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ABSTRACT 

 

These experiments examine the functional properties of midbrain 

dopamine neurons during conditioned learning tasks designed to test their 

responses to sensory events.  Dopamine neurons are predominately located 

within two regions of the midbrain, the substantia nigra pars compacta and the 

ventral tegmental area.  This study aims to examine the function of dopamine 

neurons located in the substantia nigra pars compacta, the region most densely 

packed with dopamine neurons and known to receive short-latency visual 

information from the superior colliculus.  Dopamine signaling is thought to play a 

critical role in reward-related learning, and the predominant hypothesis proposes 

that dopamine neurons signal the expected reward values of sensory stimuli in 

the form of a short-latency phasic burst.  Thus, the reward prediction hypothesis 

assumes that information relevant to determining stimulus identity informs 

dopamine neuron firing.  Recently, this critical assumption has been questioned 

and given rise to an alternative hypothetical framework proposing that dopamine 

activity represents a more generic signal of stimulus salience.  Proponents of this 

competing hypothesis note that the requisite feature-based discrimination would 

not be possible in a period short enough to inform the dopamine response.  

Instead, the "saliency hypothesis" proposes that short-latency dopamine activity 

reflects the relative salience of stimuli (independent of their reward value) and 

that this signal likely derives from the superior colliculus (SC), a subcortical 

structure lacking the capacity for fine feature discrimination but specializes in 



 x

detecting and locating salient sensory events.  Support for this latter view comes 

from recent anatomical evidence for a projection from the SC to substantia nigra 

pars compacta and physiological findings showing that SC activity can drive 

phasic dopamine activity.  This dissertation provides a critical test of these 

competing hypotheses through in vivo recording from dopamine neurons in the 

context of behavioral tasks capable of dissociating activity relating to stimulus 

salience from that which predicts reward value.  Results from these studies 

reveal a biphasic neural response and suggest that dopamine neurons both 

encode the occurrence of salient events and predict reward at distinct temporal 

latencies. 
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CHAPTER I 
 
 
 
 

INTRODUCTION 
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Associative Learning and Phasic Dopamine Activity 

Since Pavlov’s early twentieth century demonstration that dogs could be 

trained to salivate at the sound of a ringing bell, the idea of classical conditioning 

was that neutral sensory stimuli could elicit involuntary, gustatory reactions 

through repetitive associations with food (Pavlov, 1927).  Edward Thorndike 

carried the idea of associative learning further by illustrating the reinforcement of 

voluntary (instrumental) responses in his experiments with cats locked in puzzle 

boxes requiring a lever press to escape the box and retrieve a food reward, later 

to be termed operant (instrumental) conditioning. Thorndike noticed the cats 

would initially press the lever through trial and error, but as training advanced, 

lever pressing frequency increased and reaction time decreased as animals 

associated that action with an outcome that had the pleasurable result of allowing 

the animal to escape the box and eat the reward (Thorndike, 1911). The search 

for a neural correlate for this kind of associative learning has been the focus of 

much investigative effort over the past two decades. 

Electrophysiological evidence indicates that midbrain dopamine (DA) neurons 

respond with a short-latency, phasic response to critical sensory events in both 

classical and operant conditioning paradigms in animals (Schultz, 2006).  Studies 

of DA cells in both the SNc and the ventral tegmental area (VTA) suggest that 

the DA response could serve as a signal of reward prediction needed to reinforce 

behaviors that maximize the acquisition of future reward (Mirenowicz & Schultz, 

1994; Schultz, 1998; Schultz, 2006).  This interpretation of the DA response has 

been widely accepted and inspired numerous models of DA-based associative 
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learning (Suri, 2002; Montague et al., 2004; Frank, 2005).  However, this 

interpretation has very recently been challenged on both logical and empirical 

grounds.  Redgrave and colleagues have argued that the phasic DA response is 

more likely a signal of biological salience, a signal suitable for the discovery of 

actions that are causal to the occurrence of rewarding events (i.e., agency 

hypothesis) (Redgrave et al., 1999, Redgrave & Gurney, 2006).  In developing 

the argument, Redgrave et al. have proposed that the short-latency DA response 

would likely fail to show reward predicting properties in experimental settings that 

more closely approximate the unpredictable character of the natural environment.  

The currently proposed experiments are designed to explicitly test the validity of 

this challenge to the reward prediction hypothesis.  In doing so, the proposed 

study will provide a critical test of the reward prediction hypothesis itself by 

evaluating the circumstances under which the short-latency DA burst can or 

cannot predict the reward values of sensory events. 

 

Disorders of Altered Dopamine and Impact on Associative Learning 

The many pathologies attributed to altered levels of DA - Parkinson’s 

disease (PD), schizophrenia, attention deficit hyperactivity disorder (ADHD), and 

cocaine abuse - underscore the importance of DA to both motor and cognitive 

processes (Barzilai & Melamed, 2003; Iversen & Iversen, 2007; Peoples et al., 

2004; Solanto, 2002). Understanding the role of phasic DA activity in the normal 

state, as this study aims to do, may shed light on the interrelated treatment 

issues of different DA disorders. Often, the treatment of DA disorders requires 
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DA agonists (Parkinson’s), antagonists (schizophrenia), or re-uptake inhibitors 

(ADHD) to modulate DA levels in an attempt to regain normal function (Howland 

& Mycek, 2006).  Steady-state treatment assists only those functions requiring 

tonic release of DA and neglects the cognitive functions required for associative 

learning and salience detection thought to be mediated by phasic DA activity. 

Replacing lost DA in PD patients with steady-level DA agonists improves motor 

symptoms that require tonic DA but impairment of associative learning and other 

cognitive processes thought to rely on phasic DA signaling persists in PD 

patients both on and off medication (Frank et al., 2004).  

The assignment of salience, or event importance, is abnormal in 

schizophrenic patients (Jensen et al., 2007).  If phasic DA signaling is critical for 

assigning salience, constant-level DA antagonism may not be the optimal 

treatment strategy.  However, because the role of phasic DA is strongly 

associated with reward prediction, few studies have considered its role in 

schizophrenia. The studies contained herein could lend indirect support to its 

alternative role in assigning salience, in doing so, point toward the need to 

examine a putative role for altered phasic DA signaling in schizophrenia. 

Attention deficit hyperactivity disorder (ADHD) is characterized by 

impulsive behavior, inattention, and increased motor activity, collectively thought 

to be caused by decreased amounts of DA (Solanto, 2002). ADHD patients are 

easily distracted making it difficult to complete tasks and severely impairing 

school and workplace performance. While the precise pathophysiology is 

unknown, current treatments employ DA synaptic modulators, an indication that 
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DA plays a central role in the disorder (Howland & Mycek, 2006; Iversen & 

Iversen, 2007). The direct relationship of this disorder to associative learning 

could indicate a possible phasic DA deficiency in ADHD patients. A more 

accurate understanding of phasic DA’s role in associative learning will be 

important for understanding the disease and its treatment. 

With their ability to rapidly increase the amounts of DA within synapses, 

cocaine and methamphetamine are highly addictive drugs (Howland & Mycek, 

2006).  The neural mechanisms underlying addiction are believed to rely on DA 

release in the nucleus accumbens. Phasic DA release in the nucleus accumbens 

is associated with cocaine administration, is suspected to drive drug-seeking 

behavior, and enhances reward-related learning (Peoples et al., 2004). 

Understanding phasic DA’s normal role could shed light how DA’s influence is 

enhanced by cocaine and amphetamine abuse. 

 

Reward Prediction and Prediction Error 

Rescorla and Wagner first described a model for conditioned learning that 

predicts associative strength and established a foundation for temporal difference 

(TD) learning theory (Rescorla & Wagner, 1972). An index of surprise in the 

model relates how a neutral event (e.g. light onset) paired with an inherently 

rewarding substance (e.g. food, juice) is initially surprising but becomes expected 

with repetition.  For example, one would be pleasantly surprised if upon entering 

the local shopping mall he/she was handed a $100 bill. If this scenario were 

repeated on each of the next several trips to the mall, the level of surprise would 
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Figure 1. The conditioning shift. Phasic DA 
activity to CS+ onset (B & C) from unexpected 
reward delivery (A) as the stimulus/reward 
association is strengthened.  Comparing the 
relative time of the phasic DA response to CS+ 
(black) with hypothetical timing of saccadic eye 
movement (red) and cortical feature analysis 
(blue) demonstrates that the DA activity occurs 
before sensory events necessary to predict 
reward (D). 

wane as the association of two events was strengthened. The initial surprise is 

termed a reward prediction error because what occurred did not match 

expectation.  

For over a decade, 

electrophysiological data from awake-

behaving primates has shown that 

midbrain DA cells respond with short 

latency to unexpected reward (Schultz et 

al., 1993 & 1997). With training, the 

onset of the DA response is observed to 

shift from shortly after reward 

administration, to an earlier point 

coinciding with the onset of a reward-

associated conditioned stimulus (CS+; 

Figure 1A-C). This finding led Schultz 

and colleagues to propose that the DA 

signal encodes a prediction of reward 

value for conditioned stimuli (Mirenowicz 

and Schultz et al., 1994; Schultz et al., 

1997; Hollerman & Schultz, 1998) and 

based their theory on the temporal 

difference model which uses a signal of 

reward prediction error to associate 
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stimuli with rewarding outcomes (Suri & Schultz, 1999; Montague et al., 1996, 

2004). During the initial phase of a novel associative learning session, the DA 

response occurs after delivery of an unexpected reward and corresponds to the 

reward prediction error (Figure 1A).  As the stimulus/reward association is 

learned, the DA response shifts to encode the expected reward value for the CS+ 

(Figure 1C).  As originally described, this model of phasic DA function relies on 

cortical feature analysis to update the reward prediction signal as the 

stimulus/reward association develops, as discussed next. 

 

An Alternative Hypothesis for DA Signaling 

The hypothesis that phasic DA activity corresponds to reward prediction 

requires that DA neurons have access to the results of the cortical feature 

analysis necessary to identify stimuli.  As discussed by Redgrave and colleagues 

(Redgrave & Gurney, 2006; Redgrave et al., 2007), evidence for cortical input to 

SNc neurons is scant (Bolam, et al 2000), and the latency of the phasic 

dopamine signal (50-110 ms) is shorter than expected of one that is informed by 

the results of cortical feature analysis.  Depending on the complexity of the visual 

discrimination and the likely requirement for saccadic eye movements, the 

necessary feature analysis could require at minimum 100 ms (Rousselet et al., 

2004) and up to 350 ms or more (assuming typical saccade latencies of 150-250 

ms; see Fig. 1D).  Being that this period at best overlaps and at worst follows the 

DA response, the DA response would seem to occur before the necessary 

feature-specific information could be conveyed to DA neurons.  Largely based on 
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this reasoning, Redgrave et al. propose a more general role for the DA response 

in associative learning. Instead of reward value prediction, the signal is proposed 

to encode the salience (determined by virtue of novelty or association with 

reward) of objects within the visual field (Redgrave & Gurney, 2006). 

 Rather than extrastriate cortex, Redgrave and colleagues argue on the 

basis of anatomical and physiological evidence that the primary visual input to 

DA neurons comes from the superior colliculus (SC) and therefore, the type of 

information available to DA neurons is quite distinct from that required for 

signaling reward prediction but quite consistent with a signal of visual salience.  

Neurons in the SC are arranged topographically to form maps of visual, auditory, 

and somatosensory space and these sensory maps in turn communicate with 

closely aligned SC motor maps to drive gaze shifts for the purpose of putting the 

image of a peripheral stimulus on the fovea for high-fidelity viewing (see Sparks, 

1986; Stein & Meredith, 1993 for reviews).  Visual responses in the SC have both 

short latency (50-100 ms) and a strong transient component making them 

exquisitely sensitive to changes in luminance and/or movement in the periphery.  

However, SC neurons are relatively insensitive to static features such as 

wavelength, high spatial frequency patterns, and orientation owing to the fact that 

they receive little or no input from the parvocellular visual system (Sparks, 1986; 

Stein & Meredith, 1993; Sumner et al., 2002; Vuilleumier et al., 2003).  Thus, SC 

neurons are optimized for detecting, locating, and driving orienting movements to 

the occurrences of salient stimuli but on their own have little or no capacity for 

detailed feature analysis.   



 9

The timing of SC visual responses is consistent with a putative role as the 

drive for the short-latency DA response, a role for which there is now direct 

anatomical and physiological support.  The use of anterograde tracers has 

demonstrated direct projections from the SC to SNc in rats, cats, and, monkeys, 

with filled terminals found in association with synaptic terminals on putative DA 

cells in both the SNc and in the VTA (Comoli et al., 2003; McHaffie et al., 2006; 

May et al., 2009).  Functional connectivity from the SC to SNc has also been 

established in rats in which it has been shown that phasic DA activity is 

dependent on input from the SC.  In rats, urethane anesthesia eliminates 

responses to light flashes in visual cortex, the SC and DA neurons.  Local 

injection of the GABA antagonist bicuculline can reinstate the visual 

responsiveness of either the visual cortex or the SC, but it is only reactivation of 

the SC (not cortex) that restores the phasic DA response thus indicating that the 

SC is both necessary and sufficient (i.e., cortex not reactivated) for the visually-

evoked phasic DA response (Coizet et al., 2003; Dommett et al, 2005).  Also 

significant from these anesthetized rat studies is the fact that the light flash 

evoking the DA response has no association with reward.  This along with other 

studies showing that non-reward related salient events (Horvitz et al., 1997; 

Horvitz, 2000; Ljungberg et al., 1992) and aversive stimuli can trigger phasic DA 

responses (Coizet et al., 2006; Brischoux et al., 2009; Matsumoto and Hikosaka, 

2009) precludes reward-prediction error as the only interpretation of phasic DA 

output. 
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Reconciling Disparate Accounts of Dopamine Signaling 

 The interpretation of DA function proposed by Redgrave and colleagues 

specifies that the short-latency phasic DA response is blind to the identity of the 

visual objects upon which they are presumed to confer reward value.  Yet, 

numerous previous studies have shown that the magnitude of this response 

adapts during the course of associative learning such that it is correlated with the 

reward probability of the stimulus to which it responds (Fiorillo et al., 2003; Tobler 

et al., 2005). How then can these alternative interpretations be reconciled?   

Redgrave and colleagues note that in virtually all relevant nonhuman primate 

studies, reward associated stimuli were displayed in stereotyped locations.  

Specifically, monkeys were trained to expect specific stimuli (associated with 

different reward values) in specific spatial locations thus raising the possibility 

that the relevant stimulus discriminations (and associated DA response 

differences) were based not on discerning stimulus identity but instead on a rapid 

determination of stimulus location.  Such discrimination might be accomplished 

very rapidly by the SC by simply sensitizing specific regions of the sensorimotor 

map over the course of many trials of reward/location association. Indeed, it is 

well known that SC sensory responses are enhanced by spatial attention (salient, 

meaningful stimuli) and habituate when stimuli are known to be irrelevant to 

behavior (Ikeda & Hikosaka, 2003). 

The alternative interpretation proposed by Redgrave and colleagues yields 

some critical but as yet untested predictions about the circumstances under 
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which DA neurons would or would not reflect the reward probability of stimulus.  

Specifically, it is proposed that 1) DA neurons would fail to predict the reward 

probabilities of featured stimuli were they to appear at unpredictable locations 

(thus requiring reward value to be judged on the basis of visual feature analysis 

and not simply location) and 2) DA neurons would fail to predict the reward 

probabilities of stimuli that are defined by features to which the SC are 

particularly insensitive.  The goal of the experiments detailed in this thesis is to 

explicitly test these predictions in order to provide a critical test of both the 

reward prediction hypothesis of DA function and the stimulus salience-based 

alternative proposed by Redgrave and colleagues. 
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CHAPTER II 

 

 

MIDBRAIN DOPAMINE NEURONS ENCODE SALIENCY AND REWARD 

PREDICTION AT TEMPORALLY DISTINCT LATENCIES 
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ABSTRACT 

 

Midbrain dopamine neurons are thought to encode reward predictions 

through a short-latency phasic burst of activity to conditioned stimuli.  Recently, 

however, a competing hypothesis suggests dopamine neurons lack the detailed 

information required at the time of the dopamine response and thus only report 

saliency of stimuli.  To reconcile the competing hypotheses, we studied midbrain 

dopamine neurons of monkeys trained to associate images with different 

probabilities of reward, with the images appearing in random locations.  Our 

results suggest dopamine neurons encode both saliency and reward prediction, 

but at distinct temporal latencies of the dopamine response to visual stimuli. 

Thus, the activity of dopamine neurons may serve to orient the subject toward 

salient images and to modify behavior in anticipation of future reward once 

detailed information about the stimuli is acquired. 
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INTRODUCTION 

 

Studies of dopamine neurons in both the substantia nigra pars compacta 

(SNc) and the ventral tegmental area (VTA) suggest that the dopamine response 

could serve as a signal of reward prediction needed to reinforce behaviors that 

maximize the acquisition of future reward (Mirenowicz & Schultz, 1994; Schultz, 

1998; Schultz, 2006).  Although this interpretation is widely accepted and has 

inspired numerous models of dopamine-based associative learning (Suri, 2002; 

Montague et al., 2004; Frank, 2005), it requires that dopamine neurons have 

access to the results of the cortical feature analysis necessary to identify visual 

stimuli.  Evidence for direct cortical input to SNc neurons is scant (Bolam, et al 

2000), and the latency of the phasic dopamine signal (50-110 ms) is shorter than 

expected of one that is informed by the results of cortical feature analysis 

(Redgrave & Gurney, 2006; Redgrave et al., 2007).  Depending on the 

complexity of the visual discrimination and the likely requirement for saccadic eye 

movements, the necessary feature analysis could require at minimum 100 ms 

(Rousselet et al., 2004) and up to 350 ms or more (assuming typical saccade 

latencies of 150-250 ms).  Being that this period at best overlaps and at worst 

follows the dopamine response, the dopamine response would seem to occur 

before the necessary feature-specific information could be conveyed to 

dopamine neurons.  Largely based on this reasoning, Redgrave et al. propose a 

more general role for the dopamine response in associative learning.  Instead of 

reward value prediction, the signal is proposed to encode the salience of objects 
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within the visual field (Redgrave & Gurney, 2006).  The detection of salient 

events is independent of context, and serves to direct attention toward those 

events to determine their identity and subsequently choose the appropriate 

response (approach or retreat). 

  Relevant nonhuman primate studies that conclude dopamine neurons 

predict rewards display reward associated stimuli in fixed and stereotyped 

locations (e.g. Fiorillo et al., 2003; Tobler et al., 2005).  Monkeys were trained to 

expect specific stimuli associated with different reward values in specific spatial 

locations, thus raising the possibility that the relevant stimulus discriminations, 

and associated dopamine response differences, were based not on discerning 

stimulus identity but instead on a rapid determination of stimulus location.  Such 

discrimination might be accomplished very rapidly by the superior colliculus (SC) 

by sensitizing specific regions of the SC sensorimotor map over the course of 

many trials of reward-location associations.  Indeed, it is well known that SC 

sensory responses are enhanced by spatial attention (salient, meaningful stimuli) 

and habituate when stimuli are known to be irrelevant to behavior (Ikeda & 

Hikosaka, 2003).  Furthermore, the timing of SC visual responses (50-100ms)  is 

consistent with a putative role as the drive for the short-latency dopamine 

response, a role for which there is now direct anatomical (Comoli et al., 2003; 

McHaffie et al., 2006; May et al., 2009) and physiological support (Coizet et al., 

2003; Dommett et al, 2005). However, SC neurons are relatively insensitive to 

static features such as wavelength, high spatial frequency patterns, and 

orientation owing to the fact that they receive little or no input from the 
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parvocellular visual system (Sparks, 1986; Stein & Meredith, 1993; Sumner et al., 

2002; Vuilleumier et al., 2003).  Thus, SC neurons are optimized for detecting, 

locating, and driving orienting movements to the occurrences of salient stimuli, 

but on their own have little or no capacity for detailed feature analysis. 

The alternative interpretation proposed by Redgrave and colleagues yields 

some critical but as yet untested predictions about the circumstances under 

which dopamine neurons would reflect the reward probability of stimuli.  The 

current study is designed to test whether dopamine neurons are capable of 

predicting the reward probabilities of stimuli presented at unpredictable locations, 

thus requiring reward value to be judged on the basis of visual feature analysis 

and not simply location.  

 

 

MATERIALS AND METHODS 

 

Two adult, male rhesus monkeys (Macaca mulatta) were prepared for 

chronic single-unit recording.  Monkeys on inhalant anesthesia were fitted with 

titanium head-posts and plastic recording cylinders following appropriate sterile 

surgery techniques.  A stereotaxic apparatus was used, coupled with MRI 

guidance, to position the recording cylinder over the SNc.  All surgical and 

experimental procedures were approved by the Wake Forest University School of 

Medicine Institutional Animal Care and Use Committee (IACUC) and are 

consistent with the National Institutes of Health (NIH) guidelines for the care and 
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use of laboratory animals. The monkeys were housed and maintained in an 

Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) accredited facility managed by the Animal Resources Program of the 

Wake Forest University School of Medicine.  Throughout the duration of the 

experimental sessions, water intake and body weights were monitored to ensure 

adequate hydration.  

 

Behavioral Task 

The task, shown in Figure 1, was designed to control eye position while 

visual stimuli are presented at peripheral locations.  The monkeys were seated 

with the head fixed in the straight-ahead position and required to fixate gaze on a 

central fixation point.  The onset of a trial was signaled by a warning buzzer 

followed by the onset of the fixation stimulus (Panels 1 & 2).  The monkeys were 

required to maintain fixation for as long as it was present (i.e., the duration of the 

trial).  On any given trial, one of three images, each associated with a different 

reward probability, were randomly selected for display (Panel 4) at an eccentric 

position of 1 degree relative to fixation for 2 seconds.  For example, in this 

depiction, the top image indicates that there was a 90% probability of future 

reward (p = 0.9), the bottom image, 50% probability of reward (p = 0.5), and the 

middle image, 10% probability of reward (p = 0.1).  Five hundred milliseconds 

(500ms, Panel 5) after the stimulus was presented, a liquid reward was delivered 

according to the stimulus probability assignments in that particular experiment 

(Panel 6).  To prevent possible contamination of the reward-related activity by 
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eye movements, the monkeys were required to maintain fixation for an additional 

one second (Panel 7) after the stimulus-associated reward delivery to receive an 

additional reward for completing the trial (Panel 8).  To ensure that neural 

responses were based on learned reward-contingencies and not unique physical 

properties of the images, different reward-associations for the images were used 

for each monkey. 

 The task was explicitly designed to permit quantitative evaluation of 

dopamine activity following both the visual stimulus (Panel 4) and the stimulus-

associated reward delivery (Panel 6).  Thus, the 500 millisecond period of 

separation between stimulus presentation and reward delivery and the additional 

requirement for one second of fixation after stimulus-associated reward delivery 

precludes the possibility of response contamination by providing adequate 

temporal separation between successive events.  

 In separate blocks of 24 trials each, the experimental sequence was 

performed with the reward-associated stimuli appearing either in predictable 

locations or in unpredictable locations.  Blocks were interleaved throughout the 

experimental session so that the monkeys were not provided instructional cues 

as to the nature of location information within the current block.  Stimuli appeared 

at a single eccentricity, but at directions separated by 45 degrees from fixation.  

Thus, for example, in the fixed location condition, the red square, green square, 

and gray square could appear at 0, 45, and -45 (i.e. 315) degrees, respectively.  

The presentation of stimuli was selected pseudo-randomly to ensure accurate 

reward-probability associations.  Eight trials were assigned to each stimulus with 
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7 trials rewarded and 1 trial unrewarded for the 90% stimulus, 4 rewarded and 4 

unrewarded for the 50% stimulus, and 7 unrewarded and 1 rewarded trial for the 

10% stimulus.  In the random location conditions, stimuli occupied the same 3 

directions, but the stimuli were assigned to these 3 locations randomly.   

 

Electrophysiological Recording 

At the beginning of each experimental session, the recording chamber 

was opened, and the electrode positioned using an X-Y translation stage. 

Structural magnetic resonance imaging (MRI) scans of the monkeys guided 

placement of the electrode within the cylinder as well as provided estimates of 

appropriate electrode depth.  Once positioned at an X-Y coordinate, the dura was 

pierced with a 21 gauge hypodermic needle, and an epoxylite-coated tungsten 

microelectrode (FHC, impedance range 1.0-2.0) was advanced through the 

needle and down to the SNc using a hydraulic microdrive. Amplified and filtered 

(200 Hz to 3 kHz) neural activity was monitored using an oscilloscope and an 

audio monitor.  Estimates of electrode location were determined by listening for 

phasic dopamine activity related to unexpected delivery of liquid reward and 

characteristics of putative dopaminergic waveforms (long duration 1.5-5.0 ms 

and low spontaneous firing frequency 0.5-8.5 spikes/second; Grace & Bunney, 

1983; Romo & Schultz, 1990). 
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Behavioral Measurements 

Eye movements were sampled at 240Hz using an infrared-based camera 

tracking system (ISCAN), and eye tracking software was employed to monitor 

eye position during experimental sessions.  Subjects were required to fix their 

gaze on a red fixation point presented at the center of the monitor and maintain 

fixation throughout each trial.  If the subjects diverted their gaze, the trial was 

aborted and restarted following a variable time delay.  Licking behavior was 

measured by a custom designed system that aligns an infrared beam between 

the monkey’s mouth and reward delivery spout.  The infrared beam was aimed at 

a detector that was sampled every 2ms (500Hz), and each beam interruption 

recorded to evaluate licking quantity (see Figures 5 and 6). 

 

Data Acquisition and Analysis 

A mini-tower computer equipped with National Instruments data 

acquisition cards (NIDAQ) was used to record analog inputs corresponding to 

eye position and licking behavior.  Single neuron action potentials were isolated 

with a time/amplitude window discriminator (FHC Inc., Bowdoin, ME), and spike 

times were stored with a resolution of 10 μs.  Stimulus display was controlled by 

a custom program specifically designed to display behavioral paradigms while 

simultaneously recording behavioral and neural activity.  In this manner, neural 

activity was synchronized with behavior and the visual task.  Custom Matlab® 

scripts and functions (The MathWorks, Inc.) were used for off-line analysis of 

neural and behavioral data.  Analysis of neuronal data was performed at two time 
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points reflective of the biphasic response observed with interspike interval (ISI) 

peri-stimulus time histograms (PSTH).  Neuronal response latencies to stimuli 

were verified using a geometric method applied to cumulative sum (Qsum) of 

spikes curves with a correction for baseline firing rate (Rowland et al., 2007).  For 

detailed analysis, the short-latency component of the response was identified as 

being 50-110 ms after the onset of stimuli while the long-latency component 

occurred at 125-300 ms.  

  Receiver operating characteristics (ROC) were then used to determine 

the discrimination latency, i.e. the time at which the neural responses to different 

stimuli (e.g. 90% vs. 10%) differed significantly as described previously by Wyder 

et al., 2004.  Briefly, ROC analysis determined the probability the instantaneous 

firing frequency in response to the 90% stimulus was greater than the response 

to the 10% stimulus by calculating a discrimination index (DI) at 5ms intervals 

between conditions.  Analogous to the area under the ROC curve (AUC), the DI 

is then plotted as a function of time.  For example, AUC values near 1 would 

indicate near perfect discrimination at the plotted time based on firing rate for the 

response to the 90% stimulus verses the 10% stimulus, while values near 0.5 

indicate no discrimination between neural responses for the stimuli.  The 

discrimination time is the time at which the neural response is significantly 

different (p<0.01) for the stimuli than would be expected by chance as estimated 

by a permutation test of 5000 random repetitions. 

A selectivity index was calculated for individual neurons for the biphasic 

neural response to stimuli located in fixed and random locations to compare the 
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early and late latency components of the response.  The index took the 

difference of the neuronal response to 90% and 10% stimuli divided by the sum 

(rate_90%-rate_10%/rate_90%+rate_10%), and the result indicated the 

difference in neuronal responses to the stimuli.  Selectivity index values closer to 

1 indicate greater response to the 90% stimulus, and values closer to -1 indicate 

a greater response to the 10% stimulus.  Different time windows were used to 

compare the responses of individual neurons at the early (50-110ms) and late 

(125-300ms) latencies of the biphasic dopamine response. 

 

 

RESULTS 

 

We recorded from 88 neurons (44 neurons monkey L; 44 neurons monkey 

S) that exhibited typical electrophysiological signatures of dopamine neurons.  All 

neurons included for analysis displayed characteristics of midbrain dopamine 

neurons including action potentials with wide waveforms and low spontaneous 

firing rates, and responded with phasic bursts to delivery of unexpected rewards 

(Table 1).  Figure 2 displays the waveforms averaged from individual action 

potentials of neurons for which we have stored waveform data (n=83).  All 

neurons included for analysis exhibited a similar waveform.  Figure 3 plots 

waveform widths against spontaneous firing frequency for all neurons. 

Accurate identification of dopamine neurons is critical for in vivo 

electrophysiology studies investigating the activity of dopamine neurons in real-
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time.  While the electrophysiological characteristics of dopamine neurons used to 

classify neurons in real-time (long action potential waveforms, low spontaneous 

firing frequency, and phasic activity to unexpected reward) are widely accepted, 

additional structural studies are important to confirm that the location from which 

dopamine neurons are recorded corresponds with substantia nigra pars 

compacta.  We used magnetic resonance imaging (MRI) while monkey L had an 

electrode implanted at a location 7 mm dorsal to the site of typical recordings 

from both monkeys.  The MR image, located on the right of figure 4 shows a 

shadow of the electrode located just dorsal to the substantia nigra pars compacta 

as compared to a rhesus macaque histology slide on the left.  The red star on the 

MR image marks the typical recording depth of putative dopamine neurons, 

suggesting that the region from which we recorded dopamine neurons was 

located within the substantia nigra. 

Interpretation of the single neuron data requires a quantifiable behavioral 

measure to indicate that the monkey has identified the stimulus and its reward 

value.  To do so, anticipatory licking of the reward delivery spout was quantified 

by measuring the duration of licking from the time of image onset up to the time 

point of possible reward.  Figure 5 illustrates the anticipatory licking results for 

both monkeys when images are displayed in random locations (Monkey L, solid 

blue; Monkey S, dashed red) and plots the number of licks as a function of the 

reward probability associated with 3 different stimuli (preward = 0.1 [10%]; preward = 

0.5 [50%]; preward = 0.9 [90%]).  Figure 6 shows trials with images placed in 

random locations.  Note that licking number increases in direct proportion to the 
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probability of reward delivery in both conditions and provides a behavioral 

verification that the monkey is able to predict reward outcome upon stimulus 

presentation. 

Figure 7 depicts the activity of a representative dopamine neuron.  Spike 

rasters of individual trials (below) and a spike density function of all trials (above) 

are aligned on the time of unexpected reward delivery.  This neuron 

demonstrated characteristics typical of dopamine neurons: low spontaneous 

activity, strong phasic activity to unexpected reward, and a protracted waveform 

time course (1.5 – 2.0 ms).  Figure 8 plots the responses of the same neuron 

aligned to visual stimulus onset (random and fixed location trials are grouped 

together) and associated with reward probabilities of 0.1 (top panel), 0.5 (middle 

panel), and 0.9 (bottom panel).  As is the hallmark for putative reward predicting 

neurons, activity increased monotonically with increasing reward probability.  

The reward prediction hypothesis predicts that in both control (predictable 

locations) and test (unpredictable locations) conditions, the magnitude of the 

phasic dopamine response will be correlated with the monkey’s expectation of 

reward based on feature analysis of the stimuli.  Random locations may lengthen 

the time required for discrimination of stimuli, in which case dopamine cells will 

respond at longer latencies (arrows, top right panels, Figure 9).  In contrast, the 

hypothesis that the dopamine response represents location-based salience 

predicts that this correlation will only be observed when stimulus location is fixed, 

eliminating the ability to predict reward based on location.  With images 

presented in random locations, the relationship between dopamine response 
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magnitude and reward expectation would be eliminated, with response 

magnitudes and timing indistinguishable across different stimuli (bottom right 

panels, Figure 9).  The results of this study (Figure 10), however, suggest that a 

biphasic response is elicited by the dopamine neurons when stimulus identity is 

the reliable predictive cue, with the short-latency response not discriminating 

between the stimuli, and a late-latency component that appears to predict reward 

through response magnitude.  

Figure 10 averages the activity of multiple (n=84) dopamine neurons 

recorded in the random location task and shows density functions for each of the 

3 reward probabilities (green: 0.1; magenta: 0.5; blue: 0.9) with activity aligned 

on stimulus onset (Figure 10).  Figure 11 averages the activity of 84 neurons to 

reward delivery.  These data replicate the main findings of earlier studies by 

showing that the dopamine response to stimulus onset increases as a function of 

increasing reward probability (reward prediction) whereas responses to reward 

delivery increase as a function of decreasing reward probability (unexpected 

reward prediction error, Hollerman & Schultz, 1998).  Note however that the 

response to stimulus onset includes both a short-latency phasic component and 

a longer-latency sustained component.  The magnitudes of the short-latency 

component do not correlate with reward probability, in contrast to the late-latency 

component.  A similar response profile is exhibited for neuronal responses to 

images displayed in fixed locations (Figures 12 and 13).  It is likely that the 

monkey and the dopamine neurons preferentially used stimulus identity to signal 

reward probability, since it was the most reliable association with reward.  
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Consequently, there is no difference in response to images placed in fixed 

locations given the weaker association between location and reward. 

To quantify differences among individual neurons, a selectivity index was 

used to evaluate which neurons encoded saliency information at short-latency 

(50-110ms, Figure 14) and reward prediction in the later-latency time window 

(125-300ms, (Figure 15).  The most distinct differences were seen for responses 

to the 90% stimulus at late-latency (125-300ms), with the majority of neurons 

preferentially firing for the 90% stimulus as compared to the 10% stimulus in both 

random (Figure 14, Figure 15) and fixed (Figure 16, Figure 17)  locations.  To 

further contrast short and long-latency biphasic activity, Figures 18 and 19 plot 

the mean firing rates (±SEM) for responses to CS images displayed in random 

and fixed locations, respectively, and contrast the responses at short-latency 

(red, 50-110 ms), long-latency (solid blue, 125-300 ms), and reward delivery 

(dashed blue, 100-300 ms). 

To determine the discrimination latencies of the dopamine neurons, 

receiver operating characteristic curves (ROC) identified that a significant 

discrimination (p < 0.01, permutation test) between responses to 90% and 10% 

stimuli in fixed locations occurred at 90 ms for monkey L and 85 ms for Monkey S 

(Table 2, Figures 20, 21, and 22).  Note that the discrimination latency is at the 

beginning of the long latency burst for both subjects, consistent with the 

correlation between dopamine response and reward probability mentioned 

above.  The discrimination latency for responses to 90% and 10% images in 

random locations is 90 ms for monkey L and 120 ms for monkey S.  While one 
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might expect the latencies to be longer for stimuli in random locations only 

monkey S shows this phenomenon.  Additionally, note that the stimuli still convey 

quite distinct visual information (i.e. color) and such information is likely 

permitting rapid discrimination of stimuli despite being presented in random 

locations.  Contrasting discrimination latencies of the dopamine response to 

simple-discrimination images (Chapter II) and complex-discrimination high spatial 

frequency (HSF) stimuli (Tables 2 and 5, Chapter III) demonstrates that 

discrimination time is longer for these complex-discrimination stimuli in central 

locations (115 ms monkey L, 225 ms monkey S) and increases when stimuli are 

located peripherally (130 ms fixed peripheral, 170 ms random peripheral - 

Monkey L). 

Consistent with a saliency detection role for midbrain dopamine neurons, 

all sensory events (buzzer onset, fixation point onset, CS onset, CS offset, 

reward delivery) within the trials elicit robust phasic dopamine responses (Figure 

23).  Additionally, anticipatory activity prior to stimulus onset and reward delivery 

is quite distinct in the population histograms.  Consisting of a two-fold elevation 

above the averaged baseline of 5 spikes/second, the anticipatory activity begins 

to increase after the onset of the buzzer (at approximately -1000ms) and then 

rapidly increases after the onset of the fixation point (-500 ms).  The anticipatory 

activity remains elevated until after the onset of the predictive cue, and then 

persists for the 90% and 50% stimuli until the delivery of reward.  While few 

neurons in the current sample exhibit robust anticipatory activity (Figure 24, see 

raster plot), the spike rate during this time is so robust that it strongly influences 
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the average population histogram, and adds evidence to the hypothesis that 

different populations of midbrain dopamine neurons in the SNc may serve to 

provide different signals to the striatum as previously reported (Matsumoto and 

Hikosaka, 2009).   

To account for the influence of the robust neurons (6%) on the population 

average, we removed those neurons and reanalyzed the data.  Figure 25 

displays the raster plot for activity to the 90% stimulus random location trials in 

both monkeys after removing the robustly active neurons.  Anticipatory activity is 

still observed, except at a lower magnitude.  Figure 26 depicts response to 

stimuli displayed in random locations after removing the robust neurons and can 

be compared to Figure 10 with robust neurons included.  Figure 27 shows the 

response to stimuli displayed in fixed locations with robust neurons removed, and 

can be compared to Figure 12 (robust neurons included).  Note that the biphasic 

response remains distinct after removing robustly active neurons in both random 

and fixed location trials, and the selectivity indices computed for short and long 

latencies still show a preference for individual neuron responses to 90% stimuli at 

long latency and not short latency (Figure 28, random locations short latency; 

Figure 29, random locations long latency; Figure 30, fixed locations short latency; 

Figure 31, fixed locations long latency).  Consequently, the robustly active 

neurons do not exhibit undue influence on the biphasic nature of the response. 

The magnocellular portion of the visual pathway projects directly to the SC 

and conveys information limited to the location and movement of salient objects 

(Figure 32, red).  We propose a hypothetical framework for the biphasic 
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dopamine response in that the SC provides rapid, short-latency information about 

the occurrence of salient events to dopamine neurons.  Following an update from 

visual cortex to the SC about the identity and associated reward-value of stimuli, 

the SC can then relay that information to the dopamine neurons at a later-

latency.  Oddly, no prior studies demonstrate a biphasic response to stimulus 

onset as depicted here.  Two possible reasons might explain the unique 

discovery of a biphasic response.  One possibility is that over-trained location-

reward associations sensitized the SC visual map so that the responses in the 

SC increase to stimuli presented in those motivationally salient locations.  The 

SC then conveys that saliency information to dopamine neurons at short-latency.  

Alternatively, prior studies often smooth the data to an extreme degree to 

preclude detection of a biphasic response.  Analyzing the current study’s data 

with a smoothing window comparable to that used in prior studies eliminates the 

ability to discern a biphasic response (Figure 33). 

Figure 34 displays the population response to stimulus onset in random 

locations for monkey L, while Figure 38 shows the population response for 

monkey S.  Note that the responses to stimuli between the two subjects are 

similar with the exception of the robust anticipatory activity observed in subject L, 

decreased response magnitudes for subject S, and reduced short latency activity 

to the 10% stimulus in subject S.  The responses to the onset of stimuli in fixed 

locations are also similar between the subjects (Figure 36, monkey L; Figure 40, 

monkey S).  Additionally, the responses to reward delivery are similar between 

the subjects (Figure 35, random locations monkey L; Figure 37, fixed locations 
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monkey L; Figure 39, random locations monkey S; Figure 41, fixed locations 

monkey S). 

 

 

CONCLUSIONS & DISCUSSION 

 

Anticipatory licking confirmed that the conditioned stimuli (CS) associated 

with different reward probabilities were successfully discriminated by the 

monkeys.  Evidence in all conditions indicates that the early phasic DA response 

is comprised of 1) an initial value independent component (50-110ms), and 2) a 

second component (125-300ms) the magnitude of which is determined by the 

predictive value of the CS.  DA responses evoked by reward delivery were 

inversely related to predictive probabilities of the CS (Figure 18).  Randomizing 

stimulus presentation locations precluded fast discrimination of CS based on 

location of presentation in favor of detailed feature analysis that requires cortical 

processing. Given the respective latencies and nature of the responses, the first 

phase is likely mediated directly via retino-tecto-nigral projections, while the 

second phase probably derives from early cortical visual processing (see Figure 

32). Whether the system could determine stimulus identity in less constrained 

naturalistic environments remains to be established, since associations between 

CS and reward probabilities were over-trained, and both phases of the DA 

response preceded typical saccadic latencies to unpredicted events (~200ms). 
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The pre-attentive nature of the first phasic dopamine burst (50-110ms) 

and the lack of discrimination in response magnitudes to stimuli suggests the 

dopamine neurons initially signal the occurrence of behaviorally salient events.  

The early signal may function to direct attention towards salient events so that 

subsequent detailed cortical analysis may occur to determine whether reward is 

forthcoming.  The ability of these dopamine neurons to discriminate stimuli based 

on associated reward probabilities does not reliably occur until the second, later 

latency burst of activity.  The timing of the late-latency activity (125-300 ms) likely 

reflects the additional processing time required to evaluate image features when 

the knowledge of stimulus identity is required to accurately predict reward.  The 

subjects likely generalize over the image locations (less reliable predictive cue 

provided in half of all trials), instead favoring detailed features of the unique 

images (most reliable predictive cue provided in all trials) on which to predict the 

frequency of anticipatory licking necessary to completely receive perceived future 

reward.  As such, there is no distinct activity to images displayed in random 

locations as compared to the stereotyped locations since the most reliable 

reward association is image identity.  Subsequently, the dopamine neurons must 

wait until detailed image information is obtained to signal reward prediction at 

later latencies. 

Schultz and colleagues have suggested that dopamine neurons 

generalize their responses to similar stimuli, i.e. a phasic response can occur for 

low probability stimuli when they are similar in physical appearance to high 

probability stimuli (Schultz, 1998).  To explain a functional role for dopamine 
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neuron generalization by the temporal difference model of the phasic dopamine 

response represents a challenge, and requires modification of the temporal 

difference learning model (Kakade & Dayan, 2002), which may not reflect the 

true nature of the response.  Does generalization of the response suggest that 

dopamine neurons lack accuracy to predict rewards based on visual cues?  Such 

a suggestion would limit dopamine’s role in temporal difference learning if the 

dopamine neurons cannot accurately critique the information available at the time 

of the response.  Given the nature of experimental sessions, the monkeys likely 

expect the probability of receiving reward to be high for the start of each new trial 

and for the initial appearance of stimuli at pre-attentive time points when reward-

predictive information is limited.  Thus, when considering a functional role for 

generalization, a more favorable explanation is that it signals the occurrence of 

behaviorally salient events with unknown reward outcome.  Before dopamine 

neurons can accurately encode reward-predictions, a motivational process would 

likely be necessary to focus a subject’s attention toward salient stimuli for further 

evaluation.  We propose that midbrain dopamine neurons function to help drive 

attention toward salient stimuli with the short-latency phasic burst of activity (50-

110 ms) to subsequently gather additional information about stimuli on which to 

establish an accurate reward prediction. 

Prior studies of midbrain dopamine neurons typically do not control for the 

eye position of the subjects, despite the fact that variable distances of image 

presentation from the subjects’ point of gaze will very likely vary the timing of 

image feature discrimination.  Requiring the subjects to maintain their gaze on a 
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fixation point is an appropriate control to study the timing of neuronal responses 

to visual stimuli.  In conjunction with overtraining location-reward associations, 

lack of eye position control complicates the ability to infer the encoding of 

dopamine neuron responses to visual stimuli.  Controlling eye position allows the 

controlled display of images at distinct distances from the fovea, thereby 

controlling the amount of visual information available to the subject at the time 

the image appears on screen.  The stimuli used in this study were presented 

near the point at which the monkeys fixed their eyes, and consequently, obviate 

the need for large saccades permitting the subjects to identify stimulus features 

at pre-saccadic times.  Without a saccade requirement to evaluate image 

features, analysis by the temporal cortex occurs 100 ms after stimulus 

presentation (Rousselet et al., 2004).  The latency of the second burst of phasic 

activity (125-300 ms) by the dopamine neurons is consistent with the processing 

time required for visual regions of cortex to analyze the detailed features of 

stimuli. 

Future studies should evaluate the response of dopamine neurons to 

conditioned stimuli displayed at incrementally farther distances from the fovea, 

gradually limiting the amount of visual information available to the subject at short 

latency.  Extremely limited information would be available to the SC when the 

images are displayed at eccentricities of 40 degrees and greater from the fixation 

point (Kim and Basso, 2008), and this may have an impact on the short-latency 

component of the phasic dopamine response. 
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One unresolved question centers on the mechanism by which the visual 

cortex signals update image feature information to dopamine neurons when no 

direct anatomical connections exist between the structures.  Cortical modification 

of the superior colliculus (SC) is one possible mechanism by which dopamine 

neurons could receive updated information about visual stimuli.  In a recent 

study, the barrel cortex, a whisker somatosensory cortex in rodents, is shown to 

modify the activity of the SC.  Particularly relevant to the current study is that this 

modification of the SC response occurs at a later latency after the initial response 

to whisker stimulation.  Further, cortical stimulation is necessary and sufficient for 

the later latency signal (Cohen, et al., 2008). 

Furthermore, in a study comparing SC activation to the simultaneous 

display of both distracter and target stimuli the responses of neurons to each 

stimulus incorporates an initial, generalized burst of activity that is similar in 

magnitude for both target and distracters (Kim and Basso, 2008).  An additional, 

delayed response to the target occurs when the target is located in the neuron’s 

receptive field and after the time of target discrimination by the monkey.  Color 

(green vs. red) is the only difference between target and distracter stimuli, a 

feature the SC alone is not thought capable of discriminating without extensive 

training.  With training, however, the visual cortex is likely providing an update of 

the target stimulus identity to the SC at a longer latency than the SC visual 

response so that the SC can accurately drive the saccade towards the target.  

Thus, the SC is likely relaying this cortical update to dopamine neurons in SNc at 

a later latency (Figure 32). 



 35

Given the evidence for a biphasic dopamine response detailed in this 

study, why is there an apparent lack of a biphasic response in prior studies of 

phasic dopamine response to conditioned stimuli?  Adequate temporal resolution 

of the peristimulus time histograms (PSTH) is critical to discriminate the biphasic 

dopamine response, but is an issue not well explored by many studies examining 

the dopamine response to conditioned stimuli.  Prior studies typically analyze 

dopamine neuron data using low temporal resolution, limiting the visualization of 

mutli-modal activity.  If the current study’s data are displayed using a low 

temporal resolution, the result is an apparent single phasic burst of activity 

(Figure 33).  The possibility exists that other studies of dopamine neuron activity 

– particularly those that link stimulus identity to reward and not just stimulus 

location – may also demonstrate the biphasic burst phenomenon when analyzed 

using a finer temporal resolution.   

In fact, a recent review that reassesses prior studies of dopamine neuron 

activity to aversive stimuli suggests that the responses to aversive stimuli are 

biphasic, exhibiting a short-latency rapid increase in activity followed by a pause 

of neural activity that suppresses the firing rate below spontaneous levels 

(Joshua et al., 2009).  The authors suggest that the biphasic pattern of the 

response indicates separate sources of input, with the short-latency signal 

conveyed by brainstem regions and the late-latency signal by neocortical loops 

required for value encoding.  While this is one possible explanation for the 

biphasic response, evidence for direct cortical input to SNc dopamine neurons is 

scant (Bolam et al., 2000), although the direct retino-tecto-nigral pathway is now 
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well established (Comoli et al., 2003; McHaffie et al., 2006; May et al., 2009; 

Coizet et al., 2003; Dommett et al, 2005).  We suggest that instead of separate 

direct inputs to nigral dopamine neurons; it is more likely that the superior 

colliculus provides both short and late-latency visual signals to the dopamine 

neurons, but that superior colliculus modification by visual cortex indirectly 

provides the late-latency value information. 

In summary, these results suggest that midbrain dopamine neurons 

encode both saliency and reward prediction, but that latencies of these encoded 

signals are distinct when stimulus identity is the key element linking reward value 

to the conditioned stimuli.  Stimulus salience is likely provided by the superior 

colliculus at early latency (50-110 ms) after stimulus onset, and that the 

dopamine neurons are updated as to the reward value of stimuli at later latency 

(125-300ms) when complete visual feature information of stimuli is available.  It is 

likely that the updated signal is again relayed to the dopamine neurons by the 

superior colliculus, but occurs through a modification of the superior colliculus by 

visual cortex. 
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Dopamine Neuron Properties  Monkey L  Monkey S 
Significant phasic activity to reward (p<<0.01)  100% (44/44)  100% (44/44) 
Mean spontaneous firing ± SD (spikes/sec)  3.85 ± 2.30  4.49 ± 3.03 
Mean waveform width ± SD (ms)  0.944 ± 0.219  1.03 ± 0.200 

 

Table 1 Significant phasic activity to unexpected reward delivery (reward 

delivered at random intervals between 2-16 seconds) was determined by a 

Wilcoxon rank-sum test (p << 0.01, all neurons).  Mean action potential spike 

counts of dopamine response to unexpected reward (analysis window of 50 to 

300ms after reward delivery) were compared to baseline firing spike counts 

(analysis window of -300 to -550 prior to reward delivery) for each individual 

neuron.  Additionally, note that spontaneous firing rate and waveform width 

means and standard deviations are similar for both monkeys, an indication of 

homogeneity of electrophysiological characteristics of dopamine neurons 

between individual monkeys. 
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Discrimination latency (ms):  Monkey L  Monkey S 
Simple‐discrimination Fixed     

90% vs. 10% Stimulus 90 85 
90% vs. 50% Stimulus 90  
50% vs. 10% Stimulus 165 135 

Simple‐discrimination Random     
90% vs. 10% Stimulus 90 120 
90% vs. 50% Stimulus 135  
50% vs. 10% Stimulus 115 105 

 

Table 2 Discrimination latencies in milliseconds were determined by receiver 

operating characteristic discrimination index (DI) analysis comparing conditions 

with a moving 5ms window and a permutation test (5000 repetitions) to assess at 

what time the DI becomes significantly different than what would be expected by 

chance. 
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Response latency (ms):  Monkey L  Monkey S 
Simple‐discrimination Fixed     

10% Stimulus 66‐113 62‐98 
50% Stimulus 61‐188 73‐264 
90% Stimulus 72‐222 58‐263 

Simple‐discrimination Random   
10% Stimulus 62‐108 NR* 
50% Stimulus 69‐183 71‐185 
90% Stimulus 62‐208 120‐294 

 

Table 3 Response latencies in milliseconds were determined by a geometric 

method to detect the deflection angle on a cumulative sum of spikes curve 

(Qsum) caused by post-stimulus firing rate changes corrected for baseline firing 

rate (Rowland et al., 2007).  Shown are the ranges of the phasic responses from 

onset to offset. Stimulus offset is the time at which the Qsum slope decreases 

toward zero.  NR* indicates a condition for which the Qsum algorithm did not 

detect a response greater than pre-stimulus baseline firing rate. 
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Figure 1 
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Figure 1 Monkeys were trained to associate distinct visual stimuli (CS) with 

unique probabilities of reward (0.9, 0.5 and 0.1).  In some blocks of trials, CS 

location was randomized, while in other blocks, CS identity and location were 

yoked.  Random and fixed location blocks were interleaved, and monkeys were 

not cued about the nature of a given block.  A low-pitched buzzer signaled the 

start of a trial, and monkeys were given up to 2 s to acquire a central stimulus 

(red dot).  After 500 ms, a CS was displayed for 2 s, followed by an additional 

500ms delay before the reward was administered according to the scheduled 

reward probability.  After an additional 1 s delay, monkeys were rewarded for 

maintaining fixation for the completion of the trial.  Images were counterbalanced 

between monkeys to ensure that the neurons respond to the associated reward 

probabilities of each image and not just to particular physical features of the 

images. 
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Figure 2 Averaged action potential waveforms normalized to peak amplitude 

from 83 individually recorded neurons.  All neurons included for analysis 

exhibited similar waveforms. 
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Figure 3 Plotting spontaneous firing frequency against waveform demonstrates a 

population consistent for characteristics typical of dopamine neurons.  Orange 

points are neurons from monkey S, blue are neurons from monkey L.  Waveform 

width is measured from the first negative deflection of the triphasic waveform to 

the second negative deflection (see Figure 2). 
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Figure 4 
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Figure 4 MR images were obtained for monkey L with an electrode implanted at 

a location 7 mm dorsal to the site of typical dopamine neuron recordings to 

establish a structural location of recording.  The MR image (right/top) shows a 

shadow of the electrode located just dorsal to the substantia nigra pars compacta 

as compared to a rhesus macaque histology slide on the left/bottom (Mikula et 

al., 2009).  The red star on the MR image depicts the typical recording depth of 

putative dopamine neurons, confirming that the region from which we recorded 

dopamine neurons is located within the substantia nigra.  The blue star denotes 

the electrode tip, and the approximate location corresponding with rhesus 

macaque histology.  SNc = substantia nigra pars compacta. 
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Figure 5 Classical conditioning assessed by licking behavior of monkey L (solid 

blue, left y-axis) and monkey S (dashed red, right y-axis) to simple-discrimination 

images in random locations.  Anticipatory licking increased linearly for stimuli 

conditioned with higher probabilities of reward (mean ± SEM).  Licking behavior 

was determined by counting the number of licks (i.e. number of times the tongue 

breaks the infrared beam between the monkeys’ mouths and the reward spout) 

the monkey made within the 2.5 second period between stimulus onset and 

reward delivery.  Anticipatory activity for each point is averaged across all trials 

included for neural analysis. 



 47

 

 

Figure 6 Classical conditioning assessed by licking behavior of monkey L (solid 

blue, left y-axis) and monkey S (dashed red, right y-axis) to simple-discrimination 

images in fixed locations.  Anticipatory licking increases linearly for stimuli 

conditioned with higher probabilities of reward (mean ± SEM).  Licking behavior 

is determined by counting the number of licks (i.e. number of times the tongue 

breaks the infrared beam between the monkeys’ mouths and the reward spout) 

the monkey performs within the 2.5 second period between stimulus onset and 

reward delivery.  Anticipatory activity for each point is averaged across all trials 

included for neural analysis. 
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Figure 7 Dopamine neuron activity to delivery of unexpected reward (red line, 

time = 0 ms) delivered at random intervals of 2-16 seconds in length.  Spike 

density histogram (top panel) is smoothed with a Gaussian kernel σ = 6 ms.  

Spike raster (below) represent individual action potentials as a tick mark, and 

each row of tick marks is one trial.  All neurons included for analysis exhibited 

this characteristic response to unexpected reward. 
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Figure 8 
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Figure 8 Dopamine neuron response to stimuli presented in fixed and random 

locations.  The neuron responded similarly to stimuli presented in fixed or 

random locations, therefore, the responses displayed here contain trials for both 

conditions.  Each tick mark on raster plots (lower panels) represents an action 

potential, and each row of tick marks is one trial.  Spike density histograms 

above raster plots are neuron firing rates convolved with a Gaussian kernel of σ 

= 6ms.  Cell firing rate increases to onset of stimuli with higher reward 

probabilities. 
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Figure 9 Randomizing stimulus location uncouples the association between 

reward probabilities and location.  Does randomizing stimulus location result in 

longer CS+ response latencies (B) or are dopamine neurons incapable of 

detecting reward probabilities (C)?  If the graded dopamine response depends on 

image location, it is less likely that they encode reward prediction. 
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Figure 10 
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Figure 10 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 84 dopamine neurons (40 neurons monkey L; 44 monkey S) activity to 

random location stimulus onset (green = 10% stimulus; magenta = 50%; blue = 

90%).  A biphasic response to the onset of the stimuli is observed.  The first 

response at 50-110 ms does not correlate with the predictive reward-values of 

the three images, while the second response increases monotonically for 

increasing reward value. 
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Figure 11 
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Figure 11 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 84 dopamine cells’ (40 neurons monkey L; 44 monkey S) activity to 

reward delivery for stimuli placed in random locations (green = 10% stimulus; 

magenta = 50%; blue = 90%).  Phasic dopamine neuron activity decreases 

monotonically with increasing reward probability, and signals reward prediction 

error, a hallmark of midbrain dopamine neurons.  The most robust reward 

prediction error signal occurs to delivery of unexpected reward for low probability 

stimulus (10% stimulus, green), since reward expectation is lowest for this 

stimulus. 
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Figure 12 
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Figure 12 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 84 dopamine neurons (44 neurons monkey L; 40 monkey S) activity to 

fixed location stimulus onset (green = 10% stimulus; magenta = 50%; blue = 

90%).  A biphasic response to the onset of the stimuli is observed, similar to 

stimuli in random locations.  The first response at 50-110 ms does not correlate 

with the associated reward probabilities of the three images, while the second 

response increases monotonically for increasing reward value.  Since the 

monkeys were trained to associate stimulus identity and not just location with 

reward, the monkeys and dopamine neurons consequently respond similarly to 

images when in fixed and random locations. 
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Figure 13 
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Figure 13 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 84 dopamine cells’ (44 neurons monkey L; 40 monkey S) activity to 

reward delivery for stimuli placed in fixed locations (green = 10% stimulus; 

magenta = 50%; blue = 90%).  Phasic dopamine neuron activity decreases 

monotonically with increasing reward probability, and signals reward prediction 

error, a hallmark of midbrain dopamine neurons.  The most robust reward 

prediction error signal occurs to delivery of unexpected reward for low probability 

stimulus (10% stimulus, green line).   
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Figure 14 
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Figure 14 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in random locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (84 neurons total; 40 neurons monkey L; 44 

neurons monkey S).  Some neurons do not exhibit activity at short latency to both 

90% and 10% stimuli, and consequently lack a selectivity index (division by zero 

error, 9 neurons).  In contrast to the late component (Figure 15), the early 

component, values are distributed around zero, indicative of insensitivity to 

reward probability.  The time window to calculate the short latency selectivity 

index is 50-110 ms. 
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Figure 15 
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Figure 15 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in random locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (84 neurons total; 40 neurons monkey L; 44 

neurons monkey S).  Some neurons do not exhibit activity at long latency to both 

90% and 10% stimuli, and consequently lack a selectivity index (division by zero 

error, 5 neurons).  In contrast to the early component (Figure 14), the late 

component shows a strong trend toward positive values, indicative of greater 

activity for the CS predicting high likelihood of reward.  The time window to 

calculate the late latency selectivity index is 125-300 ms. Late latency selectivity 

index mean is significantly different from short latency selectivity index mean (p = 

1.94 x 10-8, Student’s t-test). 
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Figure 16 
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Figure 16 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in fixed locations according to the formula (rate90-

rate10/rate90+ rate10). The index was computed for each individual neuron’s 

early and late response components (84 neurons total; 44 neurons monkey L; 40 

neurons monkey S).  Some neurons do not exhibit activity at short latency to both 

90% and 10% stimuli, and consequently lack a selectivity index (division by zero 

error, 9 neurons).  In contrast to the late component (Figure 17), the early 

component, values were distributed around zero, indicative of insensitivity to 

reward probability.  The time window to calculate the short latency selectivity 

index is 50-110 ms. 
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Figure 17 



 68

Figure 17 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in fixed locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (84 neurons total; 44 neurons monkey L; 40 

neurons monkey S).  Some neurons do not exhibit activity at long latency to both 

90% and 10% stimuli, and consequently lack a selectivity index (division by zero 

error, 4 neurons).  In contrast to the early component (Figure 16), the late 

component shows a strong trend toward positive values, indicative of greater 

activity for the CS predicting high likelihood of reward.  The time window to 

calculate the late latency selectivity index is 125-300 ms.  The late latency 

selectivity index mean is significantly different from short latency selectivity index 

mean (p = 0.0007, Student’s t-test). 
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Figure 18 
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Figure 18 Response vs. reward probability plots mean firing rates (± SEM) for 

stimulus onset and reward delivery for CS displayed in random locations.  Mean 

firing rate for early component is similar for all CS (solid red, 50-110 ms) whereas 

the mean firing rate for the late component (solid blue, 125-300 ms) increases 

monotonically with CS reward probability.  Activity for reward delivery (dashed 

blue, 100-300 ms) is inversely related to reward probability and is consistent with 

a signal that encodes reward prediction error. 
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Figure 19 
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Figure 19 Response vs. reward probability plots mean firing rates (± SEM) for 

stimulus onset and reward delivery for CS displayed in fixed locations.  Mean 

firing rate for early component is similar for both the 10% and 50% CS (solid red, 

50-110 ms) whereas the mean firing rate for the late component (solid blue, 125-

300 ms) increases monotonically with CS reward probability.  Note that the mean 

firing rate of the short latency component to the 90% stimulus is slightly greater 

than the short latency component response to 50% and 10% stimuli.  

Additionally, the short latency component activity to the 90% stimulus in fixed 

locations is slightly greater than the short latency component response to the 

90% stimulus in random locations (Figure 18) and suggests that location-specific 

information is relayed to DA neurons when images are displayed in fixed 

locations. Activity for reward delivery (dashed blue, 100-300 ms) is inversely 

related to reward probability and is consistent with a signal that encodes reward 

prediction error. 
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Figure 20 Response (lines) and discrimination (dots) latencies for each stimulus 

across both conditions (fixed and random locations) for both subjects illustrates 

the time course of the neuronal response.  Lines plot the duration of the 

response from onset to the off point as verified by Qsum analysis (see Data 

Analysis in Methods).  Dots depict the point at which the responses between 

stimuli differed significantly as determined by ROC analysis (see Data Analysis in 

Methods).  Note that the discrimination latency occurs near the offset of the 10% 

stimulus and the onset of the 90% stimulus.  Discrimination latencies are plotted 

for the discrimination time for 90% stimulus vs. 10% stimulus for both the 90% 

stimulus and 10% stimulus, and 50% stimulus vs. 10% stimulus for the 50% 

stimulus.  Fixed = stimuli in fixed locations, Rand = stimuli in random locations, 

10 = 10% stimulus, 50 = 50% stimulus, and 90 = 90% stimulus, L = monkey L, S 

= monkey S. 
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Figure 21 Receiver operating characteristic (ROC) curves provide information 

about rate and duration of discrimination between populations.  For stimuli placed 

in random locations, the greatest discrimination occurs between 90% and 10% 

stimuli as well as 50% and 10% stimuli.  Additionally, the discrimination occurs 

over a protracted time window and demonstrates the anticipatory activity for 90% 

and 50% stimuli prior to reward delivery. 
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Figure 22 Receiver operating characteristic (ROC) curves provide information 

about rate and duration of discrimination between populations.  For stimuli placed 

in fixed locations, the greatest discrimination occurs between 90% and 10% 

stimuli as well as 50% and 10% stimuli.  Additionally, the discrimination occurs 

over a protracted time window and demonstrates the anticipatory activity 

predominately for the 90% stimulus prior to reward delivery. 
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Figure 23 
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Figure 23 Peristimulus time histogram (convolved with a Gaussian smoothing 

kernel σ=6ms) for random location conditions in both subjects.  Neurons exhibit 

robust anticipatory activity leading up to the onset of fixation point (-500 ms) and 

CS (0 ms, red line).  Additionally, it is apparent that midbrain dopamine neurons 

respond robustly to all occurrences of salient stimuli throughout the trial (buzzer 

onset at -1000ms, fixation point onset -500ms, CS onset at 0ms, CS offset at 

2000ms). 
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Figure 24 
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Figure 24 Peristimulus time histogram (convolved with a Gaussian smoothing 

kernel σ=6ms) and spike raster for the 90% stimulus presented in random 

locations in both monkeys.  Neurons exhibited robust anticipatory activity leading 

up to the onset of fixation point (-500 ms) and CS (0 ms, red line).  While the 

number of neurons that exhibited this activity is relatively few (5 neurons, 6% of 

sample total), the spike rates were high enough to influence the histogram 

average.  This may suggest that certain populations of midbrain dopamine 

neurons in SNc serve different functions in reward-related learning.  Additionally, 

it is apparent that midbrain dopamine neurons respond robustly to all 

occurrences of salient stimuli throughout the trial (buzzer onset at -1000ms, 

fixation point onset -500ms, CS onset at 0ms, CS offset at 2000ms). 
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Figure 25 
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Figure 25 Peristimulus time histogram (convolved with a Gaussian smoothing 

kernel σ=6ms) and spike raster for the 90% stimulus presented in random 

locations in both monkeys with the 6% of neurons exhibiting robust anticipatory 

activity removed (see Figure 24 for histogram with neurons included) to evaluate 

the biphasic response in the absence of those neurons.  The remaining neurons 

still exhibit anticipatory activity leading up to the onset of fixation point (-500 ms) 

and CS (0 ms, red line), although less robustly, and a biphasic response to 

stimulus onset persists (see Figure 26 for clearer depiction of the biphasic 

response).  
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Figure 26 Peristimulus time histogram (convolved with a Gaussian smoothing 

kernel σ=6ms) for the 90% stimulus (blue), 50% stimulus (magenta), and 10% 

stimulus (green) presented in random locations in both monkeys with the 6% of 

neurons exhibiting robust anticipatory activity removed (see Figure 10 for 

histogram with neurons included) to evaluate the biphasic response in the 

absence of those neurons.  The remaining neurons still exhibit a biphasic 

response to stimulus onset.  
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Figure 27 Peristimulus time histogram (convolved with a Gaussian smoothing 

kernel σ=6ms) for the 90% stimulus (blue), 50% stimulus (magenta), and 10% 

stimulus (green) presented in fixed locations in both monkeys with the 6% of 

neurons exhibiting robust anticipatory activity removed (see Figure 12 for 

histogram with neurons included) to evaluate the biphasic response in the 

absence of those neurons.  The remaining neurons still exhibit a biphasic 

response to stimulus onset.  
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Figure 28 
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Figure 28 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in random locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (79 neurons total; 35 neurons monkey L; 44 

neurons monkey S) excluding 5 neurons exhibiting robust anticipatory activity.  

Some neurons within the sample do not exhibit activity at short latency to both 

90% and 10% stimuli, and consequently lack a selectivity index (division by zero 

error, 9 neurons).  In contrast to the late component (Figure 29), the early 

component, values are distributed around zero, indicative of insensitivity to 

reward probability.  The time window to calculate the short latency selectivity 

index is 50-110 ms. 
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Figure 29 
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Figure 29 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in random locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (79 neurons total; 35 neurons monkey L; 44 

neurons monkey S) excluding 5 neurons exhibiting robust anticipatory activity.  

Some neurons within the sample do not exhibit activity at long latency to both 

90% and 10% stimuli, and consequently lack a selectivity index (division by zero 

error, 5 neurons).  In contrast to the early component (Figure 28), the late 

component shows a strong trend toward positive values, indicative of greater 

activity for the CS predicting high likelihood of reward.  The time window to 

calculate the late latency selectivity index is 125-300 ms. Late latency selectivity 

index mean is significantly different from short latency selectivity index mean (p = 

1.6 x 10-6, Student’s t-test). 
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Figure 30 
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Figure 30 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in fixed locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (79 neurons total; 39 neurons monkey L; 40 

neurons monkey S) excluding 5 neurons exhibiting robust anticipatory activity.  

Some neurons do not exhibit activity at short latency to both 90% and 10% 

stimuli, and consequently lack a selectivity index (division by zero error, 9 

neurons).  In contrast to the late component (Figure 31), the early component, 

values are distributed around zero, indicative of insensitivity to reward probability.  

The time window to calculate the short latency selectivity index is 50-110 ms. 
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Figure 31 
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Figure 31 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% stimuli in fixed locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early and late response components (79 neurons total; 39 neurons monkey L; 40 

neurons monkey S) excluding 5 neurons exhibiting robust anticipatory activity.  

Some neurons do not exhibit activity at long latency to both 90% and 10% 

stimuli, and consequently lack a selectivity index (division by zero error, 4 

neurons).  In contrast to the early component (Figure 30), the late component 

shows a strong trend toward positive values, indicative of greater activity for the 

CS predicting high likelihood of reward.  The time window to calculate the late 

latency selectivity index is 125-300 ms. Late latency selectivity index mean is 

significantly different from short latency selectivity index mean (p = 0.003, 

Student’s t-test). 
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Figure 32 
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Figure 32 Schematic depicts a possible substrate for early and late components 

of visually evoked response of midbrain dopamine neurons.  Based on latency 

alone, the superior colliculus (SC) is a likely source of short-latency, non-

discriminative visual input to DA neurons via the retino-tecto-nigral projections 

(magnocellular pathway; low contrast, luminance information).  Later activity, 

which discriminates stimulus identity, is likely the result of cortical visual 

processing (parvocellular pathway; color, fine feature discrimination) which could 

be relayed via the SC to DA neurons at a longer latency. 
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Figure 33 



 96

Figure 33 A Gaussian smoothing window of σ=20ms, as used by many prior 

studies investigating the visual response of midbrain dopamine neurons 

(histogram bin-widths of 20ms), eliminates the ability to discern biphasic activity 

and suggests that biphasic activity may have been apparent in prior studies had 

adequate analysis bin-widths been used. 
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Figure 34 
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Figure 34 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 40 dopamine neurons’ (monkey L) activity to random location stimulus 

onset (green = 10% stimulus; magenta = 50%; blue = 90%).  A biphasic 

response to the onset of the stimuli is observed.  The first response at 50-110 ms 

does not correlate with the predictive reward-values of the three images, while 

the second response increases monotonically for increasing reward value. 



 99

 

 

Figure 35 
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Figure 35 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 40 dopamine cells’ (monkey L) activity to reward delivery for stimuli 

placed in random locations (green = 10% stimulus; magenta = 50%; blue = 90%).  

Phasic dopamine neuron activity decreases monotonically with increasing reward 

probability, and signals reward prediction error, a hallmark of midbrain dopamine 

neurons. The most robust reward prediction error signal occurs to delivery of 

unexpected reward for low probability stimulus (10% stimulus, green).   
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Figure 36 
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Figure 36 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 44 dopamine neurons’ (monkey L) activity to fixed location stimulus 

onset (green = 10% stimulus; magenta = 50%; blue = 90%).  A biphasic 

response to the onset of the stimuli is observed. The first response at 50-110 ms 

does not correlate with the predictive reward-values of the three images, while 

the second response increases monotonically for increasing reward value. 
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Figure 37 
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Figure 37 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 44 dopamine cells’ (monkey L) activity to reward delivery for stimuli 

placed in fixed locations (green = 10% stimulus; magenta = 50%; blue = 90%).  

Phasic dopamine neuron activity to reward delivery is inversely related to reward 

probability, decreasing with increasing reward probability, which signals reward 

prediction error, a hallmark of midbrain dopamine neurons. The most robust 

reward prediction error signal occurs to delivery of unexpected reward for low 

probability stimulus (10% stimulus, green line).   
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Figure 38 

Stimulus onset – random locations – Monkey S 
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Figure 38 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 44 dopamine neurons’ (monkey S) activity to random location stimulus 

onset (green = 10% stimulus; magenta = 50%; blue = 90%).  A biphasic 

response to the onset of the stimuli is observed. The first response at 50-110 ms 

does not correlate with the predictive reward-values of the three images, while 

the second response increases monotonically for increasing reward value. 
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Figure 39 

Reward delivery – random locations – Monkey S 
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Figure 39 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 44 dopamine cells’ (monkey S) activity to reward delivery for stimuli 

placed in random locations (green = 10% stimulus; magenta = 50%; blue = 90%).  

Phasic dopamine neuron activity decreases monotonically with increasing reward 

probability, and signals reward prediction error, a hallmark of midbrain dopamine 

neurons. The most robust reward prediction error signal occurs to delivery of 

unexpected reward for low probability stimulus (10% stimulus, green).   
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Figure 40 

Stimulus onset – fixed locations – Monkey S 
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Figure 40 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 40 dopamine neurons’ (monkey S) activity to fixed location stimulus 

onset (green = 10% stimulus; magenta = 50%; blue = 90%).  A biphasic 

response to the onset of the stimuli is observed.  The first response at 50-110 ms 

does not correlate with the predictive reward-values of the three images, while 

the second response increases monotonically for increasing reward value. 
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Figure 41 

Reward delivery – fixed locations – Monkey S 
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Figure 41 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 40 dopamine cells’ (monkey S) activity to reward delivery for stimuli 

placed in fixed locations (green = 10% stimulus; magenta = 50%; blue = 90%).  

Phasic dopamine neuron activity to reward delivery is inversely related to reward 

probability, decreasing with increasing reward probability, which signals reward 

prediction error, a hallmark of midbrain dopamine neurons.  The most robust 

reward prediction error signal occurs to delivery of unexpected reward for low 

probability stimulus (10% stimulus, green).   
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ABSTRACT 

 

Considerable anatomical and electrophysiological evidence suggests that 

visual information is conveyed to dopamine (DA) neurons in the substantia nigra 

pars compacta (SNc) from the superior colliculus (SC).  Such evidence, in 

concert with the short-latency nature of the phasic DA signal (typically 50-110 ms 

after stimulus presentation), suggests that DA neurons have limited visual 

information at the time of short-latency phasic bursts to reward-associated visual 

stimuli.  The reward prediction hypothesis of short-latency DA firing relies on an 

assumption that sensory processing of reward-associated stimuli has occurred to 

an extent that reward value of unique stimuli can be accurately relayed by the DA 

neurons.  If visual information is solely provided by the SC, the image resolution 

of stimuli is quite low, as the SC receives visual information from the 

magnocellular pathway.  Prior studies supporting short-latency DA neuron reward 

prediction often confound the spatial location of stimuli with the reward value of 

the conditioned stimuli.  As such, predicting the reward associated with the onset 

of a visual stimulus only requires basic knowledge of the location, likely provided 

by the SC at short-latency.  Our experiments provide a test of both the reward 

prediction hypothesis and its recent challenge (Redgrave et al., 2007) by 

determining the circumstances in which the short-latency DA burst can or can not 

predict the reward values of sensory events.  Monkeys were trained to associate 

different high spatial frequency stimuli (HSF) with unique probabilities of reward.  

The stimuli were presented in central, fixed peripheral, and random peripheral 
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locations on a computer screen while the activity of putative midbrain DA 

neurons was recorded.  In this paradigm, responses with two different latencies 

were found for HSF stimuli in central locations that are similar to previously 

reported results for simple-discrimination images presented in random locations 

(Chapter II).  A phasic signal occurring 50-110ms after image onset did not 

differentiate among reward probability associations but rather was a robust signal 

indicating a salient event had occurred.  By contrast, a longer-latency component 

increased monotonically with reward probability and occurred at a time when, 

presumably, the stimulus identity is known (125-300ms after image onset).  

These data suggest that when knowledge of stimulus identity is required to 

accurately predict a reward, the phasic dopamine response encodes both 

sensory salience and reward prediction but at different latencies.  The data also 

suggest that the visual information provided to DA neurons also includes the 

parvocellular visual pathway. 

 

 

INTRODUCTION 

 

Evidence from awake-behaving non-human primate electrophysiology 

studies indicates that midbrain DA neurons respond with a short-latency, phasic 

response to critical sensory events in both classical and operant conditioning 

paradigms in animals (Schultz, 2006).  Studies of DA cells in both the substantia 

nigra pars compacta (SNc) and the ventral tegmental area (VTA) suggest that 
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DA responses serve as a signal of reward prediction needed to reinforce 

behaviors that maximize the acquisition of future rewards (Mirenowicz & Schultz, 

1994; Schultz, 1998; Schultz, 2006).  This interpretation of DA responses has 

been widely accepted and inspired numerous models of DA-based associative 

learning (Suri, 2002; Montague et al., 2004; Frank, 2005).  However, this 

interpretation has recently been challenged by Redgrave and colleagues, who 

argue that the phasic DA response is more likely a signal of biological salience, a 

signal suitable for the discovery of actions that are causal to the occurrence of 

rewarding events (i.e., agency hypothesis) (Redgrave et al., 1999, Redgrave & 

Gurney, 2006).  

  Redgrave and colleagues argue on the basis of anatomical and 

physiological evidence that the primary visual input to DA neurons comes from 

the superior colliculus (SC) rather than extrastriate cortex, and therefore, the type 

of information available to DA neurons is distinct from that required for signaling 

reward prediction but consistent with a signal of visual salience.  Neurons in the 

SC are arranged topographically to form maps of visual, auditory, and 

somatosensory space, and these sensory map, in turn, communicate with 

closely-aligned SC motor maps to drive gaze shifts that places a peripheral 

stimulus on the fovea for high-fidelity viewing (see Sparks, 1986; Stein & 

Meredith, 1993 for reviews).  Visual responses in the SC are both short-latency 

(50-100 ms) and have a strong transient component making them exquisitely 

sensitive to changes in luminance and/or movement in the periphery.  However, 

SC neurons are relatively insensitive to static features such as wavelength, high 
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spatial frequency patterns, and orientation because they receive no direct input 

from the parvocellular visual system (Sparks, 1986; Stein & Meredith, 1993; 

Sumner et al., 2002; Vuilleumier et al., 2003).  Thus, SC neurons are optimized 

for detecting, locating, and mediating orienting movements to salient stimuli but 

have no capacity for detailed feature analysis.   

The timing of SC visual responses is consistent with a putative role as the 

drive for the short-latency DA response, a role for which there is now direct 

anatomical and physiological support.  Anatomical studies using anterograde 

tracers have demonstrated direct projections from the SC to SNc in rats, cats, 

and, monkeys, with tectonigral terminals contacting DA cells (tyrosine 

hydroxylase positive) in both the SNc and VTA (Comoli et al., 2003; McHaffie et 

al., 2006; May et al., 2009).  Functional connectivity of this tectonigral circuit has 

also been established in rats whereby phasic DA activity is dependent on input 

from the SC (Coizet et al., 2003; Dommett et al., 2005).  In rats, urethane 

anesthesia eliminates responses to light flashes in visual cortex, the SC and DA 

neurons.  Local injection of the GABA antagonist bicuculline reinstates the visual 

responsiveness of either the visual cortex or the SC. Only reactivation of the SC 

(not cortex) via bicuculline injection restores the phasic DA response, which 

indicates that the SC is both necessary and sufficient (i.e., cortex not reactivated) 

for the visually-evoked phasic DA response (Coizet et al., 2003; Dommett et al, 

2005).  Moreover, visual stimuli without reward associations evoke DA response.  

This, along with other studies showing that non-reward related salient events 

(Horvitz et al., 1997; Horvitz, 2000; Ljungberg et al., 1992) and aversive stimuli 



 123

can trigger phasic DA responses (Coizet et al., 2006; Brischoux et al., 2009; 

Matsumoto & Hikosaka, 2009), precludes reward-prediction error as the only 

interpretation of phasic DA output.  

 The reinterpretation of short-latency phasic DA activity proposed by 

Redgrave and colleagues specifies that DA response is blind to the identity of the 

visual stimulus at the time they are presumed to confer reward value.  Yet, 

numerous previous studies have shown that the magnitude of this response 

adapts during the course of associative learning, such that it becomes correlated 

with the reward probability of the stimulus to which it responds (Fiorillo et al., 

2003; Tobler et al., 2003; Tobler et al., 2005).  How then can these two 

alternative interpretations be reconciled?   

In virtually all relevant nonhuman primate studies, reward associated 

stimuli were displayed in stereotyped locations (e.g. Fiorillo et al., 2003; Tobler et 

al., 2005).  Specifically, monkeys were trained to expect specific stimuli 

(associated with specific reward values) in specific spatial locations, thus raising 

the possibility that the relevant stimulus discriminations (and the associated DA 

response differences) were not based on discerning stimulus identity but instead 

determined by stimulus location.  Such discrimination might be accomplished 

very rapidly by the SC by simply sensitizing specific regions of the sensorimotor 

map over the course of many trials of reward-location associations.  Indeed, it is 

well known that SC sensory responses are enhanced by spatial attention (salient, 

meaningful stimuli) and habituate when stimuli are known to be irrelevant to 

behavior (Ikeda & Hikosaka, 2003). 
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The alternative interpretation proposed by Redgrave and colleagues yields 

several critical, but untested, predictions about the circumstances under which 

DA neurons would or would not reflect the reward probability of stimulus.  As an 

alternative to reward probability, Redgrave et al. have argued that the short-

latency DA response signals stimulus salience.  They further posit that the 

primary visual input to midbrain DA neurons comes from the SC, a structure ill-

suited for feature analysis but well-suited for detecting and locating salient 

events.  To test this hypothesis, we used HSF stimuli with various reward 

probabilities (10%, 50%, 90%) associated with pattern orientation.  Unlike simple-

discrimination images, these stimuli are designed to be heavily biased toward 

cortical rather than SC processing.  If, in fact, the short-latency DA response is 

derived principally from the SC, HSF images will eliminate the ability of the 

phasic DA response to discriminate stimuli based on reward value.  Our studies 

suggest that DA neurons encode a biphasic response to stimuli when HSF 

identity is the key association with reward.  An initial short-latency component 

(50-110ms) responds with equal magnitude to all HSF stimuli that are presented 

centrally.  Alternatively, the late-latency component increases in accord with 

associated reward values of HSF stimuli.  These results support the hypothesis 

that the late-latency visual information is somehow conveyed to the midbrain 

dopamine neurons from visual cortex.  When HSF stimuli are displayed 

peripherally, however, the short-latency component of the phasic DA response is 

absent and the response is shifted toward longer latencies owing to the longer 
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evaluation time required by visual cortex or decreased motivation for the subject 

to perform these trials. 

 

 

MATERIALS AND METHODS 

 

Two adult, male rhesus monkeys (Macaca mulatta) were prepared for 

chronic single-neuron recording.  All surgical and experimental procedures were 

approved by the Wake Forest University School of Medicine Institutional Animal 

Care and Use Committee (IACUC) and consistent with the National Institutes of 

Health (NIH) guidelines for the care and use of laboratory animals.  The monkeys 

were housed and maintained in an Association for Assessment and Accreditation 

of Laboratory Animal Care (AAALAC) accredited facility managed by the Animal 

Resources Program of the Wake Forest University School of Medicine.  

Throughout the duration of the experimental sessions, water intake and body 

weights were monitored to ensure adequate hydration.  

 

Behavioral Task 

The task, shown in Figure 1, was designed to control eye position while 

visual stimuli were presented at central and peripheral locations.  HSF stimuli 

(Petkov et al., 2007) were used, and the spatial frequency (>3 cycles/deg. of 

visual angle) and contrast (0.5 = luminance1 - luminance2 / luminance1 + 

luminance2) of the HSF stimuli Gabor patches were designed to bias the 
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discrimination to depend heavily on processing within the parvocellular channel 

of the ascending visual system (see Schiller et al., 1990).  The monkey was 

seated with head fixed in the straight-ahead position and required to fixate gaze 

on a central fixation point.  The onset of a trial was signaled by a warning buzzer 

followed by the onset of the fixation stimulus (Panels 1 & 2).  The monkey was 

required to look at the fixation stimulus and maintain fixation for as long as it was 

present (i.e., the duration of the trial).  On any given trial, one of three HSF 

stimuli, each associated with a different reward probability, was randomly 

selected for display (Panel 4) for 2 seconds.  For example, in this depiction, 

vertical grating indicates that there is a 90% probability of future reward (p = 0.9), 

diagonal grating, 50% probability of reward (p = 0.5), and horizontal grating, 10% 

probability of reward (p = 0.1).  Five hundred milliseconds (500ms, Panel 5) after 

the stimulus was presented a liquid reward was given according to the stimulus 

probability assignments for that particular experiment (Panel 6).  To prevent 

possible contamination of the reward-related activity by eye movements, the 

monkey is required to maintain fixation for an additional one second (Panel 7) 

after the stimulus-associated reward delivery to receive an addition drop of water 

for completing the trial (Panel 8). 

 The task was explicitly designed to permit quantitative evaluation of DA 

activity following both the visual stimulus (Panel 4) and the stimulus-associated 

reward delivery (Panel 6).  Thus, the 500 ms period between stimulus 

presentation and reward delivery and the additional requirement for one second 

of fixation after stimulus-associated reward delivery precludes the possibility of 
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response contamination by providing adequate temporal separation between 

successive events.  

 In separate blocks of 24 trials each, the experimental sequence was 

performed with the reward associated stimuli appearing either in central positions 

(overlapping the fixation point), at an eccentric position of 3 degrees in fixed 

locations, or at an eccentric position of 3 degrees in random locations.  In blocks 

with peripherally displayed images, stimuli appeared at a single eccentricity, but 

at directions separated by 45 degrees from fixation.  Thus, for example, in the 

control condition (fixed locations), the horizontal, vertical, and diagonal grated 

HSF stimuli could have appeared at 0, 45, and -45 (i.e. 315) degrees, 

respectively.  The presentation of stimuli was selected pseudo-randomly to 

ensure accurate reward-probability associations.  Eight trials were assigned to 

each stimulus with 7 trials rewarded and 1 trial unrewarded for the 90% stimulus, 

4 rewarded and 4 unrewarded for the 50% stimulus, and 7 unrewarded and 1 

rewarded trial for the 10% stimulus.  In the test condition (central and random 

peripheral locations), stimuli occupied the same 3 directions, but different grating 

patterns were randomly assigned to these 3 directions. 

 

Surgical Procedures 

Monkeys on inhalant anesthesia were fitted with titanium head-posts and 

plastic recording cylinders following appropriate sterile surgery techniques.  

Preoperative Procedures: Animals were restricted of food for 12 hrs before 

surgery. Prior to preoperative anesthesia, animals received injections of atropine 
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(0.04-0.06 mg/kg, intramuscular) to control secretions.  Surgical sites were 

shaved and scrubbed before the animal is moved to the operating room.  The 

animal was placed on inhalant anesthesia (isoflurane 1.5-3.0%).  Blood 

oxygenation level, heart rate, and body temperature were monitored and 

recorded at 15 minute intervals.   

Head restraint: Each anesthetized subject was placed in a stereotaxic 

apparatus, and a sterile field prepared.  Skin was incised along the midline and 

retracted to expose the skull.  A post was attached to the skull with titanium 

surgical screws for restraining the head during experiments.  The post and 

screws were bonded together with sterile orthopedic bone cement.   

Recording cylinder: Each anesthetized subject was placed in a stereotaxic 

apparatus and the sterile field prepared.  A circular region of scalp was removed 

to expose the skull.  The periosteum was removed, and a circular region of bone 

was removed using a sterile drill.  Placement of the craniotomy was guided by 

MRI scans for optimal access to substantia nigra pars compacta (SNc).  A 

recording cylinder was placed over the craniotomy, secured using orthopedic 

bone cement, and anchored with 2-6 stainless steel screws that were threaded 

into the skull.  The interior of the cylinder was flushed with sterile saline, filled 

with antibiotic solution, and closed with a sterile cap that threads into the cylinder 

opening. 
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Electrophysiological Recording 

At the beginning of each experimental session, the recording chamber 

was opened and the electrode positioned using an X-Y translation stage.  

Structural magnetic resonance imaging (MRI) scans of the monkeys guided 

placement of the electrode within the cylinder as well as provided estimates of 

appropriate electrode depth.  Once positioned at a particular X-Y coordinate, the 

dura was pierced with a 21 gauge hypodermic needle, and an epoxylite-coated 

tungsten microelectrode (1-3 MΩ impedance, FHC Inc., Bowdoin, ME)  was 

advanced through the needle and down to the SNc using an hydraulic 

microdrive.  Amplified and filtered (200 Hz to 3 kHz) neural activity was 

monitored using an oscilloscope and an audio monitor.  Estimates of electrode 

location were determined by monitoring phasic DA activity related to unexpected 

delivery of liquid reward (given at 2-16 second random intervals).  Neuronal 

responses were characterized as dopaminergic by the presence of long duration 

waveforms (1.5-5.0 ms) and low spontaneous frequency (0.5-8.5 spikes/second) 

(Grace & Bunney, 1983; Romo & Schultz, 1990). 

 

Behavioral Measurements 

Eye movements were sampled at 240Hz using an infrared-based camera 

tracking system (ISCAN), and eye position tracking software employed to 

determine eye position during experimental sessions.  Monkeys were required to 

fix their gaze on a red fixation spot presented at the center of the monitor and to 

maintain fixation throughout each trial.  If the subjects diverted their gaze, the trial 
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was aborted and restarted following a variable time delay.  Licking behavior was 

measured by a custom designed system that aligns an infrared beam between 

the monkey’s mouth and reward delivery spout.  The infrared beam was aimed at 

a detector sampling at 500Hz.  Beam interruption was recorded to determine 

licking duration (see Figures 5, 6, and 7). 

 

Data Acquisition and Analysis 

A mini-tower computer equipped with National Instruments data 

acquisition cards (NIDAQ) was used to record analog inputs corresponding to 

eye position and licking behavior.  Single neuron action potentials were isolated 

with a time/amplitude window discriminator (FHC Inc., Bowdoin, ME) and spike 

times stored with a resolution of 10 μs. Stimuli were presented by a custom 

program specifically designed to display behavioral paradigms while 

simultaneously recording behavioral and neural activity.  In this manner, neural 

activity is synchronized with behavior and the visual task.  Custom Matlab® 

scripts and functions (The MathWorks, Inc.) were used for off-line analysis of 

neural and behavioral data.  Analysis of neuronal data was performed at two time 

points reflective of the biphasic response observed with interspike interval (ISI) 

peristimulus time histograms (PSTH) for HSF stimuli presented in central 

locations.  Neuronal response latencies to stimuli were verified using a geometric 

method applied to cumulative sum (Qsum) of spikes curves with a correction for 

baseline firing rate (Rowland et al., 2007).  For detailed analysis, the short-
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latency component of the response was identified as being 50-110 ms after the 

onset of stimuli, while the long-latency component occurred at 125-300 ms. 

Receiver operating characteristics (ROC) were then used to determine the 

discrimination latency, i.e. the time at which the neural responses to different 

stimuli (e.g., 90% vs. 10%) differed significantly as described previously by 

Wyder et al., 2004.  Briefly, ROC analysis determined the probability the 

instantaneous firing frequency in response to the 90% stimulus was greater than 

the response to the 10% stimulus by calculating a discrimination index (DI) at 

5ms intervals between conditions.  Analogous to the area under the ROC curve 

(AUC), the DI was then plotted as a function of time.  For example, DI values 

near 1 indicated near perfect discrimination at the plotted time based on firing 

rate for the response to the 90% stimulus verses the 10% stimulus, while values 

near 0.5 indicate no discrimination between neural responses for the stimuli.  The 

discrimination time was the time at which the neural response was significantly 

different (p<0.01) for the stimuli than would be expected by chance as 

determined by a permutation test of 5000 random repetitions. 

A selectivity index was calculated for individual neurons for the biphasic 

neural response to HSF stimuli presented in central locations to compare the 

early and late latency components of the response.  The index took the 

difference of the neuronal response to 90% and 10% stimuli divided by the sum 

(rate_90%-rate_10%/rate_90%+rate_10%), and the result indicated the 

difference in neuronal responses to the stimuli.  Selectivity index values closer to 

1 indicate greater response to the 90% stimulus, and values closer to -1 indicate 
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a greater response to the 10% stimulus.  Different time windows were used to 

compare the responses of individual neurons at the early (50-110ms) and late 

(125-300ms) latencies of the biphasic dopamine response. 

 

RESULTS 

 

A total of 57 neurons (45 neurons monkey L; 12 neurons monkey S) were 

studied that exhibited typical characteristics of dopamine neurons.  All neurons 

displayed action potentials with wide waveforms, low spontaneous firing rates, 

and responded with phasic bursts to delivery of unexpected rewards.  All neurons 

included for analysis exhibited similar triphasic, wide action potential waveforms 

(Figure 2).  Waveforms were averaged from individual action potentials of 

neurons for which we have stored waveform data (n=56).  Additionally, all 

included neurons had low spontaneous firing rates (Figure 3). 

Accurate identification of dopamine neurons is critical for in vivo 

electrophysiology studies investigating the activity of dopamine neurons in real-

time.  While the electrophysiological characteristics of dopamine neurons used to 

classify neurons in real-time (long action potential waveforms, low spontaneous 

firing frequency, and phasic activity to unexpected reward) are widely accepted, 

additional structural studies are important to confirm that the location from which 

dopamine neurons are recorded corresponds with substantia nigra pars 

compacta.  We used magnetic resonance imaging (MRI) while monkey L had an 

electrode implanted at a location 7 mm dorsal to the site of typical recordings 
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from both monkeys.  The electrode shadow detected by MRI suggested our 

recordings were consistent with dopamine neurons from the SNc. 

Interpretation of the single neuron data requires a quantifiable behavioral 

measure to indicate that the monkey has identified the stimulus and its reward 

value.  Thus, anticipatory licking of the reward delivery spout was quantified by 

measuring the duration of licking from the time of image onset up to the time 

point of possible reward.  Figure 5 illustrates the anticipatory licking results for 

both monkeys with HSF stimuli presented centrally (Monkey L, solid blue; 

Monkey S, dashed red) and plots number of licks counted during the 2.5s period 

from stimulus onset to reward delivery as a function of the reward probability 

associated with 3 different stimuli (preward = 0.1 [10%]; preward = 0.5 [50%]; preward = 

0.9 [90%]).  Figure 6 displays licking duration for trials when images were 

displayed at fixed peripheral locations, while Figure 7 shows trials with images 

placed in random peripheral locations.  Note that anticipatory licking increased in 

direct proportion to the probability of reward delivery in both conditions and 

provides a behavioral verification that the monkey is able to predict reward 

outcome upon stimulus presentation. 

Figure 8 depicts the activity of a representative putative dopamine cell to 

unexpected rewards, and meets the electrophysiological criteria for dopamine 

neurons (see methods).  Figure 9 plots the responses of the same neuron to 

HSF stimuli presented in central locations and associated with reward 

probabilities of 10% (top), 50% (middle), and 90% (bottom).  A hallmark for 

putative reward predicting neurons, phasic DA activity increased monotonically 
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with increasing reward probability, although the response latencies appeared 

longer than latencies for simple-discrimination stimuli (see Chapter II).  Figure 10 

plots the responses of a different neuron to HSF stimuli presented in central 

locations.  Note that this neuron has a distinct biphasic response to the 50% 

(middle), and 90% (bottom) stimuli, which suggests the biphasic response occurs 

in individual neurons.  Figure 11 plots the responses of the same neuron as in 

Figure 9 to HSF stimuli presented in fixed peripheral locations and associated 

with reward probabilities of 10% (top), 50% (middle), and 90% (bottom).  Figure 

12 plots the responses of the same neuron as in Figure 10 to HSF stimuli 

presented in fixed peripheral locations and associated with reward probabilities of 

10% (top), 50% (middle), and 90% (bottom).  Figure 13 plots the responses of a 

single neuron to HSF stimuli presented in random peripheral locations and 

demonstrates a protracted time course for the neuronal response (150-600ms) to 

50% and 90% stimuli indicating that the responses on a trial-by-trail basis are 

likely de-synchronized to stimulus onset. 

Dopamine neurons responded to HSF images presented in central 

locations (Figure 14) with a biphasic pattern.  The first component of the 

response at 50-110 ms did not correlate with the reward-values of stimuli, while 

the late-latency component (125-300 ms) increased monotonically for increasing 

reward-value.  Neural responses are similar to data previously described for 

simple-discrimination images displayed in fixed and random locations (Figures 10 

and 12, Chapter II).  Responses to reward delivery decreased monotonically with 

increasing expectation of reward (Figure 15) and encoded positive reward 
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prediction error, a hallmark of dopamine neurons.  A single image location is 

used for all stimuli in these trials, thus eliminating location-specific predictive 

information.  The short-latency component of the biphasic visual response to 

centrally located images does not differentiate between the three images (Figure 

16, red).  The late-latency component did differentiate between the stimuli and 

increased monotonically with associated reward probability (Figure 16, solid 

blue), suggesting that late-latency visual information provided to midbrain 

dopamine neurons is derived from regions receiving parvocellular information 

(i.e., visual cortex).  Response to reward delivery decreases monotonically with 

increasing reward expectation (Figure 16, dashed blue) and follows the reward 

prediction error hypothesis.  A selectivity index comparing phasic activity of 

neurons for 90% and 10% stimuli at short-latency (Figure 17) demonstrated that 

most neurons do not differentiate between the two stimuli.  These data suggest 

that the response likely reflects saliency and not reward prediction.  In contrast, a 

selectivity index analyzing phasic activity of neurons to 90% and 10% stimuli at 

long-latency (Figure 18) indicates that most neurons preferentially respond to the 

90% stimulus at the later latency time-point, which could serve as a reward-

prediction signal.  

Presenting HSF stimuli in fixed (Figure 19) and random (Figure 22) 

peripheral locations (3 degrees from fixation), however, has an impact on the 

short-latency response.  The latency of the initial burst of dopamine activity 

occurred later, and the response is less distinct than for HSF stimuli presented in 

central locations (Figure 14).  A sustained component of the response was 
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observed for both 50% and 90% stimuli presented in fixed (Figure 20) and 

random (Figure 23) locations.  Response to reward delivery for both fixed (Figure 

21) and random (Figure 24) peripheral locations follows reward prediction error 

characteristics, decreasing in magnitude with increasing expectation of reward. 

The short-latency response appeared less distinct for monkey L in both 

average responses to fixed peripheral locations (Figure 25) and random 

peripheral locations (Figure 26), but remained distinctly apparent in neural data 

from monkey S in both conditions (Figure 27, Figure 28).  The differences may 

be a reflection of the relative training status of each monkey (monkey L – late 

training stage; monkey S – early training stage) or in differences in individual 

motivation for these HSF trials in which discrimination is more difficult (see 

discussion). 

Although the short-latency response to HSF stimuli presented in 

peripheral locations is minimal for monkey L in the late-training analysis (Figure 

25, Figure 26), the short-latency response is present in early training trials that 

were not included in Figure 19 and Figure 22 averages.  Monkey L was 

incapable of discriminating the HSF stimuli in these early training trials, because 

the images initially used were likely too small to discriminate the grating pattern 

orientations.  Consequently, monkey L only associated location with reward and 

not stimulus identity, which is clear in his anticipatory licking for rewarded 

locations (Figure 29) rather than reward-probability based on stimulus identity 

(Figure 30) in random peripheral locations.  Enlarging the HSF stimuli on 

subsequent training trials enabled this monkey to discriminate between the 
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grating pattern orientations.  These early training trials demonstrate that in 

situations where the subject associates location with reward, the short latency 

phasic dopamine response reflects the subject’s perception of reward-

association for stimuli (Figure 31), increasing in magnitude to stimuli for which 

the subject’s anticipatory licking is greatest.  When stimuli were presented at 

random peripheral locations, the short-latency phasic dopamine response (Figure 

32) and anticipatory licking (Figure 30) failed to reflect the reward probabilities of 

the stimuli since location was the only reliable cue during these trials.  One 

possible explanation for the reduced short-latency phasic burst in late-training 

trials with peripherally presented HSF stimuli is a decrease in motivation of 

monkey L to perform these trials.  Indeed, the subject had decreased anticipatory 

licking behavior in late-training (red dashed) compared to early training (blue 

solid) trials (Figure 33), presumably reflecting decreased motivation.  An 

additional interesting finding from these results suggests that midbrain dopamine 

neurons follow the subject’s perceived reward-values rather than actual reward 

values.  The greatest magnitude phasic dopamine response occurs to the 50% 

stimulus (Figure 31, magenta), which follows the subject’s greatest anticipatory 

licking to the 50% stimulus (Figure 29). 

To determine the discrimination latencies of the dopamine neurons, 

receiver operating characteristic curves (ROC) identified that a significant 

discrimination between responses to 90% and 10% HSF stimuli in central 

locations occurred at 115 ms for monkey L and 225 ms for Monkey S (Table 2, 

Figure 34, Figure 35).  Note that the discrimination latency is within the late-
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latency burst of phasic dopamine activity (~125-300ms), adding support to the 

argument that only the late-latency component of the phasic dopamine response 

corresponds with the reward probabilities of the associated stimuli.  Contrasting 

discrimination latencies of the dopamine response to HSF images with latencies 

for simple-discrimination stimuli in fixed locations (90 ms monkey L, 85 ms 

monkey S, see Figure 34) demonstrates that discrimination time is longer for the 

complex HSF stimuli in central locations (115 ms monkey L, 225 ms monkey S) 

and increases when HSF stimuli are located peripherally (130 ms fixed 

peripheral, 170 ms random peripheral - Monkey L,) and is seen in the ROC 

curves (Figures 36, 37, and 38.  Additionally, note that discrimination based on 

neural activity is greatest for comparisons between 90% and 10% HSF stimuli in 

central locations (Figure 35).  Figure 38 displays the discrimination between 90% 

and 50% stimuli.  Note that the discrimination between 90% and 50% stimuli is 

low across all conditions (Figure 38) when compared to responses between 90% 

and 10% stimuli (Figure 36) and responses between 50% and 10% stimuli 

(Figure 37), a likely indication that neuronal responses do not perfectly 

differentiate between stimuli with higher reward probabilities.  Thus, it is unclear 

how precisely DA neurons are capable of encoding a reward prediction to 

maximize reward, and consequently may suggest DA neurons encode a 

motivational salience value rather than pure reward predictions. 
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CONCLUSIONS & DISCUSSION 

 

A principal difference between the reward prediction and the behavioral 

salience interpretations of DA function is the source of input to DA neurons in 

SNc.  The former requires that DA neurons be informed by the outcome of 

cortical visual analysis whereas the latter purports that the main input to DA 

neurons derives from the midbrain SC (Redgrave & Gurney, 2006).  To 

differentiate between these alternatives, we used isoluminent high-spatial 

frequency images with Gabor patches that differ only in orientation.  The spatial 

frequency (>3 cycles/deg. of visual angle) and contrast (0.5 = luminance1 - 

luminance2 / luminance1 + luminance2) of the patches were chosen to bias the 

discrimination to depend heavily on processing within the parvocellular channel 

of the ascending visual system (see Schiller et al., 1990).  The use of these 

stimuli provided a strong test of the two alternatives by virtually eliminating the 

SC as a potential source of information pertaining to the sensory discrimination, 

owing to its lack of parvocellular representation (Sparks, 1986; Stein & Meredith, 

1993; Sumner et al., 2002; Vuilleumier et al., 2003). 

 Since the visual discrimination necessary to predict reward value (Gabor 

patch orientation) cannot be the product of processing within the SC, the 

correlation between reward expectation and DA response magnitude when no 

reward-location association exists will be completely eliminated if, in fact, the 

drive to DA neurons derives solely from the SC (Redgrave & Gurney, 2006).  

Alternatively, the reward prediction interpretation predicts that DA response 
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magnitude will once again correlate with reward probability/expectation despite 

an absent reward-location association.  Our results indicate that with HSF stimuli 

presented centrally, midbrain dopamine neurons respond to the salient 

appearance of the HSF stimuli equally for all three reward probabilities, but also 

encode reward predictions at later latencies at the time visual cortex is able to 

update dopamine neurons about the identity of the stimuli.  These data support 

the hypothesis that the short-latency visual response of dopamine neurons 

derives from the SC, while the source of the late-latency visual response is visual 

cortex. 

While it is clear that the late-latency phasic dopamine neuron response 

magnitude is capable of differentiating HSF stimuli with different reward 

probabilities, interestingly the responses appear only to encode saliency and 

reward predictions when the HSF images are located centrally.  Additionally, the 

response to HSF stimuli in central locations displays a similar biphasic pattern as 

seen in our prior study using simple-discrimination stimuli (see Chapter II), 

indicating that the dopamine neurons signal both saliency and reward prediction.  

Displaying HSF stimuli at 3 degrees from fixation point, however, precludes fast 

discrimination of the stimuli and consequently fails to elicit a robust short latency 

phasic dopamine response.  It is already established that dopamine neurons 

exhibit decreasing short-latency phasic responses when subjects are less 

motivated (Satoh et al., 2003).  Therefore, the most likely explanation for the 

decreased phasic dopamine response in peripheral location trials is the 

decreased motivation of the monkeys; particularly monkey L, resulting from 
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greater discrimination difficulty as measured by decreased anticipatory licking of 

monkey L in late-stage training trials (Figure 33).  

An additional interesting aspect of this experiment relates to DA response 

latency and a comparison of the visual stimulus response latencies.  If, in fact, 

DA activity reflects reward prediction based on stimulus identity, one would 

expect the timing of this signal to depend on the difficulty of the discrimination – 

i.e, more difficult discriminations require more time thus leading to delayed DA 

responding.  The results from this study suggest the phasic activity of DA 

neurons is capable of predicting reward for the late-latency (125-300 ms) 

component of the visual response for the centrally presented HSF images and at 

longer latencies when HSF stimuli are displayed peripherally.   

If the SC provides saliency information to dopamine neurons, the 

appearance of any salient stimulus regardless of SC discrimination capability 

would be expected to elicit a short-latency response.  An unexpected result from 

the current study was found in decreased short-latency DA activity observed for 

HSF images displayed 3 degrees from the fixation point in neurons recorded 

from Monkey L.  Initially, however, the short latency visual response to the 

peripherally presented HSF stimuli was apparent for Monkey L in the early 

stages of training (Figure 31).  The loss of this short-latency signal appears to be 

related to the motivational status of the monkey.  Compared to the initial training 

sessions, the monkey licked with much less frequency in the trials in which the 

short latency visual response is absent (Figure 33), perhaps reflecting the 

increased difficulty of stimulus discrimination and subsequent lack of motivation. 
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Although the short latency burst is markedly reduced in monkey L for HSF 

stimuli presented in peripheral locations, anticipation encoded by the neurons as 

an elevation of average baseline firing rate during the period between stimulus 

onset and reward delivery for the 50% and 90% images persists (Figure 20).  

The anticipatory activity begins around 120 ms after the onset of stimuli, which is 

consistent with cortical processing having proceeded to an extent to determine 

the reward probabilities associated with the image features.  The anticipatory 

activity fails to distinguish between the 50% and 90% stimuli, and thus likely does 

not encode uncertainty as previously reported by Fiorillo and colleagues 

(Science, 2003).  In that study, anticipatory activity was only apparent for the 

50% stimulus, and therefore the authors concluded that the baseline elevation 

was encoding uncertainty about future reward since reward is most uncertain for 

50% probability.  Our data suggest that the elevation of baseline firing might 

instead be associated with an attention process to ensure that all potential future 

reward is received by modifying behaviors required for the task (e.g. greater 

anticipatory licking). 

After extensive training using the three stimuli for the study in Chapter II, 

HSF stimuli were presented for the first time while recording from a dopamine 

neuron (Figure 39).  In contrast to the neuron’s response to simple-discrimination 

stimuli (Figure 40), the neuron responds more robustly to the novel HSF stimuli 

(Figure 39).  Additionally, it is important to note that the neuron responds to all 

sensory events contained in the trial (stimulus onset, offset, and reward delivery) 

indicating that the currently accepted model of the dopamine neuron conditioning 
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shift depicted in Figure 1 may be inaccurate.  Instead, it is likely that dopamine 

neurons initially respond robustly to all novel sensory events, as do SC neurons.  

Once those sensory events are determined to be less motivationally salient or 

reward-related (i.e. 10% and 50% stimuli), the response decreases in magnitude, 

while the response is maintained for high motivationally salient stimuli (i.e. 90% 

rewarded stimulus).  These data further support a role for the superior colliculus 

in the visual response of dopamine neurons, since the superior colliculus is 

known to initially respond to novel stimuli but will eventually habituate for 

distracters not associated with reward (low-motivational salience) in contrast to 

target stimuli that are highly motivationally salient given their association with 

reward (Kim & Basso, 2008). 

In summary, these results indicate that dopamine neurons receive 

updated information about stimulus reward value at later latencies from brain 

regions that receive parvocellular visual channel information.  In addition, short-

latency phasic dopamine neuron responses encode saliency in that they initially 

respond robustly to the appearance of all stimuli regardless of learned reward 

probability, and that only at later latencies do the neuronal responses correspond 

with reward value of the stimuli in a manner consistent with the reward prediction 

hypothesis.  The results also add evidence that the short-latency response is 

linked to subject motivation as one previous study reported (Satoh et al., 2003), 

and that the responses of midbrain dopamine neurons signal the occurrence of 

novel events. 
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Dopamine Neuron Properties  Monkey L  Monkey S 
Significant phasic activity to reward (p<<0.01)  100% (46/46)  100% (12/12) 
Mean spontaneous firing ± SD (spikes/sec)  4.46 ± 2.97  3.78 ± 2.52 
Mean waveform width ± SD (ms)  0.992 ± 0.178  0.997 ± 0.151 

 

Table 1 Significant phasic activity to unexpected reward delivery (reward 

delivered at random intervals between 2-16 seconds) was determined by a 

Wilcoxon rank-sum test (p << 0.01, all neurons).  Mean action potential spike 

counts of dopamine responses to unexpected reward (analysis window of 50 to 

300ms after reward delivery) were compared to baseline firing spike counts 

(analysis window of -300 to -550 prior to reward delivery) for each individual 

neuron.  Additionally, note that spontaneous firing rate and waveform width 

means and standard deviations are similar for both monkeys, an indication of 

homogeneity of electrophysiological characteristics of dopamine neurons 

between individual monkeys. 
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Discrimination latency:  Monkey L  Monkey S 
HSF centered     

90% vs. 10% Stimulus 115 225 
90% vs. 50% Stimulus 595 ‐ 
50% vs. 10% Stimulus 155 ‐ 

HSF peripheral fixed     
90% vs. 10% Stimulus 130 820 
90% vs. 50% Stimulus 220 ‐ 
50% vs. 10% Stimulus 200 520 

HSF peripheral random     
90% vs. 10% Stimulus 170 ‐ 
90% vs. 50% Stimulus ‐  ‐ 
50% vs. 10% Stimulus 310 ‐ 

 

Table 2 Discrimination latencies in milliseconds were determined by receiver 

operating characteristic discrimination index (DI) analysis comparing conditions 

in each 5ms interval and a permutation test to assess at what time the DI 

becomes significantly different than what would be expected by chance. 
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Response latency  Monkey L Monkey S 
HSF centered   

10% Stimulus 51‐106 83‐178 
50% Stimulus 39‐177 56‐192 
90% Stimulus 74‐196 87‐180 

HSF peripheral fixed   
10% Stimulus NR* 62‐137 
50% Stimulus 62‐536 79‐162 
90% Stimulus 148‐445 505‐913 

HSF peripheral random   
10% Stimulus NR* 90‐166 
50% Stimulus 150‐366 28‐146 
90% Stimulus 71‐497 65‐207 

 

Table 3 Response latencies in milliseconds were determined by a geometric 

method to detect the deflection angle on a cumulative sum of spikes curve 

(Qsum) caused by post-stimulus firing rate changes corrected for baseline firing 

rate (Rowland et al., 2007). Shown are the ranges of the phasic responses from 

onset to offset. Stimulus offset is the time at which the Qsum slope decreases 

toward zero. NR* indicates conditions for which the Qsum algorithm did not 

detect a response greater than pre-stimulus baseline firing rate. 
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Figure 1 
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Figure 1 Monkeys were trained to associate distinct high spatial frequency (HSF) 

conditioned stimuli (CS) with unique probabilities of reward (0.9, 0.5 and 0.1).  

The orientation of HSF grating patterns provides reward probability information 

(e.g., vertical grating associated with 90% reward, horizontal grating 10% reward, 

and oblique grating 50% reward).  In some blocks of trials, CS location was 

randomized, while in other blocks, CS identity and location were yoked.  HSF 

images were placed in central locations overlapping the fixation point and at 

random and fixed locations 3 visual degrees from the fixation point. Random and 

fixed location blocks were interleaved and monkeys were not cued about the 

nature of a given block.  A low-pitched buzzer signaled the start of a trial, and 

monkeys were given up to 2 s to acquire a central stimulus (red dot).  After 500 

ms, a CS was displayed for 2 s, followed by an additional 500ms delay before the 

reward was administered according to the scheduled reward probability. After an 

additional 1s delay, monkeys were rewarded for maintaining fixation for the 

completion of the trial.  HSF Images were counterbalanced between monkeys to 

ensure that the neurons respond to the associated reward probabilities of each 

image and not the unique physical properties of the stimuli. 
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Figure 2 Averaged action potential waveforms normalized to peak amplitude 

from 56 individually recorded neurons.  All neurons included for analysis 

exhibited similar triphasic waveforms, which are indicative of DA neurons. 
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Figure 3 Plotting spontaneous firing frequency against waveform demonstrates a 

population consistent for characteristics typical of dopamine neurons (low 

spontaneous firing rates, and wide action potential waveforms).  Orange points 

are neurons from monkey S, blue are neurons from monkey L.  Waveform widths 

were measured from the first to the second negative deflection of the triphasic 

waveforms (Figure 2).  Discrete values of waveform widths at 0.6ms result from 

equipment limitations at the time those neurons were recorded.  Waveform 

information for those neurons was stored using video recordings of individual 

action potentials displayed on the oscilloscope, and waveform width values were 

estimated by reviewing those videos. 
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Figure 4 
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Figure 4 We obtained MR imagery of monkey L with an electrode implanted at a 

location 7 mm dorsal to the site of typical dopamine neuron recordings from both 

monkeys in order to establish a structural location of recording.  The MR image 

(right) shows a shadow of the electrode located just dorsal to the substantia nigra 

pars compacta as compared to a rhesus macaque histology slide on the left 

(Mikula et al., 2009).  The red star on the MR image depicts the typical recording 

depth of putative dopamine neurons, confirming that the region from which we 

recorded dopamine neurons is located within the substantia nigra.  The blue star 

depicts the electrode tip, and the approximate location corresponding with rhesus 

macaque histology. SNc = substantia nigra pars compacta. 
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Figure 5 Classical conditioning assessed by licking behavior of monkey L (solid 

blue, left y-axis) and monkey S (dashed red, right y-axis) to HSF stimuli in central 

locations.  Anticipatory licking increased linearly for stimuli conditioned with 

higher probabilities of reward (mean ± SEM).  Licking behavior was determined 

by counting the number of licks (i.e. number of times the tongue breaks the 

infrared beam between the monkeys’ mouths and the reward spout) the monkeys 

perform within the 2.5 second period between stimulus onset and reward 

delivery.  
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Figure 6 Classical conditioning assessed by licking behavior of monkey L (solid 

blue, left y-axis) and monkey S (dashed red, right y-axis) to HSF stimuli in fixed 

peripheral locations.  Anticipatory licking increased linearly for stimuli conditioned 

with higher probabilities of reward (mean ± SEM), with the exception of the 

licking behavior for monkey S (greatest for 50% stimulus).  Licking behavior was 

determined by counting the number of licks (i.e. number of times the tongue 

breaks the infrared beam between the monkeys’ mouths and the reward spout) 

the monkeys perform within the 2.5 second period between stimulus onset and 

reward delivery. 

Anticipatory licking – HSF fixed peripheral locations 
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Figure 7 Classical conditioning assessed by licking behavior of monkey L (solid 

blue, left y-axis) and monkey S (dashed red, right y-axis) to HSF stimuli in 

random peripheral locations.  Anticipatory licking increased linearly for stimuli 

conditioned with higher probabilities of reward (mean ± SEM).  Licking behavior 

was determined by counting the number of licks (i.e. number of times the tongue 

breaks the infrared beam between the monkeys’ mouths and the reward spout) 

the monkeys perform within the 2.5 second period between stimulus onset and 

reward delivery. 

 

Anticipatory licking – HSF random peripheral locations 
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Figure 8 Dopamine neuron (#49) activity to delivery of unexpected reward (red 

line, time=0 ms) delivered at random intervals of 2-16 seconds in length.  Spike 

density histogram (above) is smoothed with a Gaussian kernel σ = 6ms.  Spike 

raster (below) represents individual action potentials as each tick mark, and each 

row of tick marks is one trial.  All neurons included for analysis exhibited this 

characteristic.   
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Figure 9 
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Figure 9 Dopamine neuron (#49) activity to onset of HSF stimuli (red line, time=0 

ms) that were presented in central locations.  Spike density histograms (top 

panels) are smoothed with a Gaussian kernel σ = 6ms and depicts a shifted 

latency effect, with the robust activity to the 90% stimulus occurring at a delayed 

latency ~250ms after its onset.  Spike rasters (below histograms) represent 

individual action potentials as each tick mark, and each row of tick marks is one 

trial. 
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Figure 10 
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Figure 10 Dopamine neuron (#40) activity to onset of HSF stimuli (red line, 

time=0 ms) that were displayed in central locations.  Spike density histograms 

(top panels) are smoothed with a Gaussian kernel σ = 6ms.  Spike rasters (below 

histograms) represent individual action potentials as each tick mark, and each 

row of tick marks is one trial.  Note a distinct biphasic neuronal response to 

stimulus onset for 50% and 90% stimuli. 
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Figure 11 
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Figure 11 Dopamine neuron (#49) activity to onset of HSF stimuli (red line, 

time=0 ms) that were presented in fixed peripheral locations.  Spike density 

histograms (top panels) are smoothed with a Gaussian kernel σ = 6ms.  Spike 

rasters (below histograms) represent individual action potentials as each tick 

mark, and each row of tick marks is one trial. 
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Figure 12 
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Figure 12 Dopamine neuron (#40) activity to onset of HSF stimuli (red line, 

time=0 ms) that were in fixed peripheral locations.  Spike density histograms (top 

panels) are smoothed with a Gaussian kernel σ = 6ms.  Spike rasters (below 

histograms) represent individual action potentials as each tick mark, and each 

row of tick marks is one trial.  Note the protracted time course (100-500 ms) of 

the response to the 90% stimulus, which may indicate that peripherally displayed 

HSF stimuli de-synchronize the phasic dopamine response on a trial-by-trial 

basis as a reflection of increased discrimination difficulty. 



 165

 



 166

 

Figure 13 Dopamine neuron (#53) activity to onset of HSF stimuli (red line, 

time=0 ms) that were in random peripheral locations.  Spike density histograms 

(top panels) are smoothed with a Gaussian kernel σ = 6ms.  Spike rasters (below 

histograms) represent individual action potentials as each tick mark, and each 

row of tick marks is one trial. 
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Figure 14 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 57 putative dopamine neurons (45 neurons monkey L; 12 monkey S) 

activity to the onset of HSF stimuli displayed in central locations (green = 10% 

stimulus; magenta = 50%; blue = 90%).  A biphasic response to the onset of the 

stimuli is observed.  The first response at 50-110 ms does not correlate with the 

predictive reward-values of the three images, while the second response (125-

300ms) increases monotonically for increasing reward value. 
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Figure 15 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 57 putative dopamine neurons (45 neurons monkey L; 12 monkey S) 

activity to reward delivery for HSF stimuli displayed in central locations (green = 

10% stimulus; magenta = 50%; blue = 90%).  Phasic dopamine neuron activity 

decreases monotonically with increasing reward probability and signals reward 

prediction error, a hallmark of midbrain dopamine neurons.  The most robust 

reward prediction error signal occurs to delivery of unexpected reward for low 

probability stimulus (10% stimulus, green). 
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Figure 16 Neuronal activity was averaged from 50-110 ms after the onset of 

stimuli for the early component (solid red), from 125-300 ms after the onset of 

stimuli for the late component (solid blue), and from 100-300 ms after the delivery 

of reward (dashed blue).  Mean firing rate (± SEM) for early component is similar 

for all HSF stimuli presented in central locations (solid red) whereas the mean 

firing rate for the late component (solid blue) increases monotonically with CS 

reward probability.  Activity for reward delivery (dashed blue) is inversely related 

to reward probability and is consistent with a signal that encodes reward 

prediction error.   
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Figure 17 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% HSF stimuli in central locations according to the formula (rate90-

rate10/rate90+ rate10).  The index was computed for each individual neuron’s 

early component at 50-110 ms after stimulus onset (57 neurons total; 45 neurons 

monkey L; 12 neurons monkey S).  Some neurons do not exhibit activity at long 

latency to both 90% and 10% stimuli, and consequently lack a selectivity index 

(division by zero error, 6 neurons).  In contrast to the late component (Figure 18), 

the early component, values were distributed around zero, indicative of 

insensitivity to reward probability.   
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Figure 18 A selectivity index relates the magnitude of activity evoked for the 90% 

and 10% HSF stimuli in central locations according to the formula (rate90-

rate10/rate90+ rate10). The index was computed for each individual neuron’s late 

response component at 125-300 ms after onset of stimuli (57 neurons total; 45 

neurons monkey L; 12 neurons monkey S).  Some neurons do not exhibit activity 

at long latency to both 90% and 10% stimuli, and consequently lack a selectivity 

index (division by zero error, 5 neurons).  In contrast to the early component 

(Figure 17), the late component shows a trend toward positive values, indicative 

of greater activity for the CS predicting high likelihood of reward.  Time windows 

for the selectivity index are 50-110 ms (early), and 125-300 ms (late).  Late 

latency selectivity index mean is significantly different from short latency 

selectivity index mean (p = 0.0003, Student’s t-test). 
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Figure 19 
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Figure 19 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 31 putative dopamine neurons (26 neurons monkey L; 7 monkey S) 

activity to the onset of HSF stimuli displayed 3 visual degrees from the fixation 

point in fixed locations.  A biphasic response to the onset of stimuli is not as 

apparent as in the case of centrally located stimuli (Figure 14).  Instead, a 

delayed burst of activity appears beginning ~150ms after onset of the images.  A 

relatively short-latency burst at 75-110ms after the onset of stimuli is apparent, 

although the time-course of the response varies between stimuli.  The highest 

magnitude response occurs for the 90% stimulus at 300ms and indicates either 

an exaggerated increase in visual processing time required to analyze the HSF 

at peripheral locations or variability of phasic activity among individual neurons. 
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Figure 20 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms of 31 putative dopamine neurons (26 neurons 

monkey L; 7 monkey S) activity to the onset of HSF stimuli displayed 3 visual 

degrees from the fixation point in fixed locations, with the analysis window 

extended to 2 seconds after onset of the stimuli.  Sustained activity is visible for 

the 50% and 90% stimuli, corresponding to an elevation in baseline firing rates.  
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Figure 21 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 31 putative dopamine cells’ (26 neurons monkey L; 7 monkey S) 

activity to reward delivery for HSF stimuli displayed 3 degrees from the fixation 

point in fixed locations (green = 10% stimulus; magenta = 50%; blue = 90%).  

Phasic dopamine neuron activity decreases monotonically with increasing reward 

probability, and signals reward prediction error, a hallmark of midbrain dopamine 

neurons. The most robust reward prediction error signal occurs to delivery of 

unexpected reward for low probability stimulus at 150-200ms (10% stimulus, 

green). 
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Figure 22 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 23 putative dopamine neurons (16 neurons monkey L; 7 monkey S) 

activity to the onset of HSF stimuli displayed 3 visual degrees from the fixation 

point in random locations.  A synchronized biphasic response to the onset of the 

stimuli is not observed for all three stimuli in contrast to centrally located stimuli. 

Instead, similar to HSF stimuli displayed in fixed peripheral locations, delayed 

and repeated burst firing occurs beginning ~150ms after onset of the image 

distinguishes most readily distinguishable for the 90% stimulus. 
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Figure 23 
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Figure 23 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms of 23 putative dopamine neurons (16 neurons 

monkey L; 7 monkey S) activity to the onset of HSF stimuli displayed 3 visual 

degrees from the fixation point in random locations.  Extending the analysis 

window to 1000ms reveals delayed and repeated burst firing beginning around 

100ms after stimulus onset and persists for the 90% and 50% stimuli. 
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Figure 24 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 23 putative dopamine cells’ (16 neurons monkey L; 7 monkey S) 

activity to reward delivery for HSF stimuli displayed 3 degrees from the fixation 

point in random locations (green = 10% stimulus; magenta = 50%; blue = 90%).  

Phasic dopamine neuron activity decreases monotonically with increasing reward 

probability, and signals reward prediction error, a hallmark of midbrain dopamine 

neurons. The most robust reward prediction error signals occur to delivery of 

unexpected reward for low probability stimuli (10% stimulus, green; 50% 

stimulus, magenta). 
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Figure 25 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 26 dopamine neurons (monkey L) activity to the onset of HSF stimuli 

displayed in fixed peripheral locations (green = 10% stimulus; magenta = 50%; 

blue = 90%).  A biphasic response to the onset of the stimuli is observed.  The 

first response at 110-200 ms does correlate with the predictive reward-values of 

the three images, and a second burst 300 ms occurs for the 90% stimulus. 
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Figure 26 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 26 dopamine neurons (monkey L) activity to the onset of HSF stimuli 

displayed in random peripheral locations (green = 10% stimulus; magenta = 

50%; blue = 90%).  A distinct phasic burst for 90% and 50% stimuli occurs at 

325-375ms after onset of the stimuli. 

Stimulus onset - HSF random peripheral locations Monkey L 
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Figure 27 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 7 dopamine neurons (monkey S) activity to the onset of HSF stimuli 

displayed in fixed peripheral locations (green = 10% stimulus; magenta = 50%; 

blue = 90%). 
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Figure 28 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms, shaded regions are standard errors about the 

mean) of 7 dopamine neurons (monkey S) activity to the onset of HSF stimuli 

displayed in random peripheral locations (green = 10% stimulus; magenta = 

50%; blue = 90%). 
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Figure 29 Anticipatory licking for monkey L early training trials for HSF stimuli 

placed in random peripheral locations demonstrates greater anticipation of 

reward when any image appears in the previously high-rewarded locations (top 

and bottom locations) during fixed peripheral location trials.  Therefore, the 

monkey only understands a location-reward association at this stage of training 

and is either incapable of detecting or has not learned the stimulus-reward 

associations based on stimulus identity.  Trials were sorted by reward-location 

associations that were previously over-trained in fixed location-reward trials.  The 

top position was associated with 90% probability of reward, middle position with 

10% probability, and bottom position with 50% probability.  Licking duration is 

normalized to the maximum licking per trial. 
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Figure 30 Anticipatory licking for monkey L early training trials for HSF stimuli 

placed in random peripheral locations demonstrates the no distinction between 

the three stimuli when sorted by image probability.  Therefore, the monkey only 

knows a location-reward association at this stage of training and is either 

incapable of detecting or has not learned the stimulus-reward associations based 

on stimulus identity.  Licking duration is normalized to the maximum licking per 

trial. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.65

0.7

0.75

0.8

0.85

0.9

0.95
Licking Duration - HSF Random Locations - Sorted by Probability

no
rm

al
iz

ed
 li

ck
in

g 
du

ra
tio

n

reward probability



 187

 

Figure 31 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms) of 7 putative dopamine neurons (monkey L) 

activity to the onset of HSF stimuli displayed 3 degrees from the fixation point in 

fixed locations.  The monkey was unable to discriminate the HSF stimuli likely 

due to the small image sizes and his visual acuity.  As a result, the neurons and 

the monkey are signaling reward probabilities associated with location and not 

stimulus identity.  In this case, the short latency burst follows the reward 

prediction associated with the monkey’s perceived highest reward-value location 

(50% stimulus location) as indicated by his licking behavior (Figure 33) A 

biphasic response to the onset of the stimuli is observed. 
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Figure 32 Population spike density histogram (neuron firing rates convolved with 

a Gaussian kernel of σ = 6ms) of 7 putative dopamine neurons (monkey L) 

activity to the onset of HSF stimuli displayed 3 degrees from the fixation point in 

random locations.  The monkey was unable to discriminate the HSF stimuli likely 

due to his visual acuity.  As a result, the neurons and the monkey are signaling 

reward probabilities associated with location and not stimulus identity.  In this 

case, the short latency burst is incapable of determining reward probability and 

neither is the late latency burst.  The monkey’s licking duration increases for 

locations that had previously been associated with reward in fixed trials (Figure 

29).  Licking duration does not follow stimulus identity (Figure 30). 
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Figure 33 Monkey L demonstrates decreased motivation in the late-training trials 

as indicated by a decrease in his anticipatory licking (late-training dashed red, 

right y-axis) contrasted with greater anticipatory licking in early training phase 

(solid blue, left y-axis).  His decreased motivation is one possible explanation for 

why the short-latency dopamine activity to HSF stimuli is less robust for monkey 

L in fixed and random peripherally displayed stimuli.  It has been previously 

established that phasic dopamine responses decrease when subjects are less 

motivated (Satoh et al., 2003). 
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Figure 34 
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Figure 34 Response (lines) and discrimination (dots) latencies for each stimulus 

across all conditions for both subjects illustrates the time course of the neuronal 

response.  Note that the response latency ranges increase for HSF stimuli 

located peripherally, likely indicating an increased variability of responses by 

individual neurons (de-synchronization).  Additionally, the discrimination latency 

increases for all HSF conditions as compared to discrimination latencies for 

simple-discrimination images used in Chapter II and the increase is most 

pronounced for HSF stimuli in peripheral locations for monkey S. Discrimination 

latencies are plotted for the discrimination time for 90% stimulus vs. 10% 

stimulus for both the 90% stimulus and 10% stimulus, and 50% stimulus vs. 10% 

stimulus for the 50% stimulus. HSFn = HSF stimuli in central locations, HSFp = 

HSF stimuli in peripheral locations, HSFr = HSF stimuli in random peripheral 

locations, Fixed = simple-disrimination stimuli in fixed locations, Rand = simple-

discrimination stimuli in random locations, 10 = 10% stimulus, 50 = 50% stimulus, 

and 90 = 90% stimulus, L = monkey L, S = monkey S. 
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Figure 35 
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Figure 35 Receiver operating characteristic curves provide information about 

rate and duration of discrimination between populations.  An ROC discrimination 

index, analogous to the area under the ROC curve (AUC), was calculated for the 

stimuli.  For HSF stimuli placed in central locations, the greatest discrimination 

occurs between 90% and 10% stimuli, and discrimination between 50% and 10% 

stimuli is better than between 90% and 50% stimuli.  Additionally, the 

discrimination occurs over a protracted time window and demonstrates 

anticipatory activity for 90% and 50% stimuli that is distinct from activity to the 

10% stimulus at 1000 ms prior to reward delivery. 
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Figure 36 
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Figure 36 Receiver operating characteristic (ROC) curves are used to provide 

information about the time at which phasic dopamine neuron responses 

discriminate between stimuli.  Shown here are the ROC curves for all conditions 

comparing the response to 90% stimuli and 10% stimuli (Chapter II simple-

discrimination images and Chapter III HSF images).  An ROC discrimination 

index, which is analogous to the area under the ROC curve (AUC), value of 1 

indicates perfect discrimination for the 90% stimulus, while a value of 0 indicates 

perfect discrimination for the 10% stimulus.  Note that the phasic dopamine 

activity discriminates simple-discrimination stimuli faster than HSF stimuli (see 

latencies in Table 2, Chapter II and Table 2, current chapter).  Additionally, 

discrimination between HSF stimuli located centrally occurs earlier than 

discrimination for HSF stimuli located in fixed and random peripheral locations. 
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Figure 37 
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Figure 37 Receiver operating characteristic (ROC) curves are used to provide 

information about the time at which phasic dopamine neuron responses 

discriminate between stimuli.  Shown here are the ROC curves for all conditions 

comparing the response to 50% stimuli and 10% stimuli (Chapter II simple-

discrimination images and Chapter III HSF images).  An ROC area under the 

curve (AUC) value of 1 indicates perfect discrimination for the 90% stimulus, 

while a value of 0 indicates perfect discrimination for the 10% stimulus.  Note that 

the phasic dopamine activity discriminates simple-discrimination stimuli faster 

than HSF stimuli (see latencies in Table 2, Chapter II and Table 2, current 

chapter).  Discrimination between HSF stimuli located centrally occurs earlier 

than discrimination for HSF stimuli located in fixed and random peripheral 

locations. 
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Figure 38 
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Figure 38 Receiver operating characteristic (ROC) curves are used to provide 

information about the time at which phasic dopamine neuron responses 

discriminate between stimuli.  Shown here are the ROC curves for all conditions 

comparing the response to 90% stimuli and 50% stimuli (Chapter II simple-

discrimination images and Chapter III HSF images).  An ROC area under the 

curve (AUC) value of 1 indicates perfect discrimination for the 90% stimulus, 

while a value of 0 indicates perfect discrimination for the 10% stimulus.  Note that 

the phasic dopamine activity discriminates simple-discrimination stimuli faster 

than HSF stimuli (see latencies in Table 2, Chapter II and Table 2, current 

chapter).  Additionally, there is less discrimination between the 90% and 50% 

stimuli, likely because dopamine neurons lack precision to discern similar reward 

probabilities based on response magnitude. 
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Figure 39 
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Figure 39 Dopamine neuron robustly responds to novel stimuli.  After extensive 

training using the same 3 stimuli for the study in Chapter II, HSF stimuli were 

presented for the first time while recording from a dopamine neuron.  Histograms 

(above) and spike rasters (below) display robust activity to these novel HSF 

stimuli as contrasted by the response of the neuron to simple-discrimination 

stimuli (Figure 40).  Additionally, it is important to note that the neuron responds 

to all sensory events contained in the trial (stimulus onset at 0ms, offset at 

2000ms, and reward delivery at 2500ms) indicating that the current widely 

believed conditioned-learning hypothesis of the dopamine neuron-conditioning 

shift depicted in Figure 1 might be inaccurate.  Instead, it is likely that dopamine 

neurons initially respond robustly to all novel sensory events.  Once those 

sensory events are determined to be less motivationally salient (i.e 10% and 50% 

rewarded stimulus), the response decreases in magnitude, while the response is 

maintained for high motivationally salient stimuli (i.e. 90% rewarded stimulus).  

This data further supports a role for the superior colliculus, since the superior 

colliculus initially responds to novel stimuli but eventually habituates for low-

motivationally salient distracters in contrast to high motivationally salient targets 

(Kim and Basso, 2008). 
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Figure 40 
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Figure 40 Histograms (above, inter-spike intervals) and spike rasters (below) 

display increasing phasic activity of a dopamine neuron to the onset of trained 

stimuli with greater probabilities of reward. Contrast with the robust response to 3 

novel stimuli presented immediately following these trials (Figure 39). 
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CHAPTER IV 

 

CONCLUSIONS & DISCUSSION 
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The current understanding about the functional significance of midbrain 

dopamine neurons in reward related learning is based largely on 

electrophysiology experiments designed around the idea that these neurons 

fundamentally predict reward associations of conditioned stimuli with little focus 

on the sensory sensitivity of the dopamine neurons.  As such, there has been 

limited control of sensory events during studies investigating dopamine neuron 

function.  Frequently, studies displayed visual conditioned stimuli of uncontrolled 

and variable luminance and sensory qualities, leading one to question the validity 

of concluding that dopamine neurons are concerned with reward predictions and 

not unique sensory properties (e.g. luminance, shape, color) of the stimuli.  In 

addition, many of these studies used location as a redundant cue to reward 

probability adding ambiguity and uncertainty as to which cue the dopamine 

neurons respond (Fiorillo et al., 2003; Tobler et al., 2005).  The goal of the 

studies described in this thesis was to examine the functional significance of 

dopamine neurons in light of new evidence that these neurons may actually 

detect the occurrence of salient events. 

The data presented in chapters II and III suggest that dopamine neurons 

signal saliency at short latency (50-110 ms) and distinctly predict reward at a 

later latency (125-300 ms).  The pre-attentive nature of the first phasic dopamine 

burst and the lack of discrimination in response magnitudes to stimuli, suggests 

the dopamine neurons are initially signaling the occurrence of a salient event that 

may potentially be associated with reward.  The early signal may function to 
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direct attention towards a salient event so that subsequent detailed cortical 

analysis may take place to determine whether reward is forthcoming.  The ability 

of these dopamine neurons to discriminate stimuli based on associated reward 

probabilities does not reliably occur until the later latency burst of phasic activity.  

The timing of the late-latency activity (125-300 ms) likely reflects the additional 

processing time required to evaluate specific image features when the 

knowledge of stimulus identity is required to accurately predict reward.  It is likely 

that the animal generalizes location information in favor of detailed features 

specific to the unique images on which to predict the frequency of his anticipatory 

licking necessary to completely receive perceived future reward.  As such, there 

is little difference in response form to simple-discrimination images displayed in 

random locations as compared to the fixed locations (Chapter II) or in HSF 

stimuli presented centrally (Chapter III) since the crucial reward association is 

image identity.  Subsequently the dopamine neurons must wait until detailed 

image information is obtained to signal reward prediction at later latencies.  

Additionally, the late-latency burst is capable of discriminating between stimuli 

biased toward the Parvocellular visual channel (Chapter III), and suggests that 

cortical visual information is conveyed to midbrain dopamine neurons. 

An important issue to address is whether the short latency burst is a signal 

of stimulus generalization as proposed by Schultz and colleagues (Shultz, 1998; 

Schultz and Romo 1990).  Such a suggestion would limit dopamine’s role in 

temporal difference learning if the dopamine neurons cannot accurately critique 

the available predictive information.  Furthermore, explaining a functional role for 
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dopamine neuron generalization is challenging for temporal difference learning 

models (Kakade & Dayan, 2002).  Generalization would suggest that dopamine 

neurons lack accuracy to predict reward value of conditioned stimuli.  Given the 

nature of experimental sessions, the monkeys most likely expect the delivery of 

reward to be possible for the start of each new trial and the initial appearance of 

stimuli at pre-attentive time points when reward-predictive information is limited.  

Thus, when considering a functional role for generalization, a more likely 

explanation is that it signals the occurrence of behaviorally salient events with 

unknown reward outcome.  Before dopamine neurons can accurately encode 

reward predictions, a motivational process would likely be necessary to focus the 

subject’s attention toward salient stimuli for further evaluation.  We propose that 

the short-latency phasic burst of dopamine neurons (50-110 ms) functions to help 

drive attention toward salient stimuli to gather additional detailed information 

about stimuli on which to base an accurate reward prediction. 

The stimuli in this study were presented near the point at which the 

monkeys fixed their eyes, and obviate the need for saccades to obtain the 

detailed features of the stimuli.  With images presented near the fovea, there is 

minimal need for a saccade to evaluate the images, and analysis by the temporal 

cortex likely occurs 100 ms after stimulus presentation (Rousselet et al., 2004).  

The latency of the second burst of phasic activity by the dopamine neurons is 

more consistent with the processing time required for visual regions of cortex to 

analyze the detailed features of stimuli. 
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Restricting the subjects to maintain their gaze on a fixation point is an 

appropriate control to study the timing of neuronal responses to visual stimuli, 

although studies of midbrain dopamine neurons typically do not follow this 

procedure.  In conjunction with overtraining location-reward associations, lack of 

eye position control complicates the ability to infer the encoding of dopamine 

neuron responses to visual stimuli.  Controlling eye position permits display of 

images at distinct distances from the fovea, thus controlling the amount of visual 

information available to the subject at the time the image appears on screen.  

Further studies should evaluate the response of dopamine neurons to 

conditioned stimuli displayed at increasing distances from the fovea, increasingly 

limiting the amount of visual information available to the monkey at short latency.  

It is expected that extremely limited image details would be available to the SC 

when the images are displayed at eccentricities of 40 degrees and greater from 

the fixation point (Kim and Basso, 2008). 

 

Effect of training on the short-latency phasic burst 

 Review of prior awake-behaving nonhuman primate studies investigating 

the role of phasic dopamine in reward-related learning report training the 

monkeys extensively prior to initiating electrophysiology recording of midbrain 

dopamine neurons (Fiorillo et al., 2003; Tobler et al., 2005).  In the current 

studies described in this thesis, monkey L experienced extensive training prior to 

neuronal recording, and consequently the short latency phasic burst is most 

robust in this monkey.  Alternatively, monkey S received much less extensive 
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training prior to neuronal recording, and the short-latency burst is less distinct in 

this monkey compared to monkey L (Figures 38 and 40, Chapter II).  Thus, the 

extensive training likely enhances the development of the short-latency response 

and may explain why prior studies using location as a redundant cue were able 

to report the prediction of reward by dopamine neurons at very short latencies 

(50-100ms).  The sensitization of neurons in the superior colliculus to distinct 

spatial locations to encode short-latency location-based saliency information 

likely requires extensive training.  Once sensitized, however, neurons in the 

superior colliculus can then relay a short-latency saliency signal to the dopamine 

neurons in substantia nigra pars compacta that appears similar to a reward 

prediction signal (magnitude increases monotonically with reward).  The saliency 

signal more likely plays a role in behavioral shifting (pre-attentive motivation for 

gaze shifts) rather than reward prediction, and is incapable of predicting future 

reward based on stimulus identity as the data in chapter 1 of this thesis suggests.  

An additional study to specifically test this hypothesis should involve training the 

monkeys to learn location-reward associations while using only one non-

ambiguous visual stimulus (e.g. a red circle).  It would be expected that the 

location-reward training develops a short-latency signal that monotonically 

increases in magnitude with reward probability, as described in prior studies 

(Fiorillo et al., 2003; Tobler et al., 2005).  Although it has been reported that the 

short-latency phasic dopamine burst can rapidly adapt to changes in location-

reward associations in a one-direction rewarded task, the rapid adaptation only 

occurs after extensive training involving all potentially rewarded locations 
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(Takikawa et al., 2004).  Therefore, the short-latency phasic response of 

dopamine neurons probably still requires sensitization of the superior colliculus 

topographic maps through extensive training, but can then rapidly adapt to 

different locations once trained. 

 

Individual subject variability 

 Similar to personality variability in humans, monkeys demonstrate different 

individual personalities.  Most single unit electrophysiology studies of the 

dopamine system fail to mention the temperament of the subjects under study, 

despite the possibility that monkeys with different tendencies toward impulsivity 

may actually have altered midbrain dopamine function.  As demonstrated in 

human subjects, higher impulsivity leads to altered function of the dopamine 

reward pathway (Volkow et al., 2009).  The two monkeys used in the 

experiments for this thesis had distinct temperaments.  Monkey L could be 

empirically described as being more impulsive than Monkey S.  One objective 

measure of these traits are in how long it takes the monkeys to return to working 

a full 3-4 hour experiment session after a 2 week break period.  Monkey L would 

typically require 1 month of shaping to return to a full 3 hour experiment session.  

Initially, Monkey L would last about 30 minutes to 1 hour and gradually work up 

to 3 hours over 20 experimental sessions.  During the early sessions, Monkey L 

would appear distracted and repeatedly fail to look at the fixation dot.  

Alternatively, Monkey S would be working for 3-4 hours after a 2 week period of 

training and would be much less likely to become distracted by outside noise.  
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Any differences in phasic dopamine responses between these two monkeys 

could be explained somewhat on the difference in temperament.  While the short 

latency phasic burst for monkey L during the HSF trials is markedly reduced in 

the late stages of training, the short latency burst persists in monkey S.  The 

reduction in short-latency phasic activity in monkey L may be a reflection of his 

decreased motivation during difficult HSF discrimination trials. 

 

Elevated baseline firing anticipatory activity 

 One intriguing discovery from this study is the small population of putative 

midbrain dopamine neurons that gradually increase their baseline activity prior to 

the appearance of predictive cues and reward delivery (Figure 23, Chapter II).  

This anticipation activity was seen in 11% of dopamine neurons recorded from 

Monkey L (6% of all neurons recorded in both monkeys).  In similar fashion to the 

anticipatory activity seen by Fiorillo and colleagues (Science, 2003) prior to 

reward delivery for the stimulus associated with 50% reward, this anticipatory 

activity persisted for the 50% and 90% stimuli leading to reward, but also was 

present prior to the onset of any predictive cue.  Immediately following the phasic 

burst of dopamine neurons to the onset of the fixation point, the baseline activity 

of these anticipatory neurons would increase 2-fold (from 5 spikes/sec to 

10spikes/sec) prior to the onset of predictive cues.  Fiorillo and colleagues 

described this gradual increase in activity as signaling uncertainty, since they 

only saw this activity for the 50% stimulus, the stimulus with the most uncertain 

reward association.  Alternatively, the current studies demonstrate that this 
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anticipatory activity occurs for both the 50% and 90% stimuli, as well as the time 

prior to cue onset, making it more likely that the signal encodes anticipation 

rather than uncertainty.  Surely, the 90% stimulus is not considered equally 

uncertain to the 50% stimulus. The possibility exists that this increase in baseline 

activity could be important for determining agency (i.e. actions of the subject that 

result in reward).  Reaction times will likely vary over a period of several hundred 

milliseconds, depending on the required motor structure. For visual saccade 

movements, we know that these motor actions occur around 150-200ms after 

stimulus onset.  Given the variability in reaction time of the monkey, it is likely 

that the build-up of activity ensures increased dopamine is in the synapse at the 

time the critical basal ganglia circuits are active to help select the actions 

necessary to obtain reward.  The number of neurons with anticipatory activity, 

however, is quite low in our sample, but the frequency of firing rates to stimuli are 

many magnitudes greater than the other neurons in our sample, possibly 

amplifying the signal to downstream targets. 

 

Delay conditioning vs. trace conditioning 

 Employing delayed conditioning trials where reward is given while the CS 

remains on the screen precludes the ability to evaluate dopamine responses to 

the disappearance of CS and subsequent delay-period activity prior to reward 

delivery.  Alternatively, trace conditioning trials as used in the current studies 

permits assessment of activity to CS disappearance and during the delay period 

prior to reward delivery.  Results from Chapters II and III indicate that a phasic 
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burst occurs to the disappearance of stimuli.  The phasic burst to stimulus 

disappearance could serve a role in salience detection to direct attention, motor, 

and cognitive processing toward those needed to obtain future reward at the 

appropriate time.   

The results presented in Chapter II suggest midbrain dopamine neurons 

encode saliency to all sensory events occurring during conditioning trials.  Figure 

23 (Chapter II) shows that in the population histograms, the phasic burst to 

stimulus disappearance is similar for all stimuli, but that the delay-period activity 

increases for stimuli with 50% and 90% probability of reward.  Furthermore, 

results from Chapter III indicate that, on an individual neuron basis, the response 

to stimulus disappearance is consistently robust for all stimuli (Figures 51-56, 

Chapter III).  Therefore, it is possible that the response serves as an important 

signal that modifies the subject’s attention at the critical time immediately 

preceding reward.   

The delay-period anticipatory activity could serve to select actions to 

maximize the acquisition of future reward or determine agency and the 

development of novel actions.  Future studies should be designed to evaluate 

these different hypotheses by varying the delay between stimulus disappearance 

and reward delivery, and actions required of the subject to characterize the 

delay-period anticipatory activity.  If the response provides information about 

agency, one would expect that anticipatory activity of dopamine neurons would 

decrease in situations where no actions of the subject are required (i.e. no 

anticipatory licking required).  Additionally, the possibility that anticipatory activity 
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facilitates working memory should also be explored given the persistent firing 

characteristic of the response and evidence of dopamine receptor involvement in 

memory consolidation (see review Muzzio et al., 2009). 

 

Robust response to novel stimuli 

In contrast to the neuron’s response to the over-trained simple-

discrimination stimuli used in chapter II (Figure 39, Chapter III), the neuron 

responds more robustly to the appearance of novel stimuli in a novel conditioning 

task (Figure 40, Chapter III).  Additionally, it is important to note that the neuron 

responds to all sensory events contained in the trial (stimulus onset, offset, and 

reward delivery), and suggests that the currently accepted model of the 

dopamine neuron conditioning shift depicted in Figure 1 may be inaccurate.  

Instead, it is likely that dopamine neurons initially respond robustly to all novel 

sensory events, as do SC neurons.  Once those sensory events are determined 

to be less motivationally salient (i.e. 10% and 50% stimuli), the response 

decreases in magnitude, while the response is maintained for high motivationally 

salient stimuli (i.e. 90% rewarded stimulus).  These results further support a role 

for the superior colliculus in the visual response of dopamine neurons, since the 

superior colliculus is known to initially respond to novel stimuli but will eventually 

habituate for distracters (low-motivational salience) in contrast to target stimuli 

that are highly motivationally salient (Kim et al., 2008). 
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Deceptive histogram smoothing 

 Previous studies of midbrain dopamine neurons depict the phasic 

dopamine response to images as one clean phasic burst.  Unfortunately, these 

studies use low temporal resolution spike histograms with 20 ms bin windows, 

which limits the amount of detail that can be visually discernable.  It is likely that if 

the data were presented with higher temporal resolution (i.e. windows -500 to 

500 ms after stimulus onset) and narrower bin widths, one would see a more 

accurate picture of phasic dopamine activity.  In the current study, the results 

seem quite distinct from prior studies of midbrain dopamine activity.  If we 

analyze the results using similar histogram bin widths as prior studies, though, 

the responses of midbrain dopamine neurons appear similar to those earlier 

studies (Figure 33, Chapter II).  It is likely that dopamine neurons function at a 

temporal resolution greater than 20ms, and the data should be displayed as 

such. 

 

Future Work 
 

Cortical modification of the superior colliculus (SC) is one possible 

mechanism by which dopamine neurons receive updated information about 

visual stimuli. In a recent study the barrel cortex, a whisker somatosensory cortex 

in rodents, is shown to modify the activity of the SC (Cohen et al., 2008). 

Particularly relevant to the current study is that this modification of the SC occurs 

at a later latency after the initial response to whisker stimulation. Additionally, in a 

study comparing SC activation to distracter and target stimuli, initial responses of 
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neurons to each stimulus incorporates an initial short-latency burst of activity that 

is similar in magnitude to target and distracters, but a late-latency response 

occurs at the time of target discrimination (Kim & Basso, 2008).  A study 

designed to examine the properties of the late-latency dopamine activity found in 

the current study would be necessary to determine with certainty that a cortical 

update of the SC occurs. 

Despite providing location-reward associations in one half of all collected 

blocks of trials for simple-discrimination and HSF images, the location-reward 

association was not deemed as reliable to the monkeys and, consequently, the 

phasic responses of the dopamine neurons followed suit and responded to 

identity of the stimuli rather than location.  One important study to evaluate the 

short-latency component of the phasic response would be to train the monkeys to 

associate only location with reward.  A single simple-discrimination image should 

be placed in distinct spatial locations on the monitor, and each location 

associated with a different probability of reward.  If, indeed, the short-latency 

visual response encodes location-specific information based on saliency, then 

the expected results would demonstrate a short-latency response that increases 

monotonically with associated reward probability.  An intriguing aspect of a study 

such as this would be to determine whether the late-latency component of the 

dopamine visual response persists.  Assuming the late-latency response is 

critical for signaling a reward-prediction when stimulus identity is the reliable 

predicting stimulus (Figures 10 and 12, Chapter II; Figure 14, Chapter III); the 

absence of this late-latency signal may imply that saliency information alone can 
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predict reward.  A more likely explanation, however, is that dopamine neurons do 

not function as reward predictors, but instead assist in motivating the animal to 

attend toward objects that are associated with reward.  Evidence supporting the 

possibility that dopamine neurons encode motivation is shown in a study that 

demonstrated decreasing phasic dopamine response magnitudes for decreased 

subject motivation measured by reaction time (Satoh et al., 2003).  As shown in 

Chapter III, the phasic dopamine activity decreases in cases when the subject 

has less motivation toward the HSF images when their location precludes easy 

discrimination (Figure 33). 
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