine neurons. Bottom: a model of dopamine-based
reinforcement learning using threat signals conveyed to the posterior tail of the striatum (TS)
primarily by SNL dopamine neurons.
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Combining these insights, we propose that dopamine axons in TS encode the physical
salience (such as intensity and novelty) of external stimuli to signal potential external threats in
the environment. Of note, threats and aversiveness have been distinguished in many studies. and
for good reason. For example, a previous study found a behavioral difference between responses
to external threats and aversive taste, showing that visual stimuli associated with external threats,
but not aversive taste, draw attention in monkeys (Ghazizadeh, Griggs, and Hikosaka 2016).
These differences are potentially connected to the difference between fear and disgust caused by
these stimuli (Krusemark and Li 2011; Lee and Anderson 2017). Consistent with these
differences, our data showed that different brain systems underlie learning from different types
of punishments, and that dopamine in TS is specifically involved in avoidance of external
threats.
Striatal dopamine has previously been proposed to be involved in avoidance(Oleson et al.
2012) within the framework of the canonical view of dopamine function. A series of studies
showed that the dopamine neurons are excited by the prediction of successful avoidance of
aversive events (namely, "safety") and that this safety signal functions to promote successful
avoidance (Oleson et al. 2012; Wenzel et al. 2015; Wenzel et al. 2018). This theory beautifully
incorporates the function of dopamine in active avoidance into the framework of value-coding:
dopamine neurons signal both reward and safety as positive value. However, this rule does not
apply to dopamine in TS. Contrary to this idea, dopamine axons in TS do not encode outcome
values, and this system operates differently from the canonical dopamine system.
Although they encode different information, dopamine in TS may function, like
canonical dopamine, as a reinforcement signal: primarily affecting future behaviors.
Alternatively, dopamine in TS may regulate ongoing behaviors on a moment-by-moment basis.
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Our results suggest a role in reinforcement. First, in our choice tasks, the timing of optogenetic
activation (when mice enter a reward port) and subsequent choice on the next trial are well
separated: avoidance behavior manifests in subsequent trials without concurrent optogenetic
activation of TS-projecting dopamine neurons. Similarly, in novel object exploration, the effect
of optogenetic activation lingered even after the activation ended. Additionally, the initial
retreats from air puff and novel objects were intact in lesion animals, and only subsequent
responses were affected by lesions. These results suggest that, in our tasks, dopamine in TS
primarily functions as a reinforcement signal, although we cannot formally exclude the
possibility that it also affects ongoing behavior.
Optogenetic activation of dopamine axons in TS caused choice bias against the port
associated with stimulation. In theory, there are at least two ways to explain this effect. One
possibility is that a dopamine increase in TS may suppress preceding behaviors (i.e. ‘inhibitory’,
(Rescorla and Wagner 1972) or 'weakening'), in a manner opposite to canonical dopamine.
Alternatively, a dopamine increase may reinforce an avoidance behavior or a threat prediction by
Pavlovian association (Lloyd and Dayan 2016). Our observations favor the latter hypothesis.
After the ablation of TS-projecting dopamine neurons, mice displayed a similar number of
approaches to novel objects, while retreat from novel objects differed compared to control mice.
This suggests that dopamine plays a role in maintaining a high level of novelty avoidance or
threat prediction, rather than discouraging approach. We therefore propose that dopamine in TS
reinforces a specific type of behavior (the avoidance of threatening stimuli) by updating or
maintaining a high level of threat prediction based on evidence acquired about threating stimuli.
The amygdala has long been studied in relation to fear and fear-based learning (Tovote,
Fadok, and Lüthi 2015). Although they are neighboring regions, TS and amygdala are often
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contrasted in functional experiments (Rogan et al. 2005; Guarraci, Frohardt, and Kapp 1999).
For example, even the ablation of all medium spiny neurons in the striatum hardly affected fear
conditioning by electric shock (Kishioka et al. 2009), which is the most often used paradigm for
amygdala studies (Rosenkranz and Grace 2002; de la Mora et al. 2010). One possibility is that
TS is more specialized for behaviors based on "threat prediction" without experiencing actual
pain (see below), or that TS is especially important when animals consider both reward and
threat. Accumulating studies show that amygdala is important for learning from reward as well
as from threat (Paré and Quirk 2017). Consistent with this broad function, amygdala projects to
both VS and TS (Kita and Kitai 1990; Fudge, Breitbart, and McClain 2004) and receives
dopaminergic projections from a wide range of nuclei in supramammillary areas, VTA, SNC and
SNL (Lerner et al. 2015; Menegas et al. 2015; de la Mora et al. 2010; Loughlin and Fallon 1983;
Moriizumi et al. 1992) – unlike the TS which receives dopamine innervation primarily from the
lateral part of SN. How these structures collaborate during avoidance is an important question to
address in the future.
Although a choice task with a rigid trial-based structure and self-directed investigation of
novel objects are seemingly very different behaviors, we found a potentially unifying
explanation for dopamine function across them. Animals typically show “unstable equilibrium”
(James 1890) of approach-retreat to novelty. Multiple studies have found that dopamine in other
brain areas such as dorso-medial and dorso-lateral striatum is important for exploration triggered
by novelty (Darvas and Palmiter 2009; Schiemann et al. 2012). Our findings together with these
studies suggest that dopamine plays a role on the both sides of this equilibrium. Approach-retreat
behaviors in foraging have been interpreted as “risk assessment” (Choi and Kim 2010). In this
sense, the animals’ novelty exploration can be viewed as a sequential process of learning and
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decision based on value and threat, similar to sequential choice behavior. The distortion of
equilibrium in such a situation potentially causes maladaptive novelty-seeking or excess fear of
the “strange” in development (Schwartz et al. 2003; Ainsworth and Bell 1970), in psychiatric
conditions such as addiction (Belin et al. 2011) and autism (Sasson et al. 2008; Pierce and
Courchesne 2001), and under stress (Corey 1978; Oitzl, Fluttert, and de Kloet 1994). Our data
suggests that dopamine may function in event-by-event behavioral updating not only in valuebased decision-making, but also in a broader range of behaviors than was previously thought.
While our findings indicate that dopamine in TS and canonical dopamine systems serve
different functions, we also proposed that these dopamine systems may function through a
similar mechanism using Pavlovian prediction (Lloyd and Dayan 2016). Thus, a functional
difference between these systems may come from the information that these dopamine signals
convey and behavioral outcomes owing to this difference of information, rather than in their
algorithms. Whereas canonical dopamine in VS provides bidirectional signals along the axis of
value, dopamine in TS provides information along a different dimension – which includes the
intensity and novelty of external stimuli (Figure 3.23). Interestingly, because TS is a sensory
region of the striatum, receiving inputs mainly from sensory cortices and thalamus such as visual
and auditory cortex (Hintiryan et al. 2016; Hunnicutt et al. 2016), threat information carried by
dopamine potentially directly impacts stimulus representation in TS.
Notably, the dynamics of dopamine responses in these systems are quite different. A
previous study found that dopamine responses in VS and TS are initialized in an opposite
manner: responses to a novel stimulus in dopamine axons in VS are initialized at zero, whereas
responses in dopamine axons in TS are initialized at a high level (Menegas et al. 2017), although
it was not clear why their dynamics are opposite. Combined with the present finding that TS-
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projecting dopamine neurons reinforce threat avoidance, the functional significance of these
dynamics begins to make sense. Dopamine-striatum systems seem to have cautious initialization:
high for threat and low for value. A threat prediction system with high initialization may be
critical to learn to avoid unknown threats, which are potentially harmful, without experiencing
actual outcomes such as pain or death. Further, dopamine axons in TS do not show inhibition
("dip") with omission of the outcome (Menegas et al. 2017), possibly indicating that the threat
prediction system does not use active weakening but rather gradually erases the prediction.
The existence of separate systems for different types of reinforcement signals resembles
the anatomically segregated reward and punishment dopamine systems observed in fruit flies
(Burke et al. 2012; Waddell 2013; Claridge-Chang et al. 2009; Aso et al. 2010), although the
nature of the reinforcement signals are not identical. In nonhuman primates, a recent study
reported that dopamine neurons in caudal-lateral SNC that project to caudate tail also did not
respond to water reward but instead responded to salient visual stimuli (Kim, Ghazizadeh, and
Hikosaka 2015), suggesting a degree of similarity of dopamine in mouse TS and primate caudate
tail, although more comparative studies are needed in the future to confirm these similarities.
These multiple reinforcement systems may function in parallel or cooperate, but they may also
compete when animals decide between options that contain both potential value and potential
threat, such as during interactions with novel stimuli. If this is the case, then understanding the
balance or equilibrium between these systems will be crucial for understanding the rich
behavioral dynamics that animals display in natural environments.

206

Materials and Methods

Animals
90 mice between 3 and 6 months old were used for this study. Dopamine transporter
(DAT)-cre (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J, Jackson Laboratory; RRID:IMSR
JAX:006660)(Bäckman et al. 2006) heterozygous mice were used for recording signals from
dopamine axons expressing GCaMP, for stimulation of dopamine axons expressing ChR2 and
for anatomical examination of TS-projecting dopamine neurons. All mice were backcrossed with
C57BL/6J (Jackson Laboratory). C57BL/6J mice were used for ablation of TS-projecting
dopamine neurons using 6-OHDA. Vglut2flox (Slc17a6tm1Lowl/J, Jackson Laboratory
012898)(Tong et al. 2007) homozygous/DAT-cre heterozygous mice and their littermates
(Vglut2flox homozygous mice) were used for novelty exploration behavioral tests. Animals were
housed on a 12 hour dark/12 hour light cycle (dark from 07:00 to 19:00) and performed a task at
the same time each day. All procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the
Harvard Animal Care and Use Committee.
Rabies virus production and AAV constructs
SiR-FLPo(envA)(Ciabatti et al. 2017) was amplified as previously reported(Wickersham
et al. 2007). Briefly, BHK/ToGG was infected by SiR-FLPo. 2 days later, the supernatant was
collected to infect 5 times larger scale of BHK/ToGG. 2 days later, SiR-FLPo was harvested by
filtering the supernatant with Steriflip (Millipore #SCGP00525), and was pseudotyped with
envA by infecting the same large scale of BHK/EnvA-TEVp. Resulting SiR-FLPo(envA) was
filtered and concentrated by ultracentrifugation at 70,000g at 4C. Small aliquots are stored at 207

80C. pAAV-EF1a-FLEX(frt)-GCaMP6f was made by inserting GCaMP6f from pGP-CMVGCaMP6f(Chen et al. 2013) (Addgene #40755), cleaved with BglII and NotI and blunted, into
pAAV-EF1a-fDIO-EYFP (Addgene #55641), cleaved with AscI and NheI and blunted to remove
EYFP.
Surgical procedures
All surgeries were performed under aseptic conditions with animals anesthetized with
isoflurane (1–2% at 0.5–1.0 l/min). Analgesia (ketoprofen, 5 mg/kg, I.P.; buprenorphine, 0.1
mg/kg, I.P.) was administered postoperatively. We used the following coordinates to target our
injections and implants.
-

(VTA) Bregma: -3.0mm, Lateral: 0.6mm, Depth: between 4.5mm and 4.0mm

-

(SNC) Bregma: -3.3mm, Lateral: 1.6mm, Depth: between 4.0mm and - 3.5mm

-

(SNL) Bregma: -3.4mm, Lateral: 2.0mm, Depth: 3.5mm

-

(VS) Bregma: 1.0mm, Lateral: 1.25mm, Depth: 3.85mm

-

(TS) Bregma: -1.0mm, Lateral: 3.25mm, Depth: 2.5mm

GCaMP surgical procedure
To prepare animals for GCaMP recording in the striatum, we performed a single surgery
with three key components: (1) AAV-FLEX-GCaMP6m virus infection into the midbrain, (2)
head-plate installation, and (3) one or more optic fiber implants into the striatum. To express
GCaMP6m(Chen et al. 2013) specifically in dopamine neurons, we unilaterally injected 250 nl
of AAV5-CAG-FLEX-GCaMP6m (1 × 1012 particles/ml, Penn Vector Core) into both the VTA
and SNC (500 nl total). AAV1-CAG-FLEX-GFP (4.5 × 1012 particles/ml, UNC Vector Core)
was injected as a control. Virus injection lasted several minutes, and then the injection pipette
was slowly removed over the course of several minutes to prevent damage to the tissue.
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So that mice could be head-fixed during recording(Cohen et al. 2012)(Cohen et al. 2012),
we installed a head-plate onto each mouse with C and B Metabond adhesive cement (Parkell.
Edgewood, NY). We used circular head-plates(Menegas et al. 2017) to ensure that the skull
above the striatum would be accessible for fiber implants. Finally, during the same surgery, we
also implanted optic fibers (200 µm diameter, Doric Lenses, Canada) into the VS and/or TS (1 or
2 fibers per mouse). To do this, we first slowly lowered optical fibers into the striatum. Once
fibers were lowered, we first attached them to the skull with UV-curing epoxy (NOA81,
Thorlabs, NJ), and then a layer of black dental adhesive (Ortho-Jet, Lang Dental, IL). After
waiting fifteen minutes for this to dry, we applied a very small amount of rapid-curing epoxy
(A00254, Devcon) to attach the fiber cannulas even more firmly to the underlying glue and headplate. We used magnetic fiber cannulas (Doric, MFC_200/245) and the corresponding patch
cords to allow for recordings in freely moving animals. After waiting fifteen minutes for the
epoxy to dry, the surgery was complete.
To record from dopamine neurons in lateral SN regardless of projection site, we injected
GCaMP6m into the midbrain (as above), but also implanted the optic fiber into the midbrain. To
record from dopamine neurons in lateral SN that project to TS, we performed two surgeries. In
the first surgery, we injected 250 nl of AAV-FLEX-TVA (1 × 1012 particles/ml, UNC vector
core) and 250 nl of AAV-FLEX(frt)-GCaMP6f (1.0x1013 particles/ml, UNC Vector Core) into
the midbrain. After waiting 2 weeks to allow for AAV expression, we then performed a second
surgery and injected 500 nl of SiR-FLPo(envA) (1.1x109 plaque-forming units [pfu]/ml) into TS
and implanted an optic fiber into lateral SN.
ChR2 surgical procedure
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To prepare animals for unilateral ChR2 stimulation, we performed a single surgery with
two key components: (1) AAV-DIO-ChR2-YFP virus infection into the midbrain, and (2) one or
two optic fiber implants into the striatum. To express ChR2 specifically in dopamine neurons, we
unilaterally injected 250 nl of AAV5-EF1 -DIO-ChR2-YFP(Tsai et al. 2009)(Tsai et al. 2009)
(1 × 1012 particles/ml, UNC Vector Core) into both the VTA and SNC (500 nl total). AAV1CAG-FLEX-GFP (4.5 × 1012 particles/ml, UNC Vector Core) was injected as a control. Virus
injection lasted several minutes, and then the injection pipette was then slowly removed over the
course of several minutes to prevent damage to the tissue.
We then performed optic fiber implants into VS and TS. To do this, we first slowly
lowered optical fibers (200 µm diameter, Doric Lenses) into the striatum. Once fibers were
lowered, we first attached them to the skull with UV-curing epoxy (Thorlabs, NOA81), and then
a thick layer of black Ortho-Jet dental adhesive (Lang Dental). After waiting fifteen minutes for
this to dry, we applied a very small amount of rapid-curing epoxy (Devcon, A00254) to attach
the fiber cannulas even more firmly to the underlying adhesive. After waiting fifteen minutes for
the epoxy to dry, the surgery was complete.
Rabies surgical procedure for anatomical examination
To label TS-projecting dopamine neurons and their axons, we first injected 250 nl of
AAV-FLEX-TVA(Menegas et al. 2015) (1 × 1012 particles/ml, UNC vector core) into the VTA
and SNC of animals expressing Cre in dopamine neurons (DAT-cre animals). This would allow
EnvA-pseudotyped rabies virus to infect these cells. After waiting 3 weeks for AAV viral
expression, we injected 500 nl of SADdG-GFP(envA)(Wickersham et al. 2007) (5 × 107 pfu/ml,
Salk Institute vector core) into TS. This virus retrogradely infected dopamine neurons projecting
to TS, brightly labelling their cell bodies and axons throughout the brain due to high viral copy
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number. After waiting 1 week for rabies viral expression, animals were euthanized and brains
were sectioned for analysis. Notably, this method is extremely sensitive compared to AAV-based
approaches due to the high copy number of rabies virus.
6-OHDA surgical procedure
To ablate dopamine neurons projecting to TS bilaterally, we largely followed an existing
protocol(Thiele, Warre, and Nash 2012). We first prepared a solution of:
-

28.5 mg desipramine (Sigma-Aldrich, D3900-1G)

-

6.2 mg pargyline Pargyline (Sigma-Aldrich, P8013-500MG)

-

10 mL water

-

NaOH to pH 7.4

This solution was injected (I.P.) to animals at 10 mg/kg. Typical animals of ~25g
received ~250 uL of this cocktail. This cocktail prevents dopamine uptake in noradrenaline
neurons and increases the selectivity of uptake by dopamine neurons(Thiele, Warre, and Nash
2012; Gittis et al. 2011; Schallert et al. 2000). After this injection, mice were anesthetized using
isofluorane as described above for injections into the brain. We prepared a solution of:
-

10 mg/mL 6-hydroxydopamine (6-OHDA) (Sigma-Aldrich, H116-5MG)

-

1mL 0.2% ascorbic acid in saline (0.9% NaCl) (Sigma-Aldrich, PHR1008-2G)

Importantly, the saline solution included a small amount of ascorbic acid to prevent 6OHDA from breaking down. To further protect 6-OHDA from breaking down, this solution was
kept on ice, wrapped in aluminum foil, and used within 3 hours of mixing. If the solution turned
brown, it was discarded, as this indicates that the 6-OHDA had broken down. 6-OHDA or saline
injections were performed bilaterally into the posterior tail of the striatum (TS) on each side of
the brain. We injected 250 nl of 6-OHDA or saline into each TS. These injections lasted several
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minutes, and then the injection pipette was slowly removed over the course of several minutes to
prevent damage to the tissue.
Cannula implant surgical procedure
To inhibit D1 dopamine receptors in TS, we largely followed an existing protocol(Athos
and Storm 2001). Importantly, we made cannulas (8 mm in length) using 23 gauge wire for the
cannula and 27 ½ gauge needles to plug the cannulas between experiments. The top of the
needles was plugged using epoxy to prevent contamination. We slowly lowered the cannulas into
the striatum, one side at a time. Once cannulas were lowered, we first attached them to the skull
with UV-curing epoxy (Thorlabs, NOA81), and then a thick layer of black Ortho-Jet dental
adhesive (Lang Dental). After waiting fifteen minutes for this to dry, we applied a very small
amount of rapid-curing epoxy (Devcon, A00254) to attach the cannulas even more firmly to the
underlying adhesive. After waiting fifteen minutes for the epoxy to dry, the surgery was
complete.
Behavioral paradigms
Head-fixed classical conditioning behavioral paradigm
After surgery, mice were given three weeks to recover and become habituated to the
installed head-plate and implanted optic fibers. Additionally, this allowed time for viral
expression. After this recovery period, mice were handled for 2–3 days and water deprived.
Then, mice were habituated to being head-fixed for three days. During these days, mice were
head-fixed for 5-10 minutes and given unexpected water at random intervals (drawn, between 1
and 20 s, with a mean of 10 s and a normal distribution). This allowed mice to become
habituated to being head-fixed. After this, mice were trained to perform a task with four trial
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types: 1) Odor A → reward (90%), 2) Odor A → reward omission (10%), 3) Odor B → no
outcome, and 4) Free water (Figure 3.5). Mice were trained in this task for 10 days before
recording neuronal responses to unexpected stimuli of different modalities and intensities. To
observe GCaMP signals elicited by unexpected stimuli of different modalities and intensities, we
interspersed these outcomes within the context of classical conditioning.
On each day, either unexpected water (of varying sizes), unexpected tone (of varying
sizes), unexpected air puff (of varying sizes), or unexpected quinine (0.001 M) were interspersed
with the other trial types. To ensure that the order of stimulus presentation did not impact the
data, different mice received the stimuli in a different order. To minimize the animals’ ability to
use auditory or visual information, such as the click of the valve that releases water or air puff
(~45 dB measured from position of the animal, with valve outside of the behavioral setup and
muffled), the training was done in darkness with a constant background noise of ~ 50 dB.
We used a range of 5 kHz tones including 50dB, 65dB, 75dB, 90dB, and 100dB. For
water size manipulation, we used 1uL, 3uL, 5uL, 10uL, and 20uL. For air puff size manipulation,
we used 0.2 atm, 0.4 atm, 0.6 atm, 0.8 atm, and 1.0 atm. For quinine, we used a concentration of
0.001 M. On trials with expected water, the water deliver size was 10 µL.
Each session consisted of approximately 250 trials and took approximately 45 minutes.
During these sessions, GCaMP signal was continuously sampled and the excitation laser was
constantly on at approximately 0.05 mW measured at the tip of the patch cord, outside of the
animal. Because unexpected outcomes came at a low frequency, only ~10% of all trials included
the stimuli of interest. Each animal received each set of stimuli twice, and their responses from
both days were averaged to determine that animal’s response to each stimulus.
Freely moving choice paradigm with stimulation
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The behavioral apparatus (approximately 350 mm by 225 mm, a similar size as the
animals’ home cages) is modified from those used in our previous experiments(Uchida and
Mainen 2003; Wang, Miura, and Uchida 2013). Mice were first trained to drink a water reward
at either side port. The next day, mice were trained to enter a central port to release water at both
side ports and then trained to enter a central port and choose a side port to release water at that
port. The third day, odors were introduced to instruct the mouse to choose either the left or right
port (forced choice). After 5-10 days of training, mice performed this task with >90% accuracy.
After this training period, another odor was introduced to instruct mice to choose freely
between the two reward ports (free choice). Each test session consists of 30 trials of forced
choice followed by 100 free choice trials. We manipulated the value of one port per session (left
or right, randomly) by adding a stimulus (X) to the typical water reward. These stimuli were
physical (i.e. extra 5uL water, ~3 atm air puff, 0.001 M quinine) or optogenetic (i.e. VS
stimulation or TS stimulation). Outcomes are applied immediately after mouse’s entry to water
ports. Because mice tended to have a bias toward left or right turns, we randomly assigned each
stimulus to each direction so that mice would encounter each stimulus as a “left choice” or a
“right choice” at least twice over the course of the experiment. Minimum inter trial interval (ITI)
was set to 5 seconds after delivery of outcome so that mice could not start the next trial within
this period. We defined choice (%) as the percentage of the number of times the mouse chose the
port in the total number of choice. Therefore, if the mouse initiated a trial by entering the middle
port, but made no selection, such a trial would not impact their choice bias. We averaged each
animal’s choice across sessions to find the “average choice” caused by the stimulus, regardless
of direction.
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For optogenetic stimulation, we delivered 10 pulses of 10 ms in duration, with 40 ms
between pulses (i.e. 20 Hz stimulation for 500 ms). Stimulation was performed with a 473 nm
laser at 20 mW (measured at the laser) and was controlled by a physical shutter rather than
power modulation to increase precision. The optic fibers used were 200 µm thick (Doric) and
transmitted light with >75% efficiency when tested prior to implant. Based on the width,
numerical aperture of the fiber, and laser power, we estimate that, the light power is 80 mW/mm2
at the tip of fiber. At lower depths, we estimate that 16 mW/mm2 reaches a brain area 0.2 mm
below the tip, that 4 mW/mm2 of light reaches a brain area 0.5 mm below the tip, and that 0.75
mW/mm2 reach a brain area 1 mm below the tip of fiber(Yizhar et al. 2011). Because 8-12
mW/mm2 of light is estimated to be necessary for activation with ChR2(Boyden et al. 2005), our
light covered a wide area of TS but was unlikely to affect other brain areas containing dopamine
axons.
Freely moving choice paradigm with drug administration
To infuse D1 dopamine receptor antagonist (R(+)-SCH-23390 hydrochloride, Sigma,
D054, 5 mg/mL)(Nakamura and Hikosaka 2006) or saline, we first head-fixed mice and then
used a syringe pump (World Precision Instruments, Syringe Pump SP200I) to inject 200 nL into
each side of the brain at 0.35 µL/minute. Following each injection, needles were left in the brain
for 2 minutes to allow for diffusion away from the tip. After both injections, mice were released
from head-fix and placed in the box to perform the choice task. Each day, each mouse was given
either saline or drug at random, and then drug days were compared to saline days using a paired
t-test to compare each animals’ choice behavior and retreat responses between saline and drug
conditions. We analyzed the first 60 trials performed by the mice in each session to prevent offtarget effects of the drug.
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Freely moving choice paradigm with 6-OHDA lesion or GCaMP recording
For recording experiments and 6-OHDA lesion experiments, the same initial training
method was used as in the stimulation experiments. After initial training, they were trained by
only one odor signaling trial initiation. Surgery was performed after the training. The
experimenter was blind to the identities (control or lesion) of mice. For the tests, all mice
received sessions including air puff first, to reduce history-dependent differences in behavior.
Then, they were given control, water omission, control, quinine, and control sessions in that
order. This experimental design optimized our ability to measure air puff choice biases and
retreat responses at the cost of potentially influencing later sessions based on history.
In this task, water reward was delivered 500 ms after the mouse’s entry to a water port
(so with a ‘water delay’ of 0.5 s). Air puff was applied immediately after port entry during the
water delay so that air puff does not directly prevent or delay the mouse from drinking water. In
the case of water reduction, we changed the size of water reward at one port from 10 uL to 5 uL.
To observe time-course of the behaviors within a session, forced choice trials were eliminated in
this task. Instead, negative outcomes were applied to animal’s preferred port to ensure that they
experienced them early in the session. We defined normalized choice (%) as the percentage of
the number of times the mouse chose the port in the total number of choice minus general choice
bias (the percentage of the number of times the mouse chose the same port on the control day
without outcome manipulation minus 50). We measured “retreat distances” using the total
distance traveled (based on the center of mass of the mouse, extracted from video) in the 1
second period following puff.
Novel object interaction
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Mice were first habituated to a box of roughly the same dimensions as their home cage
with white floor, white walls, and no objects. This habituation was done for 30 minutes a day for
5-10 days. Mice with fiber implants were connected to the recording cable during these sessions
so that they would become habituated to freely moving while recordings took place. The
recording cable was hung from the ceiling such that it would be able to reach all corners of the
cage with minimum weight on the animal.
After these habituation sessions, a novel object (a Lego) was placed in the center of the
box and we measured the animals’ interactions with the object in one 10-minute session every
day for one week. We compared GCaMP responses on the first day to the last day to compare
responses during interactions with a “novel” object or a “familiar” object. We compared these
signals to signals observed when the mouse was freely moving in the same box with no object in
the center, and happened to move from the center to the periphery.
Familiar object interaction with stimulation
After habituation to a novel object (30 minutes a day for 5-10 days), we termed it a
“familiar” object. We placed mice into a behavioral arena with a familiar object and recorded
behavior for 15 minutes as a baseline. Then, during the next 15 minute block, we performed
closed-loop stimulation of dopamine axons in TS anytime mice were within a 50 mm radius of
the object. As in the choice task, light was delivered in 10 pulses of 10 ms in duration, with 40
ms between pulses (i.e. 20 Hz stimulation for 500 ms). Stimulation was performed with a 473
nm laser at 20 mW. This stimulation was repeated until mice left the imaginary radius around the
object. After this 15 minute block, we stopped stimulating when mice interacted with the object,
in order to observe whether any changes in behavior persisted.
GCaMP detection and analysis
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Fiber photometry allows for recording of the activity of genetically defined neural
populations in mice by expressing a genetically encoded calcium indicator and chronically
implanting an optic fiber. The optic fiber (200 µm diameter, Doric Lenses) allows chronic,
stable, minimally disruptive access to deep brain regions and interfaces with a flexible patch cord
(Doric Lenses) on the skull surface to simultaneously deliver excitation light (473 nm, Laserglow
Technologies) and collect GCaMP or GFP fluorescence emission. Activity-dependent
fluorescence emitted by cells in the vicinity of the implanted fiber’s tip was spectrally separated
from the excitation light using a dichroic, passed through a single band filter, and focused onto a
photodetector connected to a current preamplifier (SR570, Stanford Research Systems).
During recording, optic fibers were connected to patch cables which delivered excitation
light (473 nm) and collected all emitted light. The emitted light was subsequently filtered using a
556nm beam-splitter followed by a 500 ± 20nm bandpass filter and collected by a photodetector
(FDS10x10 silicone photodiode, Thorlabs) connected to a current preamplifier (SR570, Stanford
Research Systems). This preamplifier output a voltage signal which was collected by a NIDAQ
board (National Instruments). The NIDAQ board was connected to the same computer that was
used to control odor, water, tone, and air puff delivery with Labview (National Instruments), so
GCaMP signals could be readily aligned to task events such as reward delivery or tone delivery.
GCaMP signals or GFP control signals were collected as voltage measurements from
current preamplifiers. The 'dF/F' measurement was calculated using a running median of 100
seconds, such that the voltage measurement at any point in time (‘Fa’) was subtracted from the
running median voltage (‘Fb’) and then divided by the running median voltage to find dF/F = (Fa
– Fb) / (Fb). To quantify responses, we looked for “peak responses” (negative or positive) by
finding the point with the maximum absolute value during the one second window following the
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stimulus onset in each trial. To compare the response and baseline, baseline peak was obtained
during 3 - 4 second before the stimulus onset.
We used this measurement because it normalized signals (i.e. in the case of low signal to
noise ratio, the denominator would be larger), allowing for comparison across animals with
different baseline fluorescence. Additionally, this normalization corrected for the small amount
of bleaching we observed over the course of the trial in the raw fluorescence (Figure 3.3). The
average responses to a stimulus type were averaged within each animal, and these averages were
used as the data in each figure. GCaMP signals or GFP control signals were collected through
Labview during the training for offline analysis.
Video detection and analysis
We used infra-red (IR) light to illuminate the arena, and recorded video using a camera
(BFLY-U3-03S2M, Point Grey Research Backfly) at 60 frames per second (fps) with H.264
video compression. The video was captured using the FlyCap2 software which accompanies the
camera, and videos were processed in MATLAB (Mathworks, Natick, MA, USA). Briefly, the
videos were thresholded such that the outline of the mouse could be identified, and then the
center of mass, nose position, and minimum distance from the novel object were extracted for
further analysis. To quantify movement velocity, we took the derivative of the position of the
center of mass. Therefore, this measurement was sensitive only to large movements such as
running and not sensitive to small movements such as grooming.
In the choice task, we extracted retreats from the reward port by finding the distance
traveled (using the center of mass) in the 1 second period following air puff. During novel object
interaction, we defined “bouts” of investigation by measuring when the mouse entered a 50 mm
radius of the object. The beginning of the “approach” was defined by when the animal began
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moving toward the object (first increase of velocity relative to the object directly preceding
crossing into 50 mm radius), regardless of the animal’s distance from the object at that time. The
beginning of “retreat” was defined by when the animal began moving away from the object (first
point of negative velocity relative to object after crossing into the 50 mm radius), also regardless
of the animal’s distance from the object at that time. The “bout size” (duration of the bout) was
determined by how long the animal remained within 50 mm of the object.
We compared the number of such bouts that animals made within the first 10-minute
session of novel object investigation (Figure 3.17). To determine the fraction of time spent near
the object, we simply measured how much of the 10-minute session each animal spent within 50
mm of the object. For this and other measurements, we required only that the mouse’s nose cross
within 50 mm of the object, and not the center of mass. Because mice investigate by extending
their nose toward a stimulus, their center of mass was often much further from the object than
their nose.
Histology and fluorescence analysis
Animals were perfused using 4% paraformaldehyde and then brains were sliced into 100
µm thick coronal sections using a vibratome and stored in PBS. These slices were then stained
with rabbit anti-tyrosine hydroxylase (TH) antibody (AB152, EMD Millipore) at 4 ºC for 2 days
to reveal dopamine axons in the striatum, dopamine cell bodies in the midbrain, and other
neurons expressing TH throughout the brain (such as noradrenaline neurons in the LC). Slices
were then stained with fluorescent secondary antibodies and fluorescent Nissl at 4 ºC for 1 day.
Slices were then mounted in anti-fade solution (VECTASHIELD anti-fade mounting medium,
Vector Laboratories, H-1000) and imaged using a Zeiss LSM 700 inverted confocal microscope.
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The same laser settings and gain were used for all samples so that fluorescent signals could be
compared across animals. Brightness was adjusted in ImageJ for figures.
To quantitatively compare across brains, we used two methods. 1) For cell body
comparison, we manually counted the number of labelled cell bodies in the VTA, SNC, or SNL
in each optical section. The boundaries were drawn manually for each section. 2) For axon
density comparison, we first defined areas for analysis using anatomical landmarks visible by
autofluorescence or fluorescent Nissl. Then, we measured the average fluorescence intensity of
rabies-GFP or anti-TH antibody in each region. We divided this by the average fluorescence
intensity from an unlabeled brain (in the case of rabies-GFP) or from an unstained slice of the
same brain (in the case of anti-TH antibody staining).
Statistical analyses
Further data analysis was performed using custom software written in MATLAB
(Mathworks, Natick, MA, USA). Any code used for analysis is available on request. All
statistical tests were two-sided. For statistical comparisons of the mean, we used 1-way analysis
of variance (ANOVA) and the two-sample student’s t-test, unless otherwise noted. Paired t tests
were conducted only when the same mouse’s performance was being compared across multiple
drug conditions (Figure 3.16) or different sessions (Figure 3.17, novel object versus familiar
object). The significance level was corrected for multiple comparisons using a Holm-Sidak
method unless otherwise indicated. All error bars in the figures are the standard error of the mean
(s.e.m.).
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Conclusion
Reinforcement learning based on reward or punishment
Thorndike’s “law of effect” treated reward and punishment as opposite, symmetrical,
forces that either potentiate or extinguish behavior (Thorndike, 1927). However, studies of
animal behavior have repeatedly demonstrated that learning from reward differs from learning
from punishment (Keehn, 1970; Purgert, Wheeler, McDannald, & Holland, 2012; Villiers, 1980).
This is intuitively sensible, as the omission of an expected reward does not elicit the same feeling
as a punishment. For example, reward-based reinforcement learning of lever pressing occurs
when cats (like Thorndike’s) obtained food, and punishment-based reinforcement learning of
tone avoidance occurs when a tone is paired with electrical shock. Although both incur a type of
reinforcement learning, the mechanisms underlying each type of reinforcement likely differ.
Animals must learn from both reward and punishment, so that they can learn to approach
stimuli leading to reward and avoid stimuli leading to punishment. However, these two types of
learning are not necessarily symmetrical. In fact, there are intuitive reasons that they should not
be symmetrical. In the context of reward learning, incorrect behavior often leads only to the
absence of reward, so there is not a high cost associated with trial-and-error based strategies that
yield many incorrect responses. On the other hand, learning from punishment might be less
forgiving. Animals often cannot endure many attacks from predators, so learning systems related
to avoidance are likely to have a few key characteristics that differ from those of reward-learning
systems. 1) These systems should have a high initial estimate of threat, employing a “better-safethan-sorry” strategy to avoid potentially dangerous stimuli. 2) These systems should emphasize
CS-effectiveness rather than US-effectiveness, because waiting for the outcome before initiating
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learning could be dangerous or fatal. 3) These systems should maintain stable representations of
dangerous stimuli that do not quickly decay so that a stimulus predicting danger is not easily
forgotten. In this section, I will argue that my data, as well as data from many other studies,
demonstrates that the VS dopamine system fits these predictions for reward-learning and that the
TS dopamine system fits these predictions for threat-learning.
A high initialization value for threat learning
Dopamine neuron responses to novel stimuli were first observed in cats that were
presented with unfamiliar tones (Horvitz, 2000; Horvitz et al., 1997). This study showed that
dopamine neurons could respond to a stimulus with an unknown value, and this was interpreted
as a “novelty bonus” intended to encourage animals to explore novel stimuli because there was
some probability that they would be valuable to the animal or because novelty was rewarding in
itself (Kakade & Dayan, 2002). These responses have also been interpreted as a type of
“generalization”. Because novel outcomes are often interspersed with rewards in a trial structure
during recordings, animals could generalize that the initiation of any trial indicates a certain
probability of reward before determining what type of trial had been initiated (S. Kobayashi &
Schultz, 2014; Wolfram Schultz, 2013; W. Schultz, 2016). In GCaMP recording experiments, I
found no response to novel stimuli coinciding with value signals in VS dopamine, but large
responses to novel stimuli coinciding with salience signals in TS dopamine. My interpretation of
this result is that canonical dopamine neurons do not encode a “novelty bonus” when animals are
presented with truly novel stimuli. Instead, it appears that the TS dopamine threat signal
initializes with a high threat estimate.
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When presented with novel stimuli, a variety of behavioral responses are often observed
in freely moving animals. Generally speaking, novel stimuli can produce curiosity, avoidance, or
a mixture of the two (Berlyne, 1966; Blanchard, Kelley, & Blanchard, 1974; Myers & Miller,
1954; Nissen, 1930). These effects can be very strong, as novelty exploration can even compete
with cocaine as a motivational drive for behavioral training (Reichel & Bevins, 2008), and
animals may even endure mild punishment to explore novel options (Nissen, 1930). On the other
hand, equally many studies find that animals withdraw or retreat from novel stimuli if given the
opportunity (Blanchard et al., 1974). The balance between approach and avoidance of novel
objects appears to be modulated by several factors, such as the state of the animal. For example,
following an electrical shock, animals are less likely to explore novel options (Corey, 1978).
Based on these behavioral observations, it has become clear that attention to novel stimuli can be
based on a mixture of curiosity and fear.
As William James famously stated, “since any entirely unknown object may be fraught
with weal of woe, Nature implants contrary impulses to act on many classes of things […] thus,
greediness and suspicion, curiosity and timidness, coyness and desire, bashfulness and vanity,
sociability and pugnacity, seem to shoot over into each other as quickly, and to remain in as
unstable equilibrium”. How then, do dopamine responses to novel stimuli weigh on these scales?
Based on my observation that TS dopamine responds to novel stimuli, and that lesion of TS
dopamine reduces novelty-based avoidance, I propose that these signals encode “woe” and that
another system must drive curiosity related to novel stimuli.
CS-effectiveness for threat learning
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Animals cannot afford to make many mistakes (i.e. allow themselves to be injured) when
learning from threat, so threat-based learning systems should intuitively initialize at a high threat
level. This is largely opposite to the models proposed for reward-based learning where valuable
outcomes drive retrospective learning on a trial-by-trial basis (Rescorla, 1972) or in continuous
time (R.S. Sutton & Barto, 1998). In these models, valuable outcomes cause the systems to
assign value to preceding cues, or preceding moments in time, until the earliest indicator of value
is learned. Imagine such a system applied to learning from threat. The animal would need to be
attacked by a predator, and then retrospectively apply “threat” to the cues that had immediately
preceded the attack – all while running for safety. Even if these models were applied using a fast
learning rate parameter, the animal would still need to experience at least one attack in order to
learn to avoid future attacks.
On the other hand, models of learning based on CS-effectiveness may be more suitable to
learning from threats. These models emphasize the importance of attending to stimuli in order to
learn what follows them, and include special provisions for paying increased attention to novel
stimuli. In a Pearce-Hall model, for example, a system would attend to events with unknown
outcomes (Pearce & Hall, 1980). In the case of a novel stimulus, the outcome is maximally
unknown, so there should be a large amount of attention paid. The Mackintosh model, on the
other hand, suggests that attention should be paid to stimuli that reliably predict important events
(N. J. Mackintosh, 1965). In this case, attention would be paid to a novel stimulus and that
attention would fade if the stimulus did not predict an important event. Though the models make
roughly opposite predictions regarding how attention is paid to stimuli at steady state, these
models both emphasize the importance of paying attention to novel stimuli. Now imagine this
type of system applied to threat-learning. An animal would be on high alert upon the observation
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of a novel stimulus, and possibly be able to avoid attack even on the first trial. Thus, applying
CS-based learning strategies to threat-learning could constitute a “better-safe-than-sorry” policy
that allows for learning without necessarily experiencing attacks.
My data suggests that the TS dopamine system for threat learning is roughly consistent
with the Mackintosh model of attention. Specifically, we saw responses to novel stimuli that
persisted if the novel stimulus predicted an air puff and decayed if the novel stimulus predicted
no outcome. Thus, the signal was proportional to whether the stimulus was a good predictor of
an important event. In this case, important events along the coding axis in question are
punishments such as air puff.
While this section has focused on systems for learning whether novel stimuli predict
punishment or threat, there are also many innate responses to evolutionarily relevant stimuli. For
a mouse, these could be stimuli such as the smell of a cat or the sight of a mouse overhead.
Amazingly, signs of innate, evolved, neural circuits for responding to threatening stimuli are
evident even as early as the level of the retinal ganglion cell – the neural cell type projecting
from the retina to the brain. In mice, there is a particular type of retinal ganglion cell that
responds specifically to overhead stimuli moving across a stationary background (Zhang, Kim,
Sanes, & Meister, 2012). These neurons could serve as a dedicated channel for conveying
overhead threat information to the rest of the brain. However, not all stimuli can be learned
through evolution, some contingencies must be learned more quickly – such as within the
lifetime of an animal. For example, imagine a mouse living in a house with a cat. The mouse
may need to learn that the sound of the cat-door opening means that the cat is entering the room
in order to quickly escape. Because mice did not evolve alongside cat-doors, responses to them
must be learned.
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Robustness of learned threats
A threat-learning system may need to be more robust than a reward-learning system
because the penalty for forgetting or unlearning the association between a stimulus and a
punishment could be dire. To this end, the system may need to retain a stimulus response even if
the punishment is not presented on every trial, rather than quickly updating its predictions. For
example, if an animal learns the smell of a predator, but is not attacked by the predator, it should
still be weary of that smell on subsequent trials. I believe that there is strong evidence of this in
the TS dopamine system both in my work and in already-published data.
In my experiments, I have shown that there is not an omission term in the TS dopamine
threat signal. Whereas the VS dopamine signal dips markedly upon reward omission, I did not
see any dip in TS dopamine activity when an expected threat was omitted. This indicates that the
threat prediction may be robust to temporary changes in stimulus-outcome contingencies.
Similarly, recordings from dopamine neurons projecting to the posterior striatum in the
macaques have shown that their responses to stimuli are sustained even after extinction of
stimulus-outcome contingencies, leading Hikosaka to coin these neurons “sustain” dopamine
neurons whereas the canonical population are “update” dopamine neurons based on the fact that
they rapidly update their stimulus-responses when the stimulus-outcome contingency is removed
(H. F. Kim et al., 2015).
The meaning of dopamine
Early studies of dopamine were largely based on two sets of seemingly unrelated
observations: that dopamine production was reduced in Parkinson’s patients and that
extracellular dopamine concentrations were increased by many addictive drugs.
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The earliest studies of dopamine in the brain were done by staining fixed tissue from
deceased animals or humans. These studies quickly and decisively demonstrated that dopamine
was reduced in the brains of deceased Parkinson’s disease patients (Carlsson, 1972; Hockman et
al., 1971; Hornykiewicz, 1963) and that the application of L-DOPA (a precursor to dopamine
which can cross the blood-brain barrier) was an effective treatment for Parkinson’s patients
(Anden et al., 1970; Davidson et al., 1971; Lloyd & Hornykiewicz, 1970). This observation led
to the hypothesis that dopamine was important for movement.
The second observation was that dopamine was increased following the application of
numerous addictive drugs such as cocaine (Church et al., 1987; Hurd & Ungerstedt, 1989; Hurd
et al., 1989), opiates (Devine et al., 1993; Dichiara & Imperato, 1988b), nicotine (Bauco & Wise,
1994), amphetaimes (Carboni et al., 1989) , and others (Dichiara & Imperato, 1988a). Drugbased approached pointed clearly to the ventral striatum as the site of activity (Annett &
Robbins, 1987; Dichiara & Imperato, 1988b; Dworkin et al., 1988; Taylor & Robbins, 1986). In
these studies, temporary or permanent dopamine blockade specifically in the ventral striatum led
to reduced effectiveness of addictive drugs in reinforcing behavior. These studies led to the
hypothesis that dopamine was related to reward and behavioral reinforcement.
When reward prediction error signals were first observed in dopamine neurons, there was
a dramatic shift in the way dopamine was perceived by the field. The idea that the phasic firing
of dopamine neurons encoded a value prediction signal that reinforced behavior became
prevalent (Apicella, Ljungberg, Scarnati, & Schultz, 1991; Hollerman & Schultz, 1998;
Mirenowicz & Schultz, 1996; W. Schultz, 2002; W. Schultz, Apicella, Ljungberg, Romo, &
Scarnati, 1993; W. Schultz et al., 1997; Waelti et al., 2001). The fact that these studies showed a
reward-related response but not a movement-related response in the phasic activity of dopamine
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neurons led to the theory that their phasic activity encoded a reward prediction error used for
reinforcement and that their tonic activity supported proper movement (W. Schultz, 2001).
This theory, though beautiful in its simplicity, did not seem to explain the basic
observation that midbrain dopamine neurons project to both the ventral striatum as well as the
dorsal striatum, but that the active site for addictive drugs was limited to the ventral striatum.
Self-stimulation experiments give another insight into this system. In the first self-stimulation
experiment, Olds and Milner mapped out regions of the brain whose stimulation was
behaviorally reinforcing to rats (Olds & Milner, 1954). These regions overlapped with dopamine
axon tracts travelling to the ventral striatum, and included the ventral striatum itself, but did not
include the dorsal striatum. This basic result has been repeated in numerous mapping of selfstimulation sites (Berridge, 2000; Berridge & Kringelbach, 2015; Berridge & Robinson, 1998;
Pecina et al., 2006). On the other hand, the optogenetic stimulation of either VTA dopamine
neurons (which primarily project to VS) or SNc dopamine neurons (which primarily project to
DS) has been shown to be behaviorally reinforcing (Rossi, Sukharnikova, Hayrapetyan, Yang, &
Yin, 2013; Stuber, Britt, & Bonci, 2012). This argues that dopamine could be positively
reinforcing in either region, though the relationship between normal circuit dynamics and this
type of unnatural stimulation remains unclear.
To understand the function of dopamine in different regions of the brain, many studies
have measured dopamine release in these regions. Dopamine release in the nucleus accumbens,
observed by fast-scan cyclic voltammetry (FSCV) mirrors the reward prediction error activity
observed at dopamine cell bodies (H. M. Bayer & Glimcher, 2005). This has been more recently
repeated in several labs using fiber photometry (Howe & Dombeck, 2016; Menegas et al., 2017;
Parker et al., 2016). On the contrary, FSCV (Roitman, Stuber, Phillips, Wightman, & Carelli,
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2004) and microdialysis (Hamid et al., 2016) studies have repeatedly failed to observe similar
reward responses in various regions of the dorsal striatum. Recent studies using fiber photometry
have instead observed a variety of non-reward-related dopamine signals in the dorsal striatum
such as locomotion onset signals (Howe & Dombeck, 2016), choice-direction signals (Parker et
al., 2016), and responses to shock (Lerner et al., 2015). These observations raise the possibility
that the separation between reward/locomotion is not a separation between phasic/tonic but
rather that there are many parallel circuits with different function that are all somehow regulated
by phasic dopamine activity.
One intriguing possibility is that dopamine plays a similar role in each circuit, but that
each circuit supports a different function. This is well-supported by the anatomy of the circuit as
well. The cortical inputs to different regions of the striatum have been thoroughly mapped
(Hintiryan et al., 2016; Hunnicutt et al., 2016), demonstrating that the nucleus accumbens
receives much more “cognitive” information from the cortex, anterior dorsal striatum receives
more motor and sensorimotor information from the cortex, and that posterior dorsal striatum (i.e.
“TS”) receives more primary sensory information from the cortex. This organization almost
requires that dopaminergic modulation of cortical-striatal synapses in each region would have a
different effect. The only question remaining, then, is whether the dopamine signal itself is
similar in each region or not. Recent advances in the field suggest that it is not.
My experiments suggest that the dopamine axon activity varies dramatically between
regions, and that understanding the commonalities between the enormously different VSprojecting and TS-projecting dopamine systems should allow us to understand what principles
are really common to midbrain dopamine neurons and which are region-specific.
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One difference appears to be that dopamine signals can use different coding logic in each
region. Whereas I saw a low-value initialization in VS dopamine axons, I saw a high-threat
initialization in TS dopamine axons. Beyond the initial state of the system, each system also
appears to signal different types of information. In VS dopamine, I observed the canonical
reward prediction error signal with 1) reduced signals for expected reward, 2) increased signals
for stimuli predicting reward, and 3) dips in activity when expected rewards were omitted. By
contrast, TS dopamine did not encode a complete threat prediction error signal. In TS, I observed
only 1) reduced signals for expected punishment and 2) increased signals for stimuli predicting
punishment. However, I did not observe dips in activity when an expected air puff was omitted.
This could potentially reflect an asymmetrical need for positive and negative modulation in each
region. Specifically, a threat signal may need to be relatively stable in order to guarantee safety,
whereas a value signal can be more flexible because the stakes are lower, allowing for a
complete “trial-and-error” approach.
One common property appears to be that dopamine signals in both VS and TS influence
future behavior. In the case of VS dopamine stimulation, there have been repeated
demonstrations that stimulation is reinforcing and thus has an effect on future trials (Albasser et
al., 2011; Gunaydin et al., 2014; Ilango et al., 2014b; Steinberg & Janak, 2013; Steinberg et al.,
2013). In the case of TS dopamine stimulation, I showed that stimulation changed animals’
choices on subsequent trials in a choice task, indicating an effect on future behavior as well.
Notably, the actual effects of stimulation in each area appear to be roughly opposite. It will be
interesting to see whether there are separate effects of anterior dorsal striatum dopamine
stimulation on ongoing behavior compared to future behavior.
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An early observation from Roy Wise was that “the dopamine junction represents a way
station for messages signaling the rewarding impact of a variety of normally powerful rewarding
events. It seems likely that this synapse lies at a critical junction between branches of the sensory
pathways which carry signals of the intensity, duration, and quality of the stimulus, and the
motivational pathways where these sensory inputs are translated into the hedonic messages we
experience as pleasure, euphoria, or yumminess”. As far as the field has advanced in the 40 years
since this statement, it appears to require only minimal revision. Because we now understand that
dopamine neurons projecting to each cortical sub-region relay different types of information in
their phasic activity, we can appreciate that dopamine itself does not convey “yumminess” to a
stimulus. Rather, dopamine appears to reinforce cortical-striatal synapses to further the goal of
each sub-circuit: reward prediction in the case of ventral striatum and threat prediction in the
case of the tail of the striatum. This is beautifully consistent with the anatomy of the circuit,
where ventral striatum is known to receive inputs from the frontal cortex, and the tail of the
striatum receives more primary sensory information from auditory and visual cortex where
threatening external stimuli would first be detected based on their novelty or intensity.
The components of salience
Salience is a term often used to describe a combined effect of novelty, stimulus intensity,
and motivational value (i.e. reward or punishment value). When a subset of dopamine neurons
were shown to respond to both reward and air puff, as well as cues predicting reward or air puff
(M. Matsumoto & Hikosaka, 2009), the hypothesis that these neurons encode motivational
salience was put forth to explain their activity (Bromberg-Martin et al., 2010). However, our
recordings from dopamine axons in the ventral or posterior striatum tell a slightly different story.
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We found that dopamine axons in the posterior striatum encode many of the parameters
that are typically correlated with “salience” such as novelty and stimulus intensity. However, we
did not see responses to reward, reward omission, or bitter water. Therefore, we do not believe
that the signal reflects “motivational salience”, because outcomes like reward omission or bitter
water are, in fact, motivationally relevant. Instead, there are two main ways that this signal could
be explained. 1) Salience, in these neurons, is a sum the novelty and intensity of external
environmental stimuli such as lights, tones, and smells. 2) Salience, in these neurons, does not
include ingested stimuli that are sensed primarily by the tongue. These possibilities are very
similar but differ in one key aspect. If these neurons are not modulated by ingested stimuli at all,
then I have no positive evidence that they do not encode motivational salience because I did not
measure responses to any positive-value stimuli that are not ingested.
Either account is beautifully in line with the observation that sensory cortex projects to
the posterior tail of the striatum, meaning that dopamine responses could directly “boost”
attention to high intensity or novel stimuli at these synapses.
Future Directions
I believe that my work serves as strong evidence that dopamine signals are truly diverse
and do not all encode reward, or even follow the same learning rules. Instead, my data suggests
that dopamine signals can be specialized in meaning (i.e. rewarding or aversive) and learning
dynamics (i.e. US-effectiveness or CS-effectiveness). Furthermore, my functional data suggests
that reinforcement in general may be a fundamental principle of dopamine in any circuit, but
they reinforced neural activity or behavior could differ by region.
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My results suggest that understanding the diversity of dopamine neurons may help us
understand the common features between all populations, such as a possible role in
reinforcement at all target regions. By this logic, understanding the function of dopamine in the
anterior parts of the striatum (DMS and DLS) should by highly informative. Are these
populations similar to VS-projecting dopamine neurons, meaning that dopamine in TS is truly a
one-off outlier? Or are they functionally unique, meaning that dopamine can have a particular
function in each region? Gathering this data will yield much better perspective on mine.
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