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Abstract 

Manna Beyene: Phasic dopamine release: Its origin and function in reward seeking 

(Under the direction of Dr. R. Mark Wightman and Dr. Regina M. Carelli) 

 

The reinforcing properties of both natural rewards and drugs of abuse are believed to 

be due to their action on a common neural pathway, the mesolimbic dopamine system. The 

mesolimbic dopamine system, extending from the ventral tegmental area (VTA) to the 

nucleus accumbens (NAc) and prefrontal cortex, is thought to play a pivotal role in mediating 

reward-seeking behaviors.  Electrophysiological data suggest that midbrain dopamine 

neurons are activated on a subsecond timescale in response to primary rewards and their 

associated cues. This transient activation is believed to produce a rapid rise in extracellular 

dopamine concentration in the NAc that, we hypothesize, modulates goal-directed behavior.  

Our laboratory has recently demonstrated that subsecond, or phasic, increases in dopamine 

release are time-locked to key aspects of reward seeking and may be involved in mediating 

these behaviors.  A central question that remains is if phasic activation of dopaminergic 

neurons in the VTA gives rise to behaviorally related, transient increases of extracellular 

dopamine levels in the NAc.  Furthermore, the precise role of dopamine transients in reward-

seeking behavior remains unclear.  The experiments discussed in this thesis were designed to 

elucidate the origin and role of phasic dopamine release in the NAc during reward seeking.  

The specific behavior examined was intracranial self stimulation (ICSS), a model of reward 

seeking in which animals press a lever to deliver an electrical stimulation to select brain 

regions.  The first set of experiments in this work revealed that phasic dopamine release is 

highly dynamic and correlates with reward-related learning.  Secondly, these experiments 
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demonstrated that phasic dopamine release in the NAc serves as an adaptable measure of 

anticipated reinforcer magnitude and is integrally involved in mediating reward-seeking 

behavior.  The third and fourth sets of experiments sought to investigate the origin of phasic 

dopamine release in the NAc.  The results of these experiments provide unequivocal 

confirmation that phasic dopamine release arises from phasic VTA activity.  These 

experiments also shed light on the afferent modulation of phasic dopamine signaling.  

Altogether, the work presented here provides unique insight into the plasticity and origin of 

phasic dopaminergic transmission and its relationship with reward seeking.   
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CHAPTER 1 

General Introduction 

 
The mesolimbic dopamine system is believed to play a critical role in mediating 

reward-related processes (Wise, 2004).  Primary rewards and their associated cues have been 

shown to transiently activate mesolimbic dopamine neurons and increase dopamine release in 

terminal regions (Di Chiara and Imperato, 1988; Schultz et al., 1997; Hyland et al., 2002; 

Phillips et al., 2003a; Roitman et al., 2004; Stuber et al., 2005).  While it is well accepted that 

dopamine release is important in reward-seeking behavior, the mechanism by which 

dopamine functions to influence reward seeking remains unclear (Ikemoto and Panksepp, 

1999; Nicola et al., 2005).  Recent technological advancements have allowed us to 

investigate dopamine dynamics on a subsecond timescale, providing unique insight into the 

action of dopamine in real time.  The experiments discussed in this dissertation were 

designed to elucidate the real-time role of dopamine in reward-seeking behavior.  Therefore, 

this chapter will focus on reviewing the physiology, neurochemistry, and pharmacology of 

the mesolimbic dopamine system and will provide an overview of the techniques used in this 

work.    
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Anatomy of the mesolimbic dopamine system 

All drugs of abuse, despite their distinct mechanisms of action, converge upon and 

activate the mesolimbic dopamine system (Nestler, 2005).  The mesolimbic dopamine system 

consists of the dopaminergic projection that extends from the ventral tegmental area (VTA) 

to several areas of the forebrain (see Figure 1-1), including the nucleus accumbens (NAc) 

and prefrontal cortex (Haber and Fudge, 1997; Fields et al., 2007; Ikemoto, 2007).  Each of 

these projection sites, in turn, is believed to play a unique role in reward-seeking behavior.  

The projection from the VTA to the NAc has received the most attention, however, as this 

projection is the densest dopaminergic projection arising from the VTA (Fields et al., 2007). 

 

Figure 1-1.  Diagram of the mesolimbic/mesocortical 
dopamine system. Dopamine neurons arising from the VTA 
extend into areas of the forebrain including the NAc, 
prefrontal cortex (PFC), and frontal cortex (FC). Figure 
modified from Ikemoto and Panksepp, 1999. 

 

Dopamine neurons are believed to comprise approximately 55% of the neuronal 

population found in the VTA (Margolis et al., 2006).  Dopamine neurons have thin, 

unmyelinated fibers and therefore, exhibit high thresholds of activation (Yeomans et al., 

1988; Nowak and Bullier, 1998).  Electrophysiologically, dopamine neurons have 
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traditionally been characterized by their relatively long action potentials (> 2 ms), and 

pronounced afterhyperpolarizations (Grace and Onn, 1989; Johnson and North, 1992; 

Mercuri et al., 1995).  Dopamine neurons have also been shown to display inward currents in 

response to hyperpolarizing pulses and will exhibit hyperpolarization upon dopamine 

application (Grace and Onn, 1989; Johnson and North, 1992; Mercuri et al., 1995).  These 

four criteria have been widely used in the literature to identify dopamine neurons and to 

characterize their patterns of activity.   

In vivo, dopamine neurons in the VTA exhibit two distinct modes of firing (Grace and 

Bunney, 1984a, b).  Dopamine neurons typically fire in a tonic fashion, at frequencies 

between 2-11 Hz, but will occasionally exhibit phasic activity (> 20 Hz), particularly in 

response to salient or rewarding stimuli (Overton and Clark, 1997; Schultz, 1998).  

Environmental cues that have been repeatedly paired with reward delivery will also elicit 

phasic activation of dopamine neurons (Schultz et al., 1997; Hyland et al., 2002).  As such, 

phasic dopamine transmission is thought to play an important role in reward-related 

processes.  In contrast to the diverse patterns of activity observed in vivo, dopamine neurons 

in tissue slices exhibit highly regularized, pacemaker-like activity that is not observed in 

anesthetized or freely-moving animals (Shepard and Bunney, 1988; Grace and Onn, 1989).  

This suggests that the irregular, single spike, tonic patterns of activity and the phasic activity 

seen in vivo are regulated by VTA afferents.                   

The VTA receives both excitatory and inhibitory projections from a variety of brain 

structures (see (Grillner and Mercuri, 2002) for review).  It is thought that excitatory and 

inhibitory afferents to dopamine neurons act synergistically to modulate tonic and phasic 

modes of dopamine activation (Grace et al., 2007).  Here, a brief overview of the VTA 
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afferents believed to play a particularly important role in regulating dopamine neuron firing 

is given. 

 

Inhibitory VTA Input 

 The primary inhibitory neurotransmitter in the brain is γ-aminobutyric acid, or 

GABA.  GABAergic input to the VTA is thought to provide tonic inhibition of dopamine 

activity (Grace and Bunney, 1985).  Thus, relief of this inhibition releases dopamine neurons 

from their hyperpolarized state and allows them to become spontaneously active (Floresco et 

al., 2003; Lodge and Grace, 2006b).   

 Dopamine neurons recorded in vivo appear to be tonically inhibited by inhibitory 

postsynaptic potentials arising from the ventral pallidum (Grace and Bunney, 1985; Floresco 

et al., 2001a; Floresco et al., 2003).  The ventral pallidum is a subcortical brain structure 

comprised primarily of highly active GABAergic neurons that have been shown to innervate 

the VTA (Wu et al., 1996).  Indeed, inactivation of the ventral pallidum has been found to 

relieve inhibition of dopaminergic neurons and to induce their spontaneous activity (Floresco 

et al., 2003).  These results suggest that the GABAergic projection from the ventral pallidum 

to the VTA plays an important role in the activation of dopamine neurons.   The NAc, via its 

efferent projection to the ventral pallidum is also believed to modulate spontaneous 

dopamine activity (Floresco et al., 2001a).  Thus, the ventral pallidum and the NAc are 

thought to work in concert (see Figure 1-2) to mediate tonic dopamine neuron firing 

(Floresco et al., 2001a; Floresco et al., 2003).   

  



5 
 

Excitatory VTA Input 

 Phasic activation of dopamine neurons is thought to play an important role in reward-

related processes (Schultz et al., 1997; Hyland et al., 2002; Sombers et al., 2009).  While 

tonic activation is believed to be modulated in part by inhibitory input to the VTA, phasic 

activation of dopamine neurons is believed to be regulated by excitatory afferents (Grace and 

Bunney, 1984b; Overton and Clark, 1997; Kitai et al., 1999).  Both glutamatergic and 

cholinergic projections to dopamine neurons are excitatory in nature and have been shown to 

be particularly important for the induction of burst firing (Grace and Bunney, 1984b; Clarke 

et al., 1985; Grenhoff et al., 1986; Mereu et al., 1987; Gronier and Rasmussen, 1998; Zhang 

et al., 2005; Omelchenko and Sesack, 2006).  An overview of these afferents is given below. 

Glutamatergic Afferents 

A role for glutamate in the regulation of burst firing was first implicated in 1984 

when it was found that iontophoretic application of glutamate onto midbrain dopamine 

neurons significantly increased burst firing frequency (Grace and Bunney, 1984b).  It has 

since been shown that the ionotropic N-methyl-D-aspartate (NMDA) receptor located on 

dopamine neurons is critical in regulating this response (Overton and Clark, 1992; Chergui et 

al., 1993; Overton and Clark, 1997).  Intra-VTA application of NMDA significantly 

increases the incidence of bursting whereas non-NMDA glutamatergic agonists do not 

(Johnson et al., 1992; Overton and Clark, 1992; Chergui et al., 1993).  Similarly, 

iontophoretic ejection of NMDA receptor antagonists onto dopamine neurons potently 

regularizes bursting activity while non-NMDA receptor antagonists such as CNQX do not 

significantly affect phasic patterns of activity (Overton and Clark, 1992; Chergui et al., 

1993).  Altogether, these results demonstrate that glutamatergic innervation of the VTA is 
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critically involved in gating burst firing and that the NMDA receptor is critical to enable the 

switch from tonic to phasic modes of activity.    

The VTA receives glutamatergic projections from the prefrontal cortex, superior 

colliculus, lateral hypothalamus, and the bed nucleus of the stria terminalis (Sesack and 

Pickel, 1992; Georges and Aston-Jones, 2002; Rosin et al., 2003; Geisler and Zahm, 2005; 

Fields et al., 2007).  The pedunculopontine tegmental nucleus (PPTg) and the laterodorsal 

tegmental nucleus (LDTg) also provide substantial glutamatergic innervation of the VTA 

(Semba and Fibiger, 1992; Oakman et al., 1995).  While all of these structures provide 

excitatory input to dopamine neurons, the PPTg is thought to be particularly important in 

modulating dopamine neuron activity.  

The PPTg sends excitatory projections to the VTA that converge monosynaptically 

onto dopamine neurons (Scarnati et al., 1984; Futami et al., 1995).  Via these projections, the 

PPTg is believed to directly regulate burst firing of dopamine neurons in this brain region.  It 

has been shown that activation of the PPTg significantly increases the frequency of burst 

firing exhibited in the VTA (Floresco et al., 2003).  In contrast, inactivation of the PPTg 

significantly decreases phasic activity of dopamine neurons, specifically in response to cues 

that predict reward availability (Pan and Hyland, 2005).  Based on its afferent and efferent 

connections, the PPTg is well positioned to relay sensory information to dopamine neurons 

that may be important for associative learning.  The PPTg is activated at short latencies by 

auditory, visual, and somatosensory stimuli and is hypothesized to be an important link in 

reward circuitry that integrates sensory input and in turn, modulates dopamine activity 

(Grunwerg et al., 1992; Reese et al., 1995; Dormont et al., 1998; Pan and Hyland, 2005).   
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Cholinergic Afferents 

Cholinergic afferents to the VTA have also been shown to modulate burst firing of 

dopamine neurons (Gronier and Rasmussen, 1998; Floresco et al., 2003; Zhang et al., 2005).  

However, the specific receptor or mechanism by which this modulation occurs is unclear 

(Kitai et al., 1999).  Within the VTA, acetylcholine (ACh) acts on two different receptor 

subtypes, the ionotropic nicotinic ACh receptor and the metabotropic muscarinic ACh 

receptor (Clarke and Pert, 1985; Cortes and Palacios, 1986; Schwartz, 1986).  It has 

previously been shown that application of both nicotinic and muscarinic receptor agonists 

significantly increases the incidence of burst firing in the VTA (Grenhoff et al., 1986; Mereu 

et al., 1987; Gronier and Rasmussen, 1998; Zhang et al., 2005).  These results suggest that 

both of these receptor types may be involved in regulating dopamine neuron activation.       

Cholingeric innervation of midbrain dopamine neurons arises primarily from the 

PPTg and the LDTg (Woolf and Butcher, 1986; Hallanger and Wainer, 1988; Oakman et al., 

1995; Forster and Blaha, 2000).  Each of these structures is believed to play a distinct role in 

the modulation of dopaminergic burst firing.  It has been shown that while the LDTg acts as a 

permissive gate, necessary for the induction of bursting, the PPTg plays a more direct role in 

generating phasic activation of dopamine neurons (Floresco et al., 2003; Lodge and Grace, 

2006a; Grace et al., 2007).  As discussed above, activation of the PPTg significantly 

increases burst firing of dopamine neurons in the VTA (Floresco et al., 2003).  Conversely, 

pharmacological stimulation of the LDTg does not affect bursting activity (Lodge and Grace, 

2006a).  Despite this, PPTg-induced burst firing fails to occur if the LDTg is inactive (Lodge 

and Grace, 2006a).  Thus, it appears that these two structures act together to mediate phasic 

dopamine activity (Figure 1-2). 
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Dopamine Release 

 Tonic and phasic patterns of dopamine cell firing produce two distinct types of 

dopamine release in terminal regions.  Tonic activity gives rise to a low, basal concentration 

of dopamine that has been estimated to be between 5 – 20 nM (Parsons and Justice, 1992).  

In contrast, phasic activity has been shown to produce large, transient increases in dopamine 

release (see Table 1-1 for summary) that can reach concentrations of up to 1 µM (Garris et 

al., 1997; Aragona et al., 2008; Sombers et al., 2009).  Transient dopamine release events 

 

Figure 1-2.  Simplified diagram of VTA afferents that  
modulate dopamine neuron firing.  Excitatory projections 
to the VTA, particularly from the PPTg and LDTg, regulate 
burst firing of dopamine neurons.  The NAc, via its direct 
projection to the VTA inhibits neural firing while its indirect 
projection to the VP promotes spontaneous, tonic activity in  
dopamine neurons via disinhibitory mechanisms. 
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occur naturally in animals at rest and increase in frequency after administration of drugs of 

abuse (Robinson et al., 2002; Stuber et al., 2005; Wightman et al., 2007).  Within the 

microenvironments of the NAc, dopamine transients exhibit marked temporal and spatial 

heterogeneity (Wightman et al., 2007).   

 

 Tonic dopamine firing Phasic dopamine firing 

Firing frequency 2 – 11 Hz: Irregular, single-spike 
firing 

> 20 Hz: Rapid, burst firing 

Consequent release Low-level basal concentration Transiently high levels  
of dopamine 

Type of signal Continuous signal Discrete signal 

Dopamine 
concentration 

~ 20 nM ~ 50 – 1000 nM 

 

Table 1-1.  Comparison of tonic versus phasic dopamine firing and their associated dopamine 
signals in vivo. (Grace and Bunney, 1984a; Grace and Bunney, 1984b; Parsons and Justice, 1992; 
Garris et al., 1997; Wightman et al., 2007; Aragona et al., 2008; Sombers et al., 2009) 

 

While dopamine release is dependent on neural activity in the VTA, the amplitude of 

dopamine released is not always directly proportional to the amplitude of VTA activation.  

Several other factors can modulate the amount of dopamine released in response to an action 

potential.  For example, dopamine release can exhibit facilitation or depression based on the 

history of recent dopamine release events (Montague et al., 2004; Kita et al., 2007).  In 

addition, mechanisms acting at the terminal level may also modify dopamine release.  

Dopamine efflux in the NAc can be altered by glutmatergic inputs from the basolateral 
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amygdala and by opiate and nicotinic receptors on dopamine terminals (Zhou et al., 2001; 

Howland et al., 2002; Rice and Cragg, 2004; Britt and McGehee, 2008). 

Dopamine acts as a volume neurotransmitter upon release as it readily diffuses out of 

the synaptic cleft to act on both presynaptic and postsynaptic targets (Garris et al., 1994).  

The duration and range of dopamine action are determined largely by the dopamine 

transporter that is responsible for transporting extracellular dopamine back into presynaptic 

terminals (Wightman et al., 1988; Gainetdinov et al., 1998; Cragg and Rice, 2004; Salahpour 

et al., 2008).  The dopamine transporter is widely distributed throughout dopamine terminal 

regions and is a target for drugs of abuse such as cocaine and amphetamine (Ciliax et al., 

1995; Kuhar et al., 1998; Jones et al., 1999).  These drugs of abuse inhibit dopamine 

transporter function and cause a subsequent increase in extracellular levels of dopamine (Di 

Chiara and Imperato, 1988).  Dopamine that escapes uptake is free to interact with pre- and 

postsynaptic dopamine receptors, located extrasynaptically (Sesack et al., 1994).  

 

Dopamine Receptors 

Dopamine receptors are G-protein coupled receptors that are divided into two 

different categories based on their intercellular function.  The first class of dopamine 

receptors, D1-like receptors, includes D1 and D5 receptors that are positively coupled to 

Gs/olf.  Activation of these receptors stimulates adenylate cyclase and increases intercellular 

levels of cyclic adenosine monophosphate, or cAMP (Brown and Makman, 1972; Kebabian 

et al., 1972).  In addition, D1-like receptor activation has been shown to activate mitogen 

activated protein (MAP) kinases, stimulate phospholipase C, increase L-type Ca2+ channel 
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conductances, and inhibit the Na+/K+ ATPase, along with K+ and Na+ channel currents (Neve 

et al., 2004).  D2-like receptors, including the D2, D3, and D4 receptors, are Gi/o coupled and 

decrease cAMP production via their inhibitory action on adenylate cyclase (De Camilli et al., 

1979; Stoof and Kebabian, 1981).  D2-like receptor activation also inhibits NMDA and L-, 

N-, and P/Q-type Ca2+ currents and also stimulates both K+ currents and the Na+/H+ 

exchanger, NHE1 (see Neve et al., 2004 for review).  Via their distinct intercellular 

substrates, D1-like and D2- like receptors can modulate gene expression and influence cell 

excitability. 

Both D1-like and D2-like receptors are expressed postsynaptically in the NAc and 

their activation has been shown to cause differential changes in NAc activity (Goto and 

Grace, 2005; Cheer et al., 2007).  For example, iontophoretic delivery of the D1-like 

dopamine receptor antagonist, SCH23390, selectively abolishes patterned unit activity in the 

NAc that occurs during goal-directed behavior but iontophoretic application of a D2-like 

receptor antagonist does not (Cheer et al., 2007).   This functional difference between the 

receptor types is likely to be the result of their divergent intercellular effects.  In addition to 

being expressed postsynaptically, D2-like receptors, particularly D2 receptors, are also 

expressed presynaptically on dopamine terminals and function as autoreceptors to inhibit and 

modulate dopamine release (Kennedy et al., 1992; White, 1996; Schmitz et al., 2003; 

Aragona et al., 2008).  Another distinguishing feature between the D1 and D2 class of 

receptors is their affinity for dopamine.  While D1-like receptors exhibit low affinity for 

dopamine and require relatively high concentrations to become activated, D2-like receptors 

exhibit high affinity for dopamine and can be activated by relatively low dopamine 

concentrations (Richfield et al., 1989).  Also, neurons within the NAc are believed to exhibit 
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distinct expression of D1-like and D2-like receptors with separate neural populations 

expressing either the D1 or D2 receptor type (Bertran-Gonzalez et al., 2008).  In this manner, 

phasic and tonic dopamine release may differentially affect specific subsets of neurons within 

the NAc based on their dopamine receptor expression profiles.  This, in turn, provides a 

means whereby tonic and phasic dopamine release may modulate distinct aspects of reward 

seeking.                  

 

In vivo detection of dopamine release 

Several techniques have been utilized to monitor neurotransmitter release in vivo.  

The most widely used technique to date is microdialysis, a diffusion-based sampling method 

that provides excellent chemical resolution and is well-suited to investigate changes in 

neurotransmitter concentration that occur over the course of minutes to hours (Westerink, 

1995).  Therefore, microdialysis has been regularly used to measure tonic changes in 

dopamine concentration.  However, microdialysis lacks the temporal resolution to detect 

phasic changes in dopamine concentration that occur on a subsecond timescale (Lu et al., 

1998).   

Phasic dopamine release has been successfully monitored in vivo with 

electrochemical techniques (Millar et al., 1985; Lane et al., 1987; Kiyatkin and Stein, 1995; 

Robinson et al., 2002; Phillips et al., 2003a; Wightman et al., 2007).  Electrochemical 

techniques can be used to measure changes in dopamine and other electroactive compounds 

as these analytes can be oxidized and reduced in response to voltage application.  Of the 

electrochemical techniques, fast-scan cyclic voltammetry (FSCV) provides the best 

combination of chemical selectivity and temporal resolution – features that are essential for 
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the detection of transient changes in dopamine concentration (see (Robinson et al., 2003) for 

review).  FSCV employs a carbon-fiber microelectrode, typically 5-6 µm in diameter, 

encased in a pulled-glass capillary with approximately 50-100 µm of the fiber protruding 

from the glass seal.  These small dimensions allow for minimal tissue damage (Peters et al., 

2004).   

To measure subsecond fluctuations in extracellular dopamine content, the carbon-

fiber microelectrode is inserted into a brain region of interest and a potential is applied to the 

electrode (typically every 100 ms) in a triangular fashion, ramping from a negative holding 

potential to a positive potential and back at a very high scan rate (see Figure 1-3A for 

diagram).  The fast scan rate generates a large, relatively stable, background current that can 

be attributed to charging the double-layer capacitance of the electrode.  The negative holding 

potential promotes adsorption of dopamine to the electrode surface and upon application of 

the anodic (positive) and cathodic (negative) scans, any dopamine molecules adsorbed to the 

surface of the carbon fiber are oxidized and subsequently reduced.  The resulting faradaic 

current produces a small increase in the background current.  Because the background current 

is stable over several seconds, it can be digitally subtracted from the dopamine signal to 

reveal changes in current due to the oxidation and reduction of dopamine, referred to as 

faradaic current.  The faradaic current can then be plotted against the applied potential to 

produce a background-subtracted cyclic voltammogram, a plot that can be used to 

qualitatively identify dopamine and other electroactive compounds (see Figure 1-3B).  Cyclic 

voltammograms for interferents such as pH, ascorbate, and DOPAC are sufficiently distinct 

from dopamine and other catecholamines and can therefore be readily resolved (Cahill et al., 

1996; Heien et al., 2003; Robinson et al., 2003).   
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Figure 1-3.  Overview of fast-scan cyclic voltammetry.  A) A triangular waveform (-0.4 V to +1.3 
V) is applied to the carbon-fiber microelectrode every 100 ms at 400 V/s.  Application of this 
waveform causes the oxidation of dopamine into dopamine ortho-quinone (at ~0.6 V) and subsequent 
reduction of dopamine ortho- quinone back into dopamine (at ~-0.2 V).  A representation of the 
faradaic current that results is shown in B. B) Faradaic current can be plotted against applied potential 
to generate a characteristic background-subtracted cyclic voltammogram (top).  The current can also 
be coded in false color and plotted against time and applied potential to produce a color plot (bottom).  
A current versus time trace for dopamine can be extracted from the color plot (1, center) and 
converted into a concentration versus time trace using an in-vitro calibration factor for the electrode 
(2, center).     

 

 

Subtraction of the background current characterizes FSCV as a differential technique 

that can be used to measure changes in current as opposed to absolute current values.  

Current measurements obtained with FSCV can be converted into concentration and resolved 

using an in vitro calibration factor for the electrode and principal component regression 
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(Heien et al., 2004; Heien et al., 2005).  Thus, FSCV provides a quantitative, chemically 

selective method to probe rapid dopaminergic transmission in the brain.  FSCV is currently 

the only technique with sufficient spatial, temporal, and chemical resolution to monitor 

phasic dopamine release in vivo, particularly within the microenvironments of brain regions 

such as the NAc (Pennartz et al., 1994; Carelli et al., 2000; Carelli and Wightman, 2004).  

Recent improvements in the sensitivity of FSCV at carbon-fiber microelectrodes have 

lowered the detection limit to the nanomolar range making this electrochemical technique 

well-suited for the investigation of subsecond fluctuations in dopamine concentration in 

freely-moving animals (Venton et al., 2002; Heien et al., 2003; Cheer et al., 2004).  Transient 

increases in dopamine release have been observed during key aspects of reward-seeking 

behavior, leading to the hypothesis that phasic dopamine transmission is involved in the 

mediation of reward-seeking (Venton et al., 2002; Heien et al., 2003; Phillips et al., 2003a; 

Cheer et al., 2004; Roitman et al., 2004; Stuber et al., 2005).  To examine this role more 

closely, FSCV will be used in this work to monitor phasic dopamine transmission in freely-

moving animals performing intracranial self-stimulation. 

 

Intracranial Self-Stimulation 

 Intracranial self-stimulation (ICSS) is a model of reward seeking in which animals are 

trained to operantly deliver an electrical stimulation to specific brain regions (Olds and 

Milner, 1954).  When delivered to select brain areas, the stimulation acts as a powerful 

behavioral reinforcer and produces very stable responding.  For instance, one of the original 

ICSS studies found that rats would lever press anywhere from 200 to 5,000 times in a single 

hour (Olds, 1962).  Subsequent research has shown that rats will perform ICSS at the 
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expense of both food and water and can press for intracranial stimulation up to 35,000 times 

in one day (Annau et al., 1974; Phillips, 1989).  ICSS studies done in humans have shown 

that humans will perform ICSS to the point of unconsciousness (Bishop et al., 1963).  

Together, these results demonstrate that ICSS is a potent activator of mechanisms that 

underlie reward-seeking. 

The discovery of ICSS first led to the notion that a reward system existed in the brain 

(Olds and Milner, 1954; Olds, 1962; Olds and Olds, 1963).  Since then, numerous studies 

have been conducted to try to identify brain structures involved in reinforcement (Carter and 

Phillips, 1975; Simon et al., 1975; Corbett and Wise, 1980; Olds and Fobes, 1981; Wise, 

1981).  While it has been found that stimulation of broad range of brain regions will support 

ICSS, stimulation along the length of the medial forebrain bundle, the VTA, and the pons 

have been shown to produce the most robust lever pressing behavior with the lowest levels of 

ambivalence (Olds and Olds, 1963; Simon et al., 1975; Wise, 1996; Waraczynski, 2006).  For 

this reason, stimulating electrodes used in this work were placed in either the medial 

forebrain bundle or the VTA.   

Drugs of abuse have been found to summate with ICSS, causing a potentiating effect 

on lever pressing behavior (Gallistel and Karras, 1984; Wise et al., 1992; Wise and Munn, 

1993).  As such, it has been hypothesized that both drugs of abuse and ICSS converge upon 

similar sites of action in the brain (Wise, 1996).  One primary advantage of ICSS is that, 

unlike administration of drugs of abuse or natural rewards, it bypasses external inputs and 

directly activates reward circuitry in the brain (Shizgal, 1989).  Thus, it is independent of 

factors such as satiety and in addition, the timing of its delivery and its precise magnitude can 
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be definitively measured and controlled (Wise, 1996).  Therefore, ICSS provides a unique 

method to investigate neural regulation of reward-seeking behavior.                 

While several neurotransmitter systems have been implicated in ICSS, dopamine is 

thought to play a particularly important role in mediating the behavior (Cooper and Breese, 

1975; Wise, 2004).  In low doses, dopamine antagonists cause a rightward shift in rate-

frequency curves, suggesting an increase in reward threshold (Gallistel and Karras, 1984).  

When administered in high doses, dopamine antagonists produce not only a rightward shift in 

rate-frequency responses but also a downward shift, implicating an attenuation in the 

reinforcing properties of the stimulation (Rompre and Wise, 1989).  Similarly, administration 

of the neuroleptic pimozide has been shown to impair ICSS (Fouriezos and Wise, 1976).  

Although these results seem to indicate a central role for dopamine in ICSS, other findings 

suggest that additional systems may also be involved.  Perhaps the most convincing line of 

evidence for this notion lies in the fact that 6-hydroxydopamine lesions of the mesolimbic 

dopamine system do not completely eliminate ICSS (Fibiger et al., 1987).  Thus, it appears 

that additional, non-dopaminergic mechanisms contribute to the maintenance of ICSS.     

Our research group has previously shown, using FSCV, that during continuous ICSS 

behavior, prolonged increases in extracellular dopamine concentration do not occur in the 

NAc (Garris et al., 1999).  In contrast, dopamine levels (typically high during the initiation of 

the behavior) decline to undetectable levels as the animals acquire the behavior (Garris et al., 

1999; Kilpatrick et al., 2000).  As such, it has been suggested that dopamine is important for 

the acquisition of ICSS but not for its maintenance (Garris et al., 1999; Wightman and 

Robinson, 2002).  Indeed, animals that do not exhibit an electrically-evoked dopamine signal 

prior to training will not perform the behavior, suggesting that dopamine is in fact important 
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for ICSS learning (Garris et al., 1999).  Consistent with this, intra-accumbal injection of a 

D1-like receptor antagonist has been found to inhibit the initiation of ICSS (Cheer et al., 

2007).  Taken together, these data implicate a significant role for dopamine in the acquisition 

of ICSS.  Indeed, it is possible that once the behavior is acquired, other neurotransmitter 

systems contribute to sustain behavioral responses (Shizgal, 1989).   

The ability to detect sustained dopamine release throughout an ICSS session seems to 

depend heavily on the reinforcement schedule used.  As mentioned, reinforcement schedules 

that allow for continuous ICSS performance reduce extracellular dopamine to undetectable 

(Garris et al., 1999; Kilpatrick et al., 2000; Yavich and Tiihonen, 2000).  The decline in 

dopamine release observed with these reinforcement schedules is attributable to depletion of 

readily releasable stores of dopamine (Nicolaysen et al., 1988; Montague et al., 2004).  Fixed 

or variable time-out schedules that decrease the rate of stimulation produce relatively stable 

amounts of electrically-evoked dopamine release that, instead of dissipating completely, 

decline slightly over time (Yavich and Tiihonen, 2000; Owesson-White et al., 2008).  Here, a 

variable time-out reinforcement schedule that allowed for the detection of stimulated 

dopamine release was used. 

In addition to electrically-stimulated dopamine release, non-stimulated dopamine 

release events also occur and become time-locked to cues that predict ICSS availability 

(Cheer et al., 2007; Owesson-White et al., 2008).  Similar transient increases in dopamine 

concentration have been found to occur in response to cues that are associated with both 

natural and drug rewards (Robinson et al., 2002; Phillips et al., 2003a; Carelli and Wightman, 

2004; Roitman et al., 2004; Day et al., 2007).  These dopamine transients have been shown to 

correspond with key aspects of reward seeking and are thought to play an important role in 



19 
 

modulating goal-directed behavior, likely via their action in the NAc (Robinson et al., 2002; 

Phillips et al., 2003a; Carelli and Wightman, 2004; Stuber et al., 2005).   

 

Nucleus Accumbens 

Cellular Composition 

The NAc is believed to play an integral role in mediating goal-directed behavior.  The 

NAc is comprised primarily of GABAergic medium spiny projection neurons that make up 

>90% of the accumbal cell population (Groves, 1983).  Medium spiny neurons have long, 

thin, and unmyelinated axons and exhibit spontaneous activity both in vivo and in vitro with 

basal firing rates between 1 – 3 Hz (Yim and Mogenson, 1982).  A unique feature of medium 

spiny neurons in the NAc is their bistable membrane potential.  Typically, medium spiny 

neurons are in a hyperpolarized, or “down” state at a potential of ~-85 mV but will 

periodically transition to a depolarized or “up” state (~-60 mV) at which time action 

potentials can be generated (Wilson and Kawaguchi, 1996; O'Donnell et al., 1999).  

Transitions from “down” states to “up” states are triggered by afferent input to medium spiny 

neurons from structures such as the hippocampus (O'Donnell et al., 1999; Nicola et al., 

2000).          

The remaining 10% of accumbal neurons are interneurons of either the GABAergic or 

cholinergic type (Kawaguchi, 1995; Kawaguchi et al., 1995).  Cholinergic interneurons (< 

5%) have short, myelinated axons and exhibit firing rates between 8 – 15 Hz (Aosaki et al., 

1994).  These cells have been shown to make extensive synapses within the NAc via their 

wide-ranging dendritic network (Berlanga et al., 2003).  GABAergic interneurons in the NAc 

make up less than 5% of the neurons in the NAc and exhibit very high firing rates of > 20 Hz 
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(Koos and Tepper, 1999; Berke et al., 2004).  Thus, neurons within the NAc can be readily 

distinguished from one another electrophysiologically. 

 

Afferent and Efferent Projections 

 Afferent projections to the NAc arise from a number of limbic brain areas including 

the prefrontal cortex, basolateral amygdala, and ventral subiculum of the hippocampus 

(Groenewegen et al., 1987; Zahm and Brog, 1992; Wright et al., 1996).  In addition to these 

glutamatergic inputs, the NAc also receives dense dopaminergic innervation from the VTA 

(Zahm and Brog, 1992).  The NAc, in turn, sends efferent projections to several brain regions 

involved in motor function (see Figure 1-4) such as the thalamus, lateral hypothalamus, 

ventral pallidum and substantia nigra (Ikemoto and Panksepp, 1999; Zahm, 1999).  Due to its 

anatomical configuration, the NAc has been referred to as a limbic-motor interface, capable 

of integrating limbic information and modulating behavioral output (Mogenson et al., 1980).  

Indeed, the NAc is well-positioned to influence behavioral response selection, integrating 

cognitive, contextual, and affective information encoded by limbic afferents to influence 

motor responses via its efferent projections (Ikemoto and Panksepp, 1999).   
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Figure 1-4.  Diagram of NAc 
afferents (top) and efferents 
(bottom).  The structures circled in 
blue represent the limbic inputs to 
the NAc (HC- hippocampus, PFC- 
prefrontal cortex, AMY- amygdala).  
The NAc is believed to integrate 
information from these limbic areas 
and in turn, influence behavior via 
its projections to areas of the brain 
involved in motor movement, circled 
in green (VP- ventral pallidum, LH- 
lateral hypothalamus, SN- substantia 
nigra, TH- thalamus).  Figure 
modified from Ikemoto and 
Panksepp, 1999.   

 

 

It has been shown that medium spiny neurons receive convergent synaptic inputs 

from afferents (Sesack and Pickel, 1990; Groenewegen et al., 1999).  For example, 

glutamatergic and dopaminergic inputs have been found to synapse onto the same NAc 

neurons (Totterdell and Smith, 1989; Sesack and Pickel, 1990).  Synaptic convergence from 

the prefrontal cortex and ventral subiculum onto accumbal neurons has also been 

demonstrated as has convergence of amygdalar and hippocampal inputs (French and 

Totterdell, 2002, 2003).  The convergent nature of these contacts implicates an integrative 

role of the NAc in limbic circuitry and supports the view that the NAc serves as an interface 

between limbic and motor structures (Mogenson et al., 1980; Ikemoto and Panksepp, 1999; 

Pinto and Sesack, 2000).        
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Dopamine in the Nucleus Accumbens          

As mentioned, the NAc receives a significant dopaminergic projection from the VTA 

(Voorn et al., 1986; Wise, 2002).  This projection is a central component of the mesolimbic 

dopamine system and is believed to play a critical role in incentive motivation and reward 

(Wise, 2002).  Research suggests that dopamine may act as a modulator of unit activity in the 

NAc, mediating input from glutamatergic afferents and ultimately influencing behavior 

(O'Donnell et al., 1999; Nicola et al., 2000; Goto and Grace, 2005).  Anatomical evidence 

supports this view as dopaminergic nerve terminals are ably positioned to mediate excitatory 

input to medium spiny neurons (Sesack and Pickel, 1990).  In the NAc, dopaminergic 

synapses can be found in close apposition to glutamatergic synapses, with glutamatergic 

afferents synapsing onto the heads of dendritic spines and dopaminergic afferents synapsing 

onto the necks of the same spines (Sesack and Pickel, 1990).  This type of configuration 

allows NAc dopamine to modulate information encoded by limbic and cortical afferents.  In 

fact, several studies have shown that dopamine mediates glutamatergic input to the NAc and 

influences medium spiny neuron excitability (Mogenson et al., 1988; Rebec, 1998; Floresco 

et al., 2001b; Floresco et al., 2001a; Goto and Grace, 2005).   

Given the neuromodulatory action of dopamine in the NAc, a potential role exists for 

dopamine as a mediator of reward-seeking behavior.  Consistent with this, it has been 

demonstrated that dopamine release in the NAc is both necessary and sufficient to promote 

behavioral responses to reward-predictive cues (Nicola et al., 2005).  Furthermore, our 

research group has previously shown that phasic dopamine release in the NAc promotes 

cocaine-seeking behavior (Phillips et al., 2003a).  Thus, investigation of dopamine 
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transmission in the NAc is important for our understanding of the neural mechanisms that 

govern reward seeking.  

 

Goals of this Dissertation: 

To date, the role of dopamine in reward seeking has been extensively studied using 

microdialysis procedures.  However, microdialysis lacks the spatial and temporal resolution 

to investigate dopamine dynamics in real time (Lu et al., 1998).  Electrophysiological data 

demonstrate that dopamine neurons are activated on a subsecond timescale in response to 

primary rewards and their associated cues (Schultz et al., 1997; Hyland et al., 2002).  Thus, 

fast-scan cyclic voltammetry is the only detection technique with sufficient spatial, temporal, 

and chemical resolution to measure dopamine release on a subsecond, or real-time, timescale.  

Using FSCV, our research group has previously shown that transient dopamine release 

events become time-locked to cues that predict a variety of rewards (Phillips et al., 2003a; 

Roitman et al., 2004; Stuber et al., 2005).  However, the origin of these cue-evoked transients 

and their role in reward seeking remains ambiguous.  The work described in this dissertation 

was designed to elucidate the origin and function of phasic, cue-evoked dopamine release in 

reward-seeking behavior. 

 

Specific Aims:              

1.  To investigate the correlation between phasic dopamine release and associative 

learning in ICSS. 

It has been proposed that dopamine plays a role in reward-related learning (Dayan 

and Balleine, 2002; Wise, 2004).  Dopamine neurons have been shown to report reward 



24 
 

prediction errors such that when a reward is better than expected their activation increases 

and when a reward is worse than predicted a decrease in firing occurs (Schultz et al., 1997).  

By calculating discrepancies between actual and expected rewarding events, dopamine 

neurons are thought to produce a prediction error signal that is consistent with reward 

learning theories (Montague et al., 1996; Schultz et al., 1997).  The brief bursts of neural 

activity that signal prediction error are thought to give rise to transient increases of dopamine 

in the NAc.  Thus, Aim 1 investigated the role of phasic dopamine release in associative 

learning during ICSS.  Using FSCV, changes in phasic dopamine release during learning, 

maintenance, extinction, and reinstatement of ICSS were measured.  The results from this 

experiment have been published by Owesson-White, Cheer, Beyene, Carelli, and Wightman, 

Proceedings of the National Academy of Sciences (105) 33, 11957-62 (2008). 

2.  To assess the relationship between phasic dopamine release and reinforcer 

magnitude during ICSS.  

Reward-predictive cues have been shown to activate midbrain dopamine neurons and 

elicit time-locked, transient increases in dopamine release in terminal regions (Schultz et al., 

1997; Hyland et al., 2002; Phillips et al., 2003a; Roitman et al., 2004; Day et al., 2007; 

Owesson-White et al., 2008).  Midbrain dopamine neurons have been found to exhibit 

differential degrees of activation in response to cues that predict different reinforcer 

magnitudes (Tobler et al., 2005).  Thus, cues that predict larger reinforcer magnitudes elicit 

greater activation of dopamine neurons than cues that predict smaller reinforcer magnitudes 

(Tobler et al., 2005; Roesch et al., 2007).  However, whether or not these adaptive changes in 

neural activation were represented at the terminal level remained to be determined.  Aim 2 

assessed if changes in the amplitude of cue-evoked dopamine release in the NAc occurred 
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upon variation of reinforcer magnitude.  This experiment provided unique insight into the 

dynamic nature of dopamine transmission.  This manuscript by Beyene, Carelli, and 

Wightman is in preparation for submission to the Journal of Neuroscience as a Brief 

Communication. 

3. To determine if phasic activation of VTA neurons contributes to phasic dopamine 

release in the NAc. 

Midbrain dopamine neurons display high-frequency (> 20 Hz) burst firing in response 

to salient stimuli, including those associated with primary rewards (Schultz et al., 1997; 

Hyland et al., 2002).  Research suggests that burst firing of dopaminergic neurons in the 

VTA is mediated in vivo by glutamatergic afferents via the N-methyl-D-aspartate (NMDA) 

receptor (Chergui et al., 1993).  It has been hypothesized that brief bursts of VTA activity 

produce phasic dopamine release in the NAc.   To determine the relationship between phasic 

activation of VTA neurons and phasic dopamine release in the NAc, Aim 3 employed 

microinjection to administer an NMDA receptor antagonist into the VTA.  Subsequent 

changes in phasic dopamine release were then measured in the NAc during ICSS.  This 

experiment shed unprecedented light on the correlation between phasic dopamine release and 

dopaminergic cell activity during goal-directed behavior.  This aim was published by 

Sombers, Beyene, Carelli, and Wightman in The Journal of Neuroscience 29(6), 1735-42 

(2009). 

4.  To examine afferent modulation of phasic dopamine release in the NAc.  

Excitatory input to the VTA is thought be critical for the induction of dopaminergic 

burst firing (Overton and Clark, 1997; Kitai et al., 1999).  The VTA receives excitatory 

projections from both glutamatergic and cholinergic afferents, each of which has been 
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distinctly implicated in the regulation of bursting (Grace and Bunney, 1984b; Gronier and 

Rasmussen, 1998; Kitai et al., 1999; Grillner and Mercuri, 2002).  Aim 4 was designed to 

further investigate the role of excitatory afferents by examining cholinergic modulation of 

phasic dopamine release in the NAc.  Cholinergic antagonists were microinjected into the 

VTA and subsequent changes in NAc dopamine dynamics were measured during ICSS.  In a 

separate group of animals, the effect of pedunculpontine tegmental nucleus (PPTg) 

inactivation on phasic dopamine release was examined.  The PPTg is the primary source of 

both glutamatergic and cholinergic inputs to the VTA and has been shown to regulate burst 

firing of dopamine neurons (Oakman et al., 1995; Floresco et al., 2003).  Thus, Aim 4 

coupled with Aim 3 provided a comprehensive view of afferent modulation of phasic 

dopamine transmission.  A manuscript describing the results of this aim is in preparation for 

submission to The European Journal of Neuroscience.     

 

 

 

 

 



 
 

 

 

 

CHAPTER 2 

Dynamic changes in accumbens dopamine correlate with learning during 
intracranial self-stimulation 

 

Published in PNAS, 105(33) 11957-11962 (2008) 

 

Abstract 

Dopamine in the nucleus accumbens (NAc) is an important neurotransmitter for 

reward-seeking behaviors such as intra-cranial self-stimulation (ICSS), although its precise 

role remains unclear.  Here, dynamic fluctuations in extracellular dopamine were measured 

during ICSS in the rat NAc shell with fast-scan cyclic voltammetry at carbon-fiber 

microelectrodes. Rats were trained to press a lever to deliver electrical stimulation to the 

substantia nigra (SNc)/ventral tegmental area (VTA) following the random onset of a cue 

that predicted reward availability.  Latency to respond following cue onset significantly 

declined across trials, indicative of learning.  Dopamine release was evoked by the 

stimulation but also developed across trials in a time-locked fashion to the cue.  Once 

established, the cue-evoked dopamine transients continued to grow in amplitude although 

they were variable from trial to trial. The emergence of cue-evoked dopamine correlated with 

a decline in electrically-evoked dopamine release.  Extinction of ICSS resulted in a 

significant decline in goal-directed behavior coupled to a significant decrease in cue-evoked 

phasic dopamine across trials.  Subsequent reinstatement of ICSS was correlated with a 
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return to pre-extinction transient amplitudes in response to the cue and reestablishment of 

ICSS behavior.  The results show the dynamic nature of chemical signaling in the NAc 

during ICSS and provide new insight into the role of NAc dopamine in reward-related 

behaviors. 
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Introduction 

Intracranial self-stimulation (ICSS) was discovered in 1954 (Olds and Milner, 1954).  

In this paradigm, a rat depresses a lever to deliver an electric shock to electrodes implanted 

within the brain.  Extensive mapping studies by Olds and Olds later showed that the 

neuroanatomical region supporting ICSS centered in the posterior MFB region of the lateral 

hypothalamus (Olds and Olds, 1963).  This finding provoked considerable interest because it 

identified a brain reward pathway that could be centrally activated without the need for 

sensory stimulation (Corbett and Wise, 1980; Wise, 1981).  Although a role for several 

neurotransmitters has been implicated in ICSS, dopamine appears to play a primary role 

(Cooper and Breese, 1975; Wise, 2004) leading to the view that dopaminergic signaling is 

essential during goal-directed behaviors.  Indeed, it was postulated that increased 

dopaminergic neurotransmission was necessary for the reinforcement of reward-related 

behavior (Wise et al., 1978). 

More recently, electrophysiological studies in primates have provided new insight 

into the role of dopaminergic neurons in reward processing (Schultz et al., 1993a).  In 

response to unexpected rewards, dopamine neurons exhibit phasic firing.  However, when an 

animal learns that a cue predicts reward, the burst of neuronal firing switches to the onset of 

the cue (Ljungberg et al., 1991, 1992; Schultz et al., 1993b; Mirenowicz and Schultz, 1994; 

Schultz et al., 1997b).  Responses to the cue increase with repeated trials, and these paired 

responses of midbrain dopamine neurons follow the expectations of models of associative 

learning in which dopamine signaling is a reward-prediction error (Schultz et al., 1997b; 

Schultz, 1998).  Similar responses to conditioned stimuli that predict reward have also been 

observed for midbrain dopaminergic neurons in rats (Pan et al., 2005).   
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A phasic increase in dopamine neuronal firing should lead to a dopamine 

concentration transient in terminal areas such as the nucleus accumbens (NAc).  Indeed, 

using fast-scan cyclic voltammetry at carbon-fiber microelectrodes, we have previously 

shown that cues that predict cocaine (Phillips et al., 2003a), liquid reward (Roitman et al., 

2004), and food reward (Day et al., 2007) evoke a transient increase in NAc dopamine.  

Dopamine transients also occur in the NAc shell during ICSS in response to conditioned 

stimuli that predict reward availability and to the intracranial stimulus (ICS) (Cheer et al., 

2007).  These responses were obtained in animals trained with a fixed time-out between 

trials.  Here, we expand that work and examine whether this cue-evoked dopamine release 

correlates with behavioral indices of learning when the cues that predict the availability of 

ICS are presented with a variable time out between trials.  Because ICSS is learned quickly 

in comparison with other reward-based paradigms (Wise, 2002), behavioral correlates of 

learning can be investigated in a single training session, thus enabling quantification of 

changes in dopamine release during acquisition of ICSS.  Dopamine was monitored with a 

carbon-fiber microelectrode in the NAc shell while learning was evaluated as the rate of 

responding following onset of an audio-visual cue.  Extracellular dopamine concentration 

transients, time-locked to cue onset predicting ICS availability, were monitored during 

regular ICSS (maintenance), extinction, and reinstatement.  The results support the concept 

that rapid dopamine signaling is dynamic and reflects a learned association between cue-

related events and ICS. 
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Methods 

Surgical procedures 

Surgery for voltammetric recordings followed previously described procedures 

(Phillips et al., 2003b).  Briefly, a guide cannula (Bioanalytical Systems, West Lafayette, IL) 

was implanted above the NAc shell (1.7 mm anterior, 0.8 lateral, coordinates relative to 

bregma), a bipolar stimulating electrode (Plastics One, Roanoke, VA) was lowered to the 

substantia nigra/ventral tegmental area (VTA, 5.2 mm posterior, 1 mm lateral and 7.8 mm 

dorsoventral).  The bipolar stimulating electrode tips were 1 mm apart.  This tip separation 

allowed for centering in the VTA-region.  These coordinates assure activation of the neurons 

projecting to the NAc shell (Ikemoto, 2007).  An Ag/AgCl reference electrode was placed in 

the contralateral hemisphere (coordinates from Paxinos and Watson, 1986).   

ICSS 

Rats (n = 9) were trained to criterion on an FR-1 schedule, lever continuously 

presented. Following this rats were trained to lever press on a variable time-out (VTO) 

schedule, FR-1 (Figure 2-1a). The VTO-schedule comprised of a maintenance and a 

maintenance-delay phase. When the animal depressed the lever, a stimulus train (24 biphasic 

pulses, 60 Hz, 125-150 µA, 2 ms per phase) was delivered to the stimulating electrode on 

average 150 ms later.  In the maintenance phase the lever was presented with an audiovisual 

cue for 50 trials. In the maintenance-delay phase the audiovisual cue preceded lever-out by 2 

s (trials 51-200, Figure 2-2a). Each trial finished after lever depression or if the animal failed 

to lever press after 15s.  The inter-trial interval varied between 5 and 25 seconds. 
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Next, some animals (n = 8) were tested under extinction conditions.  After a rest 

interval they were given another 30 maintenance-delay trials with the same protocol.  The 

next 30 trials (extinction) were identical except that depression of the lever had no 

consequence (i.e., no electrical stimulation).  Finally, the reinstatement phase followed and 

consisted of 0-3 operator delivered “priming” stimulations, and another 30 trials identical to 

those in the maintenance-delay phase.   

Fast-scan cyclic voltammetry 

Carbon-fiber microelectrodes were prepared with T650 fibers (6 µm diameter, 

Amoco Corporation, Greenville, SC) inserted into a pulled glass pipette (A-M Systems, 

Carlsborg, WA).  The carbon fiber was allowed to extend 50-100 µm beyond the glass tip. 

The carbon-fiber electrode was held at - 0.4 V versus Ag/AgCl, and every 100 ms a cyclic 

voltammogram was acquired.  The applied potential was ramped to + 1.3 V and back in a 

triangular fashion at 400 V/s (Heien et al., 2003).  Timing, voltage application, and data 

collection was achieved with an interface board (National Instruments, Austin, Texas) in a 

Pentium IV computer running custom-designed LABVIEW (National Instruments) software.  

The interface board also controlled the stimulations.   

The background-subtracted voltammograms were plotted with the abscissa as 

acquisition time of the cyclic voltammogram, the ordinate as the applied potential, and the 

current in false color (Michael et al., 1998).  Dopamine oxidation occurs at approximately + 

0.6 V vs. Ag/AgCl.  Carbon-fiber electrodes were post-calibrated for dopamine concentration 

in vitro in a flowcell system.  Principal component regression was used to extract the 

dopamine concentration from the voltammetric data (Heien et al., 2004; Heien et al., 2005). 



33 
 

Results  

Dopamine release during ICSS  

 Rats (n = 9) that reached criterion responding during initial training were examined 

during ICSS using the VTO paradigm illustrated in Figure 2-1a. In the first VTO phase 

(maintenance) the lever and cues were presented simultaneously for 50 trials.  As seen in the 

color plot for a representative trial (Figure 2-1b), the cyclic voltammetric data recorded after 

the lever press show that the stimulation evoked dopamine release.  The dopamine 

concentration increase following the lever press was confirmed with principal component 

regression (Figure 2-1b, upper trace).  Additionally, in the delay following cue-onset/lever 

extension but before the lever-press, a small dopamine transient was observed (Figure 2-1b, 

between 0-1 s).   

 Although not seen on every trial, cue-evoked dopamine release was observed in all 

animals.  The mean dopamine amplitude associated with each subsequent cue/lever extension 

(trial) during the maintenance phase increased in a linear fashion (r2 = 0.047, p < 0.0001, 

Figure 2-1c).  The latency to press the lever following its extension decreased significantly 

over trials and was fit to a parabolic curve (r2 = 0.064, 95% confidence interval, Figure 2-1d).  

During the first five trials the average latency to press for all animals was 5.3 s ± 0.9 s, and 

this latency decreased on the last five trials to 1.4 s ± 0.3 s.  The decreased latency with trial 

number was inversely correlated with the amplitude of cue-evoked dopamine and fit to a 

parabolic curve with a significant linear correlation between latency to press and dopamine 

concentration (r2 = 0.022 , 95% confidence interval, Figure 2-1e).   
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Figure 2-1.  Dopamine and behavioral changes during maintenance 
phase.  a) Temporal sequence during the first 50 ICSS trials (maintenance 
phase). b) Voltammetric response from one trial.  Dopamine increased 
immediately after t = 0 s, the time of the cue onset/lever out (red dashed line) 
and again following the lever press (black dashed line). c) Maximum cue-
evoked dopamine concentration increased with each cue (n = 9 animals). d) 
Latency to press decreased across trials. e) There was a linear correlation 
between latency and maximum cue-evoked dopamine concentration. 
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Dopamine release during the maintenance-delay phase  

 Following the 50th trial, the maintenance-delay phase began, with lever extension 

shifted so that it was delayed 2 s relative to the onset of the cues (Figure 2-2a).  With this 

delay, cue-evoked dopamine became more clearly resolved from electrically evoked 

dopamine as shown for a single representative animal in Figure 2-2b.  The initial increase in 

dopamine began immediately after 0 s, i.e. at the onset of the compound cue, reached a 

maximum, and then fell before the lever extension.  The lever extended 2 s after cue-onset, 

and electrically evoked dopamine release was observed after the lever press.  In this animal, 

cue-evoked dopamine was not seen in every trial (Figure 2-2c).  However, when evaluated 

across the maintenance-delay phase for this animal (trials 51-200) the amplitude of cue-

evoked dopamine was found to significantly increase in a linear fashion (r2 = 0.42, P < 

0.0001).  This increase occurred even though there was no significant change in latency to 

lever-press across these trials (Figure 2-2d).  In contrast to cue- evoked dopamine, 

extracellular dopamine following the electrical stimulation decreased significantly over trials 

51-200 (r2 = 0.13, P < 0.0001, Figure 2-2e). 
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Similar results were obtained in 8 other animals.  Figure 2-3a shows the average of all 

trials in another animals and the increase in dopamine following the cue is clearly observed 

along with the second increase following the lever-press.  The average amplitude of 

electrically evoked dopamine release during ICSS (n = 7 rats, two ICSS rats were excluded 

as stimulated dopamine release was not significantly elevated following stimulation) 

decreased across the maintenance and maintenance-delay phases (Figure 2-3b).  Although 

electrically evoked dopamine was initially high, there was a significant attenuation in 

 
 
 
 
 
Figure 2-2. Dopamine and 
behavioral changes during 
maintenance-delay phase. a) 
Temporal sequence used for trials 
51-200 (maintenance delay phase).  
b) Voltammetric data recorded 
during a single trial.  The 
dopamine concentration rise begins 
at t = 0 s with cue onset (red 
dashed line) and again following 
the lever press (black dashed line).  
c) Maximum cue-evoked 
extracellular dopamine 
concentration increased with trial 
number in this animal while d) 
latency to press remained constant.  
e) Electrically evoked extracellular 
dopamine decreased during trials 
51-200. 



37 
 

dopamine concentration across trials (Figure 2-3b, in two animals the stimulated release 

actually increased in the first 3 trials).  Superimposed on the experimental data is a line 

computed with a neurochemical model that predicts dopamine release with repeated 

stimulation (Montague et al., 2004)(see Discussion).  

  Figure 2-3. Dopamine and behavioral changes 
in all trials. a) Averaged voltammetric data 
recorded in the NAc shell of a single animal 
during trials 51-200.  Dopamine concentration 
begins to rise at t = 0 s with cue onset (red 
dashed line) and following the lever press (black 
dashed line).  b) Points:  average maximal 
electrically evoked dopamine concentration 
decreases over trials 1-200.  During trials 4-50, 
stimulated dopamine release decreased 
significantly.  During trials 151-200, stimulated 
dopamine did not decrease further.  Solid line:  
simulation of maximal dopamine release to 
stimulus trains repeated at 17.5 s intervals, the 
average between ICS trials (contributions of the 
cue-evoked dopamine responses were not 
included).  Although the simulation includes 
terms for short term facilitation and depression, 
they are ineffective on this time scale.  The long 
term depression employed an amplitude of 0.999 
and a time constant of 12 minutes (Montague et 
al., 2004).  c) Average of the maximal cue-
evoked dopamine concentration increased with 
trial number (n = 9 animals). d) Average latency 
to press did not change during trials 51-200.   
 

 

The average cue-evoked dopamine concentration increased over trials (1-200) and 

could be fit to a parabolic curve, leveling off at later trials (r2 = 0.15, 95% confidence 

interval, Figure 2-3c).  In the final trials (196-200), the dopamine concentration reached a 

plateau of 142 ± 22 nM.  Latency to lever press (1-200) was fit to a parabolic curve (r2 = 

0.16, Figure 2-3d).  Across all animals, the latency to lever-press following lever extension 

remained constant following the maintenance phase (trials 1-50), with a value of 0.8 s ± 0.2 
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for trials 51-55 and 0.9 s ± 0.1 s for trials 196-200, values that are not significantly different 

(Figure 2-3d).  There was no significant relationship between latency to press and dopamine 

(data not shown).   

 

Dopamine release during extinction and reinstatement of ICSS 

 Some of the rats (n = 8) that had completed the maintenance-delay VTO phase were 

then tested in another paradigm that consisted of 30 VTO ICSS maintenance-delay trials, 

followed by 30 trials in which the electrical stimulation was not delivered when the lever was 

pressed (extinction) and finally a reinstatement phase in which the stimulation was restored.  

The temporal fluctuations of dopamine concentration were extracted by principal component 

regression and are shown for one representative animal in Figure 2-4a, d and g.  As expected, 

the dopamine signals at cue-onset and during the electrical stimulation were readily apparent 

during maintenance (Figure 2-4a).  During extinction, stimulated release was eliminated and 

this was accompanied by a profound decrease in the amplitude of cue-evoked dopamine 

(Figure 2-4d).  Both cue and electrically evoked dopamine were restored during 

reinstatement (Figure 2-4g). 
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Figure 2-4. Dopamine and behavioral changes during extinction.  a) d) g) Dopamine 
concentration during single trial in an animal during maintenance, extinction and reinstatement, t 
= 0 s is cue-onset.  Remaining panels:  pooled data from 8 animals.  b) During maintenance, 
maximal amplitude of cue-evoked extracellular dopamine and c) latency to press were constant.  
e) During extinction, the maximal concentration of cue-evoked dopamine decreased significantly 
whereas f) latency to press significantly increased  h) During reinstatement, the maximal 
concentration of cue-evoked dopamine rapidly returned to pre-extinction values as did i) the 
latency to press. 

 

When examined on a trial by trial basis for all animals tested, the maximum cue-

evoked dopamine concentration remained fairly constant during the maintenance trials; there 

was no significant correlation between dopamine concentration and trial number (Figure 2-

4b, rats were allowed 30 maintenance trials, however only presses 11-30 are shown because 

of variability in rest time between phases which increases the variability of both response 

time and magnitude of cue-evoked dopamine release).  During these trials, rats pressed with 

stable rates that did not change (mean latency following lever extension was 1.1 ± 0.1 s, 



40 
 

Figure 4c).  During extinction, cue-evoked dopamine concentrations decreased, and the 

dopamine concentration plotted against trial number could be fit to a linear decline (r2 = 

0.140, P < 0.0001; Figure 2-4e).  At the same time, latency to lever press rapidly increased (r2 

= 0.331 P < 0.0001, Figure 2-4f) and there was a significant, inverse, linear correlation 

between extracellular dopamine and latency to press (r2 = 0.273, P < 0.0001, not shown).  At 

the beginning of the reinstatement phase, rats were primed 0-3 times (data not shown) to 

resume lever pressing.  Once ICSS behavior was reestablished, cue-evoked dopamine 

concentrations rapidly returned to pre-extinction values following trial 1 and then maintained 

a constant level (trial 1 differs significantly from trials 2-10 (p < 0.05, unpaired t-test)).  At 

the same time, latency to press significantly decreased (r2 = 0.074, P < 0.0001, Figure 4i).  

 

Discussion 

A central role for dopamine in reward-based behaviors has long been recognized 

(Wise, 2002).  Our high speed recordings of the chemical dynamics of dopamine during 

ICSS resolve this into different components.  Initially dopamine transients are only seen at 

stimulus delivery, and these closely resemble the dopamine responses to noncontingent 

electrical stimulation.  With repeated trials, dopamine transients occur at the cues that predict 

reward availability, and these grow with increasing trials while the stimulus-evoked release 

diminishes.  The development of cue-evoked dopamine correlates with a decline in latency to 

press the lever with repeated trials, indicative of learning.  During the extinction phase, when 

the electrical stimulus was withheld, the cue-associated dopamine transient amplitude 

decreased while the latency to press dramatically increased.  Upon reinstatement of the 

electrical stimulus, the cue-associated dopamine transients rapidly reemerged and the latency 
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to press diminished.  The appearance of a dopamine signal associated with a random cue that 

predicts reward is consistent with the firing patterns of dopaminergic neurons during reward 

based behaviors that have been shown to follow the theories of reward-prediction error 

(Schultz et al., 1997a; Pan et al., 2005).   

While cue-evoked dopamine transients increased in concentration with trial number, 

electrically evoked dopamine release gradually decreased, again resembling dopamine 

neuronal responses seen in reward-prediction experiments in which a switch of dopamine 

signaling from the reward to the cue occurs (Schultz, 2002).  However, unlike natural 

rewards, the reinforcement in ICSS involves directly depolarizing neuronal networks.  While 

calculations and experiments indicate direct depolarization is less likely with stimuli 

delivered to the cell bodies (Ranck, 1975; Anderson et al., 1996; Nowak and Bullier, 1998), 

electrically evoked dopamine release could arise from trans-synaptic activation of 

glutamatergic or cholinergic afferents in the VTA.  Indeed, using much different stimulation 

parameters and locations, it has been shown that ICSS can be supported by stimulations that 

activate descending, nondopaminergic fibers and secondarily effect dopamine 

neurotransmission (Gallistel et al., 1981; Bielajew and Shizgal, 1986; Murray and Shizgal, 

1994).   

The diminished amount of dopamine release evoked by the stimulation has been 

reported in other ICSS studies (Garris et al., 1999).  Stimulation-evoked dopamine release 

declines because of a restricted releasable pool of dopamine (Nicolaysen et al., 1988; Yavich 

and Tiihonen, 2000; Montague et al., 2004).  A mathematical model proposed by Montague 

and coworkers predicts diminished dopamine release over the long term of the 200 ICSS 

trials that is quite similar to our experimental results (Figure 2-3b).  Autoreceptor interactions 
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can also affect release amplitude of closely spaced dopamine release events (Kita et al., 

2007), and thus the cue-evoked release could further modulate the stimulated release.   

As the association between the cues that predict ICS availability and reward was 

established, the amplitude of the cue-evoked dopamine signal increased and it was inversely 

correlated with the latency to press (Figure 2-1).  However, the relationship between 

dopamine and our measure of learning was not linear since the amplitude of cue-associated 

dopamine continued to increase during the maintenance-delay phase, eventually reaching a 

plateau (~150 nM, Figure 2-3).  Thus, it appears that a floor effect had been achieved for the 

behavioral measure.  During this portion of the behavioral paradigm, extracellular dopamine 

release following cue-onset in some cases exceeded levels of electrically evoked dopamine 

release (Figure 2-2c,e).  This concentration is sufficient to activate the D1 receptors 

(Richfield et al., 1989) that have been shown to be important in ICSS (Cheer et al., 2007).   

Dopamine neurons are activated by reward-predicting stimuli that cause phasic firing 

that lasts for approximately 200 ms (Tobler et al., 2005).  Consistent with a burst evoking 

release, the initiation of the dopamine rise in response to the cue is immediate as it is in 

response to the electrical stimulation.  Prior work using amperometry, a technique with 

higher temporal resolution, shows that it takes approximately 15 ms for dopamine to diffuse 

out of the synapse and reach the probe (Venton et al., 2003).  However, when used with fast-

scan cyclic voltammetry, the electrode has a delayed response to reach the peak (~ 0.2 s) as 

evidenced by the maximal dopamine evoked by the 0.4 s electrical stimulations at the lever 

press that maximizes at 0.6 s (Venton et al., 2002).  Taking these delays into account, the 

cue-evoked dopamine transients are likely the result of burst firing observed with cues that 

predict reward in electrophysiological studies (Pan et al., 2005).   
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The increase in cue-evoked dopamine amplitude with trial number can be observed 

even in the results from a single animal (Figure 2-2).  The variability in dopamine release 

between consecutive responses is striking, even though the latency to press remains constant.  

The fluctuations in cue-evoked dopamine release were not due to a lowered electrode 

sensitivity as the dopamine response to cues increased across trials.  Instead, the data reveal 

the complexity of chemical signaling during behavior in a way never before observed.  

Unlike conventional chemical probes that provide an average concentration over a relatively 

large region, the carbon-fiber electrode reports temporal fluctuations from a microscopic 

local environment immediately adjacent to the electrode (Wightman et al., 2007).  While the 

NAc shell functions as a unit that may influence behavior, the fluctuations in amplitude of 

dopamine release appear to indicate that the behavior is not specific to a single set of 

terminals.  Thus, terminal release varies from trial to trial much like the firing pattern of 

dopaminergic neurons in response to reward predictors when examined on a trial-by-trial 

basis (e.g. middle panel of Figure 12 in (Ljungberg et al., 1992)).  Cue-evoked chemical 

signaling mimics neuronal activity whereby the sum of dopamine transients across trials 

reflects the chemical message of cue-reward (ICS) associations.    

Extinction trials were done in animals that showed stable ICSS and cue-related 

dopamine release.  During the extinction phase, cue-evoked dopamine transients in the NAc 

shell rapidly diminished while the latency to press increased (Figure 2-4).  Upon 

reinstatement of the association between cues and electrical stimulation, ICSS resumed with 

a partially restored, cue-evoked dopamine transient apparent at the first press.  The latency to 

lever-press rapidly diminished while the cue-evoked dopamine returned to pre-extinction 

values on subsequent trials (Figure 2-4).  These results are quite similar to the restoration of 
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cue-associated dopamine transients during reinstatement of cocaine self-administration 

following its extinction (Stuber et al., 2005).  This rapid reacquisition of performance and 

dopamine signaling provides strong evidence that extinction did not eliminate all original 

associations between the cue, the response requirement, and the reward (Rescorla, 2001).  

Thus, rapid dopamine signaling in the NAc follows the expectations of reward-prediction 

error theory in which cue-evoked dopaminergic signals in the shell reflect “errors” when the 

brain failed to predict the onset of predictive cues (Schultz et al., 1997a).  Consistent with 

this, the concentration of dopamine released in response to the cue grows during formation of 

the association between cue-reward and/or cue response requirement to a limiting value (Pan 

et al., 2005). However, when the cue is no longer associated with the ICSS reward 

(extinction), the acquired dopamine signal rapidly disappears.   

Although dopamine’s release during the acquisition of cue-evoked ICSS is revealed 

by this study, further studies are needed to fully understand the complete neural circuitry 

underlying this behavior (Wise, 2002).  Cue-evoked dopamine signaling may involve 

activation of ascending GABAergic neurons projecting from the VTA (Steffensen et al., 

2001; Lassen et al., 2007) or activation of descending neurons.  Indeed, the pedunculopontine 

tegmentum (PPTg), a site that is a major input to dopaminergic neurons in the VTA show 

phasic activity to the onset of cues (Pan and Hyland, 2005).  During ICSS, extracellular 

acetylcholine levels increase in both the PPTg and the VTA (Yeomans, 1995; Yeomans and 

Baptista, 1997; Chen et al., 2006).  This could activate phasic firing of dopaminergic neurons 

leading to the dopamine transients we observe in the NAc shell.  The role of cue-evoked 

dopamine transients may be to potentiate corticostriatal post-synaptic potentials, a function 

established for dopamine in rats undergoing ICSS (Reynolds et al., 2001).  Future studies 
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will be required to evaluate dopaminergic activity in the NAc core during similar behaviors, 

as discussed in prior work (Cheer et al., 2007).  Indeed, using a similar protocol, we 

previously reported stimulus evoked dopamine changes in the NAc core, but, over a limited 

set of trials, these were unaccompanied by cue-evoked dopamine signals (Cheer et al., 2005).   

Taken together, the data presented here suggest a complex role of NAc dopamine in 

ICSS.  As reported previously, activation of dopaminergic neurons facilitates the initiation of 

ICSS-behavior in tasks that do not involve a discrete audiovisual cue or extended periods 

between trials (Corbett and Wise, 1980; Garris et al., 1999).  Our chemical measurements 

reveal two unrecognized aspects of dopamine signaling in the shell.  First, cues that predict 

ICS contingent upon a response evoke transient dopamine concentrations that are high 

enough to activate D1 receptors.  This D1 activation is highly significant because it has been 

linked to neural processing related to long term potentiation, a change in synaptic strength 

linked to learning (Reynolds et al., 2001).  Second, like individual dopaminergic cell bodies, 

dopaminergic terminals at one location do not respond in the same way during all trials as the 

behavior is learned.  This unprecedented finding reveals the stochastic nature of chemical 

signaling in the brain.  
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CHAPTER 3 

Adaptive fluctuations in cue-evoked dopamine release follow changes in 
reinforcer magnitude 

 

Abstract 

The mesolimbic dopamine system is believed to be critically involved in modulating 

reward-seeking behavior and is transiently activated upon presentation of reward-predictive 

cues.  It has previously been shown, using fast-scan cyclic voltammetry in freely moving 

rats, that cues predicting reward elicit time-locked dopamine transients in the nucleus 

accumbens.  These dopamine transients have been found to correlate with reward-related 

learning and are believed to promote reward-seeking behavior.  Here, we investigate the 

effect of reinforcer magnitude on cue-evoked dopamine release in the nucleus accumbens 

shell in rats performing intracranial self-stimulation and find that the amplitude of cue-

evoked dopamine is an adaptable measure of anticipated reinforcer magnitude that is 

significantly correlated with reward seeking.  We found that the concentration of cue-

associated dopamine transients increased significantly with increasing reinforcer magnitude, 

while, at the same time, the latency to lever press decreased with reinforcer magnitude.  

These data support the proposed role of nucleus accumbens dopamine in the facilitation of 

reward-seeking behavior and provide unique insight into the plasticity of dopaminergic 

signaling. 
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Introduction 

The mesolimbic dopamine system is believed to play an essential role in modulating 

reward-seeking behavior and has been implicated in reinforcement learning (Hollerman and 

Schultz, 1998; Dayan and Balleine, 2002; Day et al., 2007; Owesson-White et al., 2008).  

Electrophysiological data have shown that midbrain dopamine neurons are transiently 

activated by the delivery of unexpected, primary rewards and also by cues that have been 

learned to predict rewards (Schultz et al., 1997; Hyland et al., 2002).  Similarly, data from 

fast-scan cyclic voltammetric recordings have revealed that cues associated with a variety of 

rewards, including cocaine, sucrose, and intracranial stimulation, elicit time-locked, 

dopamine transients in the nucleus accumbens (Phillips et al., 2003a; Roitman et al., 2004; 

Day et al., 2007; Owesson-White et al., 2008).  Indeed, the fluctuations in dopamine 

concentration in the extracellular fluid of the nucleus accumbens is a direct consequence of 

increased phasic activity in the ventral tegmental area (VTA) (Sombers et al., 2009).  The 

dopaminergic signal resulting from the activation of dopamine neurons is thought to then 

guide decision making and modulate reward-seeking behavior (Goto and Grace, 2005; Nicola 

et al., 2005; Morris et al., 2006).     

Fascinatingly, the degree of dopamine activation in response to reward-predictive 

cues has been found to reflect salient information about predicted rewards, including the 

probability and timing of these rewards (Fiorillo et al., 2003; Kobayashi and Schultz, 2008).  

Furthermore, tt has been found that cues that predict larger reinforcer magnitudes elicit 

greater activation of dopamine neurons than cues that predict smaller reinforcer magnitudes, 

suggesting that dopamine neurons encode important information related to anticipated 
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rewards (Tobler et al., 2005; Roesch et al., 2007).  However, it remains to be shown whether 

these adaptive changes in neural activation manifest themselves at the terminal level.   

In this work, we use fast-scan cyclic voltammetry at carbon-fiber microelectrodes to 

examine the effect of reinforcer magnitude on cue-evoked dopamine release in the shell of 

the nucleus accumbens (NAs), a key dopamine terminal region.  This electrochemical 

technique enables detection of dopamine release with subsecond temporal resolution 

(Robinson et al., 2003).  The behavioral paradigm employed is intracranial self-stimulation 

(ICSS), in which a rat depresses a lever to electrically stimulate its dopamine neurons (Wise, 

2004).  We have previously shown that cue-evoked dopamine release in the NAs is 

associated with ICSS and that the cue-evoked signal is a learned response (Owesson-White et 

al., 2008).  Here we show that the concentration of cue-associated dopamine transients 

increases significantly with increasing reinforcer magnitude.  Furthermore, increases in cue-

evoked dopamine were significantly correlated with shorter latencies to lever press, further 

establishing a role for dopamine in the facilitation of reward-seeking behavior (Nicola et al., 

2005).  Taken together, our results give an unprecedented view of the plasticity of phasic 

dopamine release in the NAs, demonstrating that cue-evoked dopamine is an adaptable 

measure of reinforcer magnitude that plays an important role in reward seeking.  
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Methods 

Animals and Surgery  

Male, Sprague-Dawley rats (n = 6) were individually housed on a 12:12 hour 

light:dark cycle and allowed ad libitum access to food and water.  Animals were anesthetized 

with intra-peritoneal injections of ketamine (100 mg/kg) and xylazine (20 mg/kg).  

Stereotaxic surgeries were performed using aseptic, flat-skull technique.  Bupivicaine was 

used as a local analgesic.  Guide cannulae (Bioanalytical Systems, West Lafayette, IN) were 

cut to 2.5 mm and implanted above the nucleus accumbens shell (1.7 mm anterior, 0.8 mm 

lateral, relative to bregma).  Bipolar, stainless-steel stimulating electrodes (Plastics One, 

Roanoke, VA) were ipsilaterally implanted in the lateral hypothalamus (2.8 mm posterior, 

1.7 mm lateral relative to bregma, and 8.4 mm ventral from dura) and Ag/AgCl reference 

electrodes were placed in the contralateral hemisphere.  All coordinates used were from 

(Paxinos, 2007) and surgical procedures are described in (Phillips et al., 2003b).  Skull 

screws and cranioplastic cement were used to secure electrode placements.  All animals were 

given at least 3 days to recover. Animal procedures used in this experiment were all in 

accordance with guidelines set forth by The University of North Carolina at Chapel Hill 

Animal Care and Use Committee. 

Behavioral Procedures   

Animals were placed in an operant chamber and allowed 5 min to acclimate.  They 

were then attached, via a flexible cable, to a commutator secured to the top of the chamber 

that allowed for both voltammetric recording and electrical stimulation.  An additional 

acclimation period of 5 min was given at this time before the first phase of ICSS training 
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commenced.  During the first phase of training, rats were trained to press a continuously 

available lever on a fixed-ratio 1 (FR-1) reinforcement schedule for ICSS.  Once rats 

exhibited stable responding (30-50 consecutive lever presses), the session was stopped and 

the lever was retracted.   

Next, reinforcer magnitude was determined for each animal by measuring the number 

of reinforced presses in a 1 min interval for different stimulation currents.  Stimulation 

currents (60 Hz, 24 biphasic pulses, 2 ms/phase) were varied randomly between sessions and 

ranged from 16 µA - 200 µA in 0.1 log unit increments.  This phase of the experiment was 

used to determine a low, medium, and high reinforcer magnitude (i.e., stimulation current) 

for each individual animal (n = 6).  A medium reinforcer magnitude was set as the current 

that produced maximal responding while low and high reinforcer magnitudes were set as the 

currents that produced half-maximal responding to the left and to the right of the maximal 

point, respectively.    

  Rats were then trained to perform ICSS on an FR-1, variable time-out (5 s- 25 s) 

reinforcement schedule.  For the first 50 trials of training, lever extension was accompanied 

by simultaneous presentation of an audio-visual cue (a 67 dB, 1 kHz tone coupled with a 

change in the lighting of the experimental chamber).  During the first 50 trials, lever 

extension was accompanied by simultaneous presentation of an audio-visual cue (a 67 dB, 1 

kHz tone coupled with a change in the lighting of the experimental chamber).  Depression of 

the lever delivered the stimulus train.  For the next 150 trials, the audio-visual cue preceded 

lever extension by 2 s.  When training for the VTO schedule was complete, a fresh carbon-

fiber microelectrode was lowered into the NAs for voltammetric recording and an optimal 

recording site was identified (see below).  The animal was then allowed to perform ICSS on 
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the same VTO schedule with the audiovisual cue preceding lever extension by 2 s.  Each rat 

was given three distinct ICSS sessions comprised of 70 trials that used low, medium, or high 

stimulation currents.  These sessions were randomly ordered (i.e. low-medium-high, low-

high-medium, etc) and were separated by 5 minutes.  In this manner, each animal served as a 

within-subject control.    

Voltammetric Recording   

Microelectrodes were prepared by aspirating T650 carbon fibers (6 µm diameter, 

Amoco) into thin glass capillaries (0.6 mm outer diameter, 0.4 mm inner diameter, A-M 

Systems).  Filled glass capillaries were then pulled in a vertical puller (Narashige, Tokyo, 

Japan) and the exposed carbon fiber tip was cut to 75 µm- 100 µm.  For electrochemical 

recordings, a triangular waveform (-0.4 V to +1.3 V vs. Ag/AgCl) was applied at 400 V/s to 

the carbon-fiber microelectrode every 100 ms.  Optimal recording sites within the NAs were 

sought by incrementally lowering the electrode through the NAs and measuring electrically-

evoked dopamine release, ensuring placement in an area rich in active dopamine terminals.  

After use, electrodes were calibrated in an in vitro flowcell system to enable conversion of 

dopamine current measurements into concentration units.  Principal component regression 

was used to resolve recorded dopamine signals from interfering species, namely pH (Heien et 

al., 2004; Heien et al., 2005).  Amplitudes of released dopamine were characterized using 

MiniAnalysis software (Synaptosoft, version 6.03). 
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Results 
 

Current plays an influential role in reward-seeking behavior 

As shown in Figure 3-1, stimulation current amplitude was found to play an important 

role in lever pressing behavior during ICSS.  When given free access to a permanently 

extended lever, lever presses were infrequent at stimulation currents of 40 µA or less.  The 

lever pressing rate increased at 50 µA and reached a plateau at higher stimulation currents.  

At the highest currents evaluated, 200 µA, lever pressing rate decreased.  However, the 

decrease in lever press rate was accompanied by a strong physical reaction of the rat to the 

stimulation.  Reflexively, the animal was moved away from the lever.  Based on these data 

we selected three stimulation intensities for further evaluation using the VTO paradigm:  67 

µA + 8.71, 115 µA + 11.4, and 186.67 µA + 8.43, which were defined as low, medium, and 

 

Figure 3-1.  Reinforcer magnitude influences response rates for ICSS. The 
threshold curve shows the number of presses in a 1 min interval for a range of 
stimulation currents.  The average currents chosen for the low, medium and high 
reinforcer magnitudes were 67 µA + 8.71, 115 µA + 11.4, and 186.67 µA + 8.43, 
respectively. For each animal, medium magnitudes were set at currents that produced 
maximal responding. Currents that produced half-maximal responding to the left and 
right of the maximum were chosen as the low and high magnitudes, respectively. 
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high, respectively.   

 

Dynamic changes in dopamine release occur in response to reward-predictive cues during 
ICSS 

Following threshold evaluation, we evaluated cue-evoked and stimulated dopamine 

responses during ICS using the low, medium and high currents using the VTO schedule.  

Fast-scan cyclic voltammetry was used to measure changes in cue-evoked dopamine release 

while animals performed ICSS for the low, medium, and high reinforcer magnitudes.  A 

representation of the VTO reinforcement schedule is displayed in Figure 3-2A (top).  Each 

trial began with the onset of an audio-visual cue that preceded lever extension by 2 s.  Once 

the lever was pressed, it retracted and the audio-visual cue was terminated.  Trials were 

separated by a VTO of 5 s - 25 s.  As shown in the representative color plot from a single 

trial in a single animal, in well-trained animals cue onset elicited a time-locked increase in 

dopamine release (Figure 3-2A, center).  Electrically stimulated dopamine release was also 

readily observed in response to the lever press.  A corresponding trace of the dopamine 

concentration with time (resulting from principal component regression of these data) is 

shown just below the color plot (Figure 3-2A, bottom).   

 Individual trials within each reinforcer magnitude session were averaged to examine 

the mean dopaminergic response in each condition for each animal.  An average 

electrochemical signal observed in a high reinforcer magnitude session is shown in a 

representative color plot in Figure 3-2B.  The corresponding concentration trace for 

dopamine is also displayed.  Cue-evoked dopamine release occurred in a tightly time-locked 

fashion with the initial rise beginning directly after cue onset.  Electrically evoked dopamine 
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release was also observed following the lever press.  Thus, consistent with our prior reports, 

we found that a transient, time-locked increase in dopamine release occurs in the NAs upon 

presentation of a cue that predicts ICSS availability (Owesson-White et al., 2008; Sombers et 

al., 2009) 

 

  

 

Figure 3-2.  Transient increases in dopamine release follow cue onset during ICSS.  
A) Top, The behavioral paradigm used to investigate the effect of reinforcer magnitude on 
dopamine release in the NAs consisted of an audio-visual cue that preceded lever 
presentation by 2 s.  Each trial began with cue onset and ended upon stimulation delivery.  
Trials were separated by a random interval of 5 s – 25 s (as indicated by the dashed line). 
Center, a color plot representing a single trial in a single animal exhibits the transient 
dopamine activity observed in response to cue onset and stimulation during a high reinforcer 
magnitude condition.  Changes in dopamine current are color-coded and occur along the 
oxidation potential for dopamine (~0.6 V vs. Ag/AgCl).  Bottom, the corresponding 
concentration versus time trace is shown.  B) The color plot and corresponding concentration 
versus time trace represent the averaged response seen over 70 trials in a single animal during 
a high reinforcer magnitude session.
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Adaptations in cue-evoked dopamine release closely follow transitions in reinforcer 
magnitude  

The amplitude of cue-evoked dopamine release in the NAs reflects the magnitude of 

the anticipated reinforcer (Figure 3-3).  Figure 3-3A displays representative average 

dopamine concentration traces for the low, medium, and high reinforcer magnitude sessions 

from a single animal.  Individual trial maximal concentration values can be found in Figure 

3-3B.  To avoid the effects of the contrast that occurs around the lever press at the beginning 

of a new session with a different reinforcer magnitude, we discarded the results from the first 

10 trials.  Note that the amount of dopamine released, both in response to cue onset and the 

electrical stimulation, increases significantly with increasing reinforcer magnitude (cue-

evoked dopamine: High > Medium > Low, p < 0.001, one-way ANOVA F(2, 59) = 1.19, 

stimulated dopamine: High > Medium > Low, p < 0.001 one-way ANOVA F(2, 69) = 1.80).  

The average values for cue-evoked and stimulated dopamine release are given in Table 3-1 

and are shown in Figure 3-4. 
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Figure 3-3.  Cue-evoked dopamine release in the NAs varies as a function 
of reinforcer magnitude.  A) Representative concentration traces are shown 
for the low, medium, and high reinforcer magnitude conditions. Cue onset is 
indicated by the first dotted line and lever presentation is indicated by the 
second dashed line.  B) Individual trial concentrations for cue-evoked (top) 
and stimulated (bottom) dopamine were averaged across animals (n = 6). 
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Figure 3-4.  Reinforcer magnitude significantly affects 
the amplitude of dopamine release in the NAs.  The 
average amplitude of cue-evoked (top) and stimulated 
(bottom) dopamine were found to increase significantly 
with increasing reinforcer magnitude (***p < 0.001). 
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Data from the first 10 trials immediately following changes in reinforcer magnitude 

were discarded because the amplitude of cue-evoked dopamine fluctuated considerably in 

this time interval.  Figure 3-5 shows data taken from a subset of animals that exhibits the 

variability of cue-evoked dopamine release observe in the 10 trials immediately following 

transitions in reinforcer magnitude.  The most notable shift in the amplitude of cue-evoked 

dopamine occurred in animals that experienced a switch from a low reinforcer magnitude to a 

high reinforcer magnitude (Figure 3-5, bottom right panel).  The initial concentration value 

after this transition differs significantly from the second trial (~9.3 nM vs ~127.3 nM, p < 

0.05, unpaired t test).  This significant increase resembles the increase seen in the amplitude 

of cue-evoked dopamine release following reinstatement of ICSS after extinction (Owesson-

White et al., 2008).    

 

Figure 3-5.  Transient fluctuations in cue-evoked dopamine concentration closely follow 
changes in reinforcer magnitude.  Individual trial concentrations for the first 10 trials following 
various switches in reinforcer magnitude session are displayed.  The values shown represent data 
obtained in a subset of animals (n = 3).  The rapid nature of the adaptive changes in dopamine 
release that occur following changes in reinforcer magnitude are particularly apparent in the low 
to high transition (bottom right panel) where the amplitude of cue-evoked release differed 
significantly between trial 1 and trial 2 (~9.3 nM vs ~127.3 nM, respectively. *p < 0.05, unpaired 
t test).  The dashed line in all the graphs represents the average concentration of cue-evoked 
dopamine ultimately reached in the given magnitude session (a total of 70 trials). 
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Cue-evoked dopamine release in the NAs is positively correlated with reward seeking 

In addition to modulating rapid dopamine signaling, reinforcer magnitude also 

significantly affected the average latency to lever press.  The average latency to press 

decreased significantly with increasing reinforcer magnitude (low > medium, p < 0.001, 

medium > high, p < 0.05, one-way ANOVA F(2, 69) = 1.28, Table 3-1).  Moreover, the 

latency to lever press was found to significantly correlate with the amplitude of cue-evoked 

dopamine release in an inverse manner (r2 = 0.337, p = 0.023).  The latency to lever press 

was found to significantly correlate with the amplitude of cue-evoked dopamine release in an 

inverse manner (r2 = 0.337, p = 0.023, Figure 3-6).  Thus, higher levels of cue-associated 

dopamine were correlated with shorter latencies to press and vice versa.   

 
 

Figure 3-6.  Cue-evoked dopamine in the NAs significantly influences reward-seeking 
behavior.  Cue-evoked dopamine was significantly correlated with the latency to press in 
an inverse manner (r2 = 0.337,*p < 0.05).      
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Table 3-1. Reinforcer magnitude significantly affects dopamine release in the NAs and the 
average latency to lever press. The amplitude of cue-evoked and electrically-stimulated dopamine 
release varied as a function of reinforcer magnitude (H>M>L). Increases in reinforcer magnitude also 
lead to a decrease in the average latency to lever press (H<M<L) (*p<0.05, ***p<0.001, One-way 
ANOVA). 

  

 

Discussion 

Reward-predictive cues activate midbrain dopamine neurons and elicit time-locked, 

transient increases in dopamine release in terminal regions (Schultz et al., 1997; Hyland et 

al., 2002; Phillips et al., 2003a; Roitman et al., 2004; Day et al., 2007; Owesson-White et al., 

2008).  Midbrain dopamine neurons have been found to exhibit differential degrees of 

activation in response to different reinforcer magnitudes and their associated cues (Tobler et 

al., 2005).  Thus, cues that predict larger reinforcer magnitudes produce more pronounced 

activation of dopamine neurons than cues that predict smaller reinforcer magnitudes (Tobler 

et al., 2005; Roesch et al., 2007).  Thus, dopamine neurons appear to be conditional output 

neurons that reflect salient reward-related information in their patterns of activity.  Here, we 

show for the first time that the amplitude of cue-evoked dopamine release in the NAs, a key 

dopamine terminal region, reflects anticipated reinforcer magnitude.  We also found a 

significant correlation between the amplitude of cue-evoked dopamine release in the NAs 

Reinforcer 
Magnitude 

Cue-evoked 
Dopamine (nM) 

Stimulated 
Dopamine (nM) 

Latency to Lever Press 
 (s) 

Low 15.7 + 0.90    29.4 + 0.93 2.9 + 0.91 
Medium 30.2 + 0.83*** 72.9 + 1.38*** 1.8 + 0.11*** 

High 42.1 + 1.07*** 143.7 + 2.24*** 1.4 + 0.10* 
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and reward-seeking behavior.  Altogether, our results provide unique insight into the 

adaptable nature of dopaminergic signaling and demonstrate an integral role of cue-evoked 

dopamine in reward-seeking behavior.      

The model of reward seeking used in this work was ICSS.  Discovered in 1954, ICSS 

has been widely used to investigate reward-seeking behavior and to identify brain structures 

involved in mediating reinforcement (Olds and Milner, 1954; Olds and Olds, 1963; Simon et 

al., 1975; Corbett and Wise, 1980; Wise, 1996; Waraczynski, 2006).  In this behavioral 

paradigm, animals are trained to perform an operant response, typically a lever press, to 

deliver an electrical stimulation to select brain areas.  An advantage of ICSS is that it directly 

activates neural circuits involved in reward, bypassing normal physiological inputs (Wise, 

1996).  Thus, the precise timing and magnitude of reward delivery can be tightly controlled 

and measured.  Several pioneering studies in the field of ICSS have shown that the 

magnitude of experienced reinforcement during ICSS is a function of both stimulation 

current and pulse frequency (Gallistel and Leon, 1991; Gallistel et al., 1991; Simmons and 

Gallistel, 1994; Arvanitogiannis and Shizgal, 2008).  It has been hypothesized that the 

maximum possible reward during ICSS can be attained by manipulating stimulation current 

(Waraczynski and Kaplan, 1990; Gallistel et al., 1991; Sax and Gallistel, 1991).   

Using a free-access reinforcement schedule for ICSS, we found that stimulation 

current played an influential role in lever pressing behavior.  This approach enabled 

assessment of relative reinforcer value for each animal.  As shown in the threshold curve in 

Figure 3-1, the response rate for ICSS was initially relatively low at the low stimulation 

currents and peaked at ~125µA before declining slightly.  However, the low lever press rate 

at the highest currents evaluated appeared to be controlled in part by the animals reflexive 
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response to the stimulation and not to a decrease in the reinforcing properties of the 

stimulation.  Indeed, the significant difference in the latency to lever press between the high 

(~187 µA) and the medium (~115 µA) reinforcer magnitude conditions, observed with the 

variable time-out schedule, indicates that the subjective reward value for the high reinforcer 

magnitude was in fact higher (see Table 3-1).   

With the VTO paradigm we have shown that in a well-trained animal, presentation of 

an audio-visual cue that predicts ICSS produces an increase in dopamine concentration in the 

NAs.  Cue-evoked dopamine release develops with repeated trials during acquisition of ICSS 

(Owesson-White et al., 2008).  This increase in cue-evoked dopamine concentration was 

correlated with learning of the behavior, indicated by a significant decrease in the latency to 

lever press in early trials.  In addition to growing in with repeated stimulus-reward pairings 

during the course of learning, cue-evoked dopamine release disappears with extinction of 

ICSS- suggesting that cue-evoked dopamine release is dependent on a learned stimulus-

reward association (Owesson-White et al., 2008).  Thus, these results provide strong support 

for the proposed role of error prediction, as it relates to transient elevated concentrations of 

dopamine that are time locked to cues, in reward-related learning (Hollerman and Schultz, 

1998; Dayan and Balleine, 2002).   

Here, we show that cue-evoked dopamine release in the NAs reflects salient 

information about predicted reinforcer magnitude.  It is important to note that the audio-

visual cue presented in all three of the reinforcer magnitude conditions was identical.  Thus, 

the same audio-visual cue was able to elicit differential amounts of dopamine release based 

on the magnitude of the reinforcer it predicted.  Interestingly, we found a high degree of 

variability in dopamine release amplitudes immediately following transitions in reinforcer 
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magnitude, particularly within the first 10 trials of a new reinforcer magnitude session.  The 

etiology of this response, however, is unclear.  These results demonstrate that dopaminergic 

transmission is highly adaptable in the encoding of important information about future 

rewarding events.     

 One alternative explanation for the changes in cue-evoked dopamine release we saw 

in response to reinforcer magnitude may be that the observed fluctuations in cue-evoked 

dopamine release were strictly a physiological function of the electrical stimulations 

delivered.  For example, in the high reinforcer magnitude condition, where a high stimulation 

current was delivered, it is possible that the intensity of the stimulation applied left the 

stimulated neurons in an ‘up’, or more excitable state.  Therefore, in the trial immediately 

following this stimulation, neurons would have an increased aptitude to fire in response to 

cue onset, resulting in higher amplitudes of cue-evoked dopamine release.  To investigate 

this possibility, we examined the relationship between cue-evoked and stimulated dopamine 

release in each reinforcer magnitude condition.  If cue-evoked dopamine were solely a 

physiological function of the electrical stimulation, one would expect a significant correlation 

to exist between the two types of release.  However, this was not the case.  While the 

amplitudes of cue-evoked and stimulated dopamine exhibited similar patterns in response to 

reinforcer magnitude, the two were not found to be significantly correlated (data not shown).  

Furthermore, the slopes of the lines through cue-evoked and stimulated dopamine release 

values for all three magnitudes were significantly different from one another (p < 0.05, data 

not shown).  Thus, we believe that the changes in the amplitude of cue-associated dopamine 

transients seen here reflected changes in incentive reward value. 
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Our research group has previously shown that cue-evoked dopamine release during 

ICSS is dependent on phasic activation of dopamine neurons in the VTA (Sombers et al., 

2009).  Midbrain dopamine neurons have been shown to report reward prediction errors such 

that when a reward is better than predicted, the dopaminergic response in positive and an 

increase in firing occurs (Schultz et al., 1997).  Conversely, when a reward is worse than 

predicted (or is omitted altogether) the dopaminergic response is negative and a depression in 

firing occurs.  Consistent with this, it has been found that the degree of phasic activation in 

midbrain dopamine neurons varied monotonically with reinforcer magnitude (Tobler et al., 

2005).  Similarly, cues that predicted larger reinforcer magnitudes produced greater 

activation of dopamine neurons than did cues predicting smaller reinforcer magnitudes 

(Tobler et al., 2005).  Our results suggest that dopamine release in the NAs reflects these 

changes in neural firing, as cues that predicted higher reinforcer magnitudes consistently 

produced greater amplitudes of dopamine release than cues that predicted smaller reinforcer 

magnitudes.  Taken together, these results give an unequivocal view that phasic 

dopaminergic transmission acts as a sensitive measure of reinforcer magnitude. 

Phasic activation of dopamine neurons is believed to be modulated by the 

pedunculpontine tegmental nucleus, or PPTg (Floresco et al., 2003).  Therefore, the changes 

in cue-associated dopamine release observed in this study may, in part, be attributable to 

changes in PPTg activity.  In fact, PPTg neurons have been shown to report reward 

prediction errors (Kobayashi and Okada, 2007).  Therefore, the PPTg may play a role in the 

computation of reward prediction errors observed in dopamine neurons that are ultimately 

reflected in dopamine concentration fluctuations in the NAs.  As such, Chapter 5 of this 

dissertation discusses PPTg-mediated changes in cue-evoked dopamine release during ICSS.  
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In addition to the PPTg, it has recently been shown that neurons in the midbrain reticular 

formation also exhibit reward prediction error (Puryear and Mizumori, 2008).  Together, 

these two brain structures may provide an excitatory contribution to the reward prediction 

error signal.  Indeed, neural regulation of such a highly complex phenomenon is likely to 

involve multiple brain areas.    

In summary, our results show that cue-evoked dopamine release in the NAs reports 

information about predicted reinforcer magnitude.  Moreover, the data demonstrate an 

important role of cue-associated dopamine transients in facilitating reward-seeking behavior.  

Further investigation of the precise mechanism by which dopamine acts to promote reward 

seeking would increase our understanding of the brain’s regulation of reinforcement and 

would provide profound insight into the mechanisms that underlie addiction.  
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CHAPTER 4 

Synaptic Overflow of Dopamine in the Nucleus Accumbens Arises from 
Neuronal Activity in the Ventral Tegmental Area 

 

Published in the Journal of Neuroscience 29(6) 1735-1742 (2009). 

 

Abstract 

Dopamine concentrations fluctuate on a subsecond time scale in the nucleus 

accumbens (NAc) of awake rats.  These transients occur in resting animals, are more frequent 

following administration of drugs of abuse, and become time–locked to cues predicting 

reward.  Despite their importance in various behaviors, the origin of these signals has not 

been demonstrated.  Here we show that dopamine transients are evoked by neural activity in 

the ventral tegmental area (VTA), a brain region containing dopaminergic cell bodies.  The 

frequency of naturally occurring dopamine transients in a resting, awake animal was reduced 

by a local ventral tegmental area (VTA) microinfusion of either lidocaine or (±)2-amino,5-

phosphopentanoic acid (AP-5), an N-methyl-D-aspartate (NMDA) receptor antagonist that 

attenuates phasic firing.  When dopamine increases were pharmacologically evoked by 

noncontingent administration of cocaine, intra-VTA infusion of lidocaine or AP-5 

significantly diminished this effect.  Dopamine transients acquired in response to a cue 

during intracranial self-stimulation (ICSS) were also attenuated by intra-VTA microinfusion 
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of AP-5, and this was accompanied by an increase in latency to lever press.  The results from 

these three distinct experiments directly demonstrate, for the first time, how neuronal firing 

of dopamine neurons originating in the VTA translates into synaptic overflow in a key 

terminal region, the NAc shell. 
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Introduction 

Dopaminergic neurons provide a critical modulatory influence in reward seeking 

(Everitt and Robbins, 2000; Phillips et al., 2003a), prediction error (Schultz et al., 1997)  and 

reinforcement (Wise, 2004).  Real-time dopamine neurotransmission in awake animals, 

monitored with fast-scan cyclic voltammetry at carbon-fiber microelectrodes, has revealed 

naturally occurring, subsecond dopamine concentration fluctuations (transients) in the NAc 

(Robinson et al., 2002; Wightman et al., 2007).  Under basal conditions these transients occur 

at highly variable frequencies with amplitudes of ~ 50 nM and durations of ~ 1 s (Wightman 

et al., 2007).  They are enhanced upon administration of drugs of abuse (Stuber et al., 2005), 

and become time-locked to cues that predict reward availability (Phillips et al., 2003a; 

Roitman et al., 2004; Day et al., 2007; Owesson-White et al., 2008).  Despite their 

importance, the origin of dopamine transients in the NAc is unclear.   

The most likely cause of dopamine transients is phasic firing of dopaminergic 

neurons in the VTA.  These neurons normally fire in a tonic pattern (~5 Hz) and periodically 

discharge in short bursts (~20 Hz).  Bursts are particularly apparent at presentation of 

primary rewards or their associated cues (Schultz et al., 1997; Hyland et al., 2002).  The 

activity of dopaminergic neurons is regulated by multiple inputs (Floresco et al., 2003; Lodge 

and Grace, 2006), and in brain slices that lack these inputs, phasic activity is not observed 

(Overton and Clark, 1997).  In the intact brain the transition from tonic to phasic firing is 

caused by excitatory amino acids in the VTA (Overton and Clark, 1992; Chergui et al., 

1993).  Consistent with this, microdialysis studies revealed that activation of NMDA 

receptors in the VTA causes an increase in NAc extracellular dopamine (Karreman et al., 
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1996; Kretschmer, 1999).  However, a direct assessment of the release consequence of phasic 

firing in the VTA requires rapid dopamine measurements.   

Although VTA cell firing is a likely origin of dopamine transients, other factors may 

contribute.  First, dopamine release is not always directly proportional to the degree of VTA 

activation, but can exhibit facilitation or depression (Montague et al., 2004; Kita et al., 2007).  

Moreover, terminal mechanisms may alter release.  For example, glutamatergic inputs from 

the basolateral amygdala to the NAc modulate dopamine efflux (Howland et al., 2002), and 

nicotinic and opiate receptors on dopamine terminals can locally influence dopamine release 

probability (Zhou et al., 2001; Rice and Cragg, 2004; Britt and McGehee, 2008).  Reverse 

transport via the dopamine transporter could also generate extracellular dopamine 

(Falkenburger et al., 2001).  Here, we investigate the origin of dopamine transients in the 

NAc shell, a region that exhibits dopamine transients in animals at rest (Wightman et al., 

2007), following pharmacological manipulation (Stuber et al., 2005; Cheer et al., 2007), and 

in response to cues that predict reward (Phillips et al., 2003a; Roitman et al., 2004; Stuber et 

al., 2005; Cheer et al., 2007; Owesson-White et al., 2008).  Intra-VTA microinfusion of 

neuronal firing inhibitors establishes that dopamine transients in the NAc shell require 

ongoing phasic activity in the VTA.  

 



70 
 

 

Methods 

Electrodes   

Glass-encased, carbon-fiber microelectrodes were constructed as previously described 

with T-650 carbon fiber (Phillips et al., 2003b).  The reference electrodes were chloridized 

silver wires (0.5 mm diameter, Sigma-Aldrich) in 0.1 N HCl.  All potentials reported are vs. 

Ag/AgCl. 

Animals and surgery   

Male Sprague-Dawley rats (n = 22; Charles River Laboratories, Wilmington, MA; 

250-350 g) some of which were implanted with a jugular vein catheter (n = 11) were 

individually housed on a 12:12 hour light cycle with ad libitum access to food and water.   

Rats were anesthetized with ketamine hydrochloride (100 mg/kg i.p.) and xylazine 

hydrochloride (20 mg/kg i.p.) and stereotaxic surgeries were performed as described 

previously (Phillips et al., 2003b).  The Ag/AgCl reference electrode was placed in the 

forebrain, and a guide cannula (Bioanalytical Systems, West Lafayette, IN) was positioned 

above the contralateral NAc (1.7 mm AP, 0.8 mm ML, -2.5 mm DV relative to bregma).  A 

combination bipolar stimulating electrode/steel guide cannula (26 gauge; Plastics One, 

Roanoke, VA) was implanted unilaterally into the VTA at a 6o angle toward the midline to 

avoid the midline sinus (5.4 mm posterior, 1.2 mm lateral, 7.8 mm ventral relative to 

bregma).  The components were permanently affixed with dental cement.  The animals 

recovered for 3 days.  All procedures were performed in accordance with the University of 

North Carolina Animal Care and Use Committee.   
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Data acquisition   

The cyclic voltammetric waveform was generated and the resulting signal was 

collected using LabVIEW (National Instruments, Austin, TX) and a multifunction data 

acquisition board (PCI-6052E, National Instruments).  PCI-6711E and PCI-6601 (National 

Instruments) boards were used to synchronize waveform acquisition, data collection, and 

stimulation delivery.  Waveform processing and current transduction employed custom-built 

instrumentation (University of North Carolina, Department of Chemistry Electronics 

Facility).   

Recording sessions   

A fresh carbon-fiber microelectrode was lowered into the NAc.  The electrodes were 

connected to a head-mounted amplifier attached to a commutator (Crist Instrument 

Company, Hagerstown, MD).  Electrodes were conditioned at 60 Hz for 15 minutes with a 

triangular waveform (-0.4 V to 1.3 V vs. Ag/AgCl, 400 V/s), followed by 15 minutes of 

cycling at 10 Hz.  The microelectrode position was optimized by monitoring naturally 

occurring and electrically evoked (biphasic, 2 ms/phase, 24 pulses, 60 Hz, 125 µA) dopamine 

release.  All data included in this work were from subjects whose electrically evoked 

dopamine release exhibited a signal to noise ratio of at least 30.  Stimulated dopamine release 

was evoked at the end of each session to ensure neuronal viability, and the electrode response 

was calibrated in vitro.  A separate set of animals exhibited naturally occurring dopamine 

transients but minimal or no stimulated release, suggesting a surgical misplacement of the 
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combination bipolar stimulating electrode/steel guide microinjection cannula in the VTA.  

These were used as misplacement controls.  Drugs (Sigma Aldrich) were administered with a 

syringe pump (Kent Scientific Corporation, CT, USA, 0.5 µL for 60 s) unilaterally via an 

infusion cannulae (33 gauge) inserted into the implanted guide.   

Experiment 1: 

Experiments consisted of two minutes of baseline collection, four minutes of 

recording during and after microinfusion, and an electrical stimulation that evoked dopamine 

release (n = 6).  The first microinfusion into the VTA consisted of saline (0.9%), and the 

process was repeated one hour later with microinfusion of lidocaine (350 nmol/0.5 µL, 

dissolved in sterile saline; pH 6).  On the next day, a similar experiment was done with these 

animals to evaluate NMDA receptor effects.  Microinfusions of saline into the VTA were 

followed one hour later by microinfusion of NMDA (0.2 nmol) or AP-5 (5 nmol) (dissolved 

in 0.5 µL sterile saline), randomly selected.  Two hours later the other NMDA active 

compound was microinfused in the same way.  Values were expressed as a ratio of post-

infusion to pre-infusion measurements.  The onset of behavioral activation served as the 

initial time for the frequency measurement following NMDA or AP-5 microinfusion.    

Experiment 2: 

After 2 minutes of baseline collection saline was microinfused into the VTA (n = 11).  

Thirty seconds into the microinfusion the animal received a computer-controlled, 3.0 mg/kg 

(i.v.) cocaine administration and recording continued for 90 s.  The microinfusion needle was 

then removed.  Following a two hour rest period, the experiment was repeated with a second 

0.5 µL microinfusion of saline (n = 5) or lidocaine (n = 6, 350 nmol/0.5 µL, dissolved in 
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saline; pH 6) and an identical systemic cocaine administration.  On the next day, a similar 

experiment was done with the saline control animals to evaluate the effects of NMDA 

receptors on the cocaine-elicited dopamine release.  The first part of the experiment was 

identical to that done on the previous day.  The second part of the experiment (following the 

two hour rest period) consisted of an intra-VTA microinfusion of AP-5 (5 nmol, dissolved in 

0.5 µL sterile saline), paired with the systemic cocaine administration  

Experiment 3:  

Rats (n = 5) were trained to perform ICSS on an FR-1 reinforcement schedule as 

described previously (Owesson-White et al., 2008).  The stimulation current was selected to 

optimize operant responding (100 µA- 150 µA, 60 Hz, 24 biphasic pulses, 2 ms/phase).  

Initially, the lever was continuously extended and the rats pressed freely.  Once criterion 

responding was achieved (30 consecutive presses), the lever was retracted.  Rats were then 

trained to perform ICSS on an FR-1, variable time-out reinforcement schedule.  Lever 

extension was accompanied by simultaneous presentation of an audiovisual cue (67 dB (1 

kHz) tone coupled with a change in the lighting of the experimental chamber) for the first 50 

trials.  The audiovisual cue was then set to precede lever extension by 2 s for the next 150 

trials (Owesson-White et al., 2008) with a random time-out between trials (5 - 25 s).  This 

paradigm was used for the recording session.   

Following training, a carbon-fiber microelectrode was lowered into the NAc and an 

optimal recording site was found as described above.  Animals were allowed to resume 

operant responding for ICSS.  Once a reproducible, cue-evoked increase in dopamine was 

detected the behavioral session was briefly stopped and saline (0.9%, 0.5µL) was 
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microinfused into the VTA over 60 s.  The needle was removed 60 s after the end of the 

infusion and the behavioral session resumed for 50 trials.  Next, AP-5 (5 nmol, 0.5 µL) was 

microinfused in an identical manner.   

Data Analysis   

Background subtraction and digital filtering were done with locally written programs.  

A non-linear color scale was used to represent the current (Wightman et al., 2007).  

Substances were resolved with principal component regression using MATLAB (The 

MathWorks, Natick, MA (Heien et al., 2005)).  Dopamine concentration transients were 

events with a signal-to-noise ratio greater than five, and were characterized with Mini 

Analysis Software (Synaptosoft, Decatur, GA).   

Statistical Analysis   

Two-tailed paired student’s t tests were used to determine statistical differences in all 

experiments except, in Experiment 3, where dopamine fluctuations were analyzed using a 

one-way ANOVA with Tukey’s post hoc test for repeated measures.  Statistical significance 

was designated at p < 0.05.  Statistical analyses were carried out using GraphPad Prism 4 

Software Version 4.03 for Windows (Graphpad Software, San Diego, CA).   

Histology   

Animals were anesthetized with sodium urethane (2g kg-1, i.p.).  NAc recording 

locations were marked via an electrical lesion.  0.5 µL of a 2% Chicago Sky Blue solution 

was microinfused into the VTA.  Animals were transcardially perfused with saline followed 

by 10% formalin.  Brains were removed, frozen, coronally sectioned at 40 µm, stained with 

thionin and visualized under a microscope.   
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Results 

Dopamine Signals in the NAc shell 

Transient changes in dopamine concentration that occur following electrical 

stimulation of the VTA, and in absence of such a stimulation, can be measured using FSCV 

(Wightman et al., 2007).  Figure 4-1 shows an example of voltammetric recordings obtained 

in the NAc shell of a resting, awake rat.  At this recording site, frequent dopamine transients 

were observed that resemble dopamine release evoked by a 4 pulse, 20 Hz stimulation of the 

VTA (Figure 4-1A,B).  Principal component analysis with a training set made up of 

representative, background-subtracted cyclic voltammograms for dopamine and pH was used 

to extract the data from the color plot shown.  The low residual (Figure 4-1C) shows that the 

retained principal components describe the data well.  The current fluctuations due to 

dopamine release are evident on the positive portion of the voltage scan at the potential 

where dopamine is oxidized (~0.6 V vs. Ag/AgCl).  Here, both naturally occurring (indicated 

by the inverted white triangle) and electrically evoked (red arrow) dopamine fluctuations are 

evident in the area surrounding the sensor, as well as a delayed and longer-lasting basic pH 

shift (white asterisk).  The current fluctuation due to the pH shift is evident as a blue patch 

spanning ~ -0.3 V to +0.3 V.  pH shifts are typically seen after electrical stimulation of 

dopaminergic neurons (Cheer et al., 2006). 
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Figure 4-1. Voltammetric recording from an awake rat 
showing both naturally occurring (indicated with an 
inverted white triangle) and electrically evoked (arrow) 
dopamine release, and a pH shift (white asterisk). A) 
Dopamine concentration changes and pH shift extracted from 
the voltammetric data using principal component analysis. B) 
The color plot contains 150 background-subtracted cyclic 
voltammograms recorded over 15 s. The ordinate is the 
potential applied to the carbon fiber electrode, the abscissa is 
time, and the current is depicted in falsecolor. 4 p, Four pulse. 
C) The residual shows the principal components describe the 
data well. The dashed line is the threshold for noise predicted 
by the principal components. 

 

 

Experiment 1:  Dopamine signaling in the NAc shell is dependent on neuronal activity in 
the VTA 

After the electrode was positioned at a site where transients occurred and dopamine 

was electrically elicited, we assessed the effects of inactivation of the VTA on these signals.  

When the sodium channel blocker lidocaine was microinfused into the VTA (350 nmol), both 
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electrically evoked release (p < 0.05) and naturally occurring dopamine transients (p < 0.001) 

were significantly attenuated relative to their values following saline infusions.  Lidocaine 

eliminates dopamine fluctuations as shown in a representative location in Figure 4-2, and the 

averaged effects are quantified and reported as ratios in Table 4-1. 

 

Figure 4-2. Dopamine transients in the NAc shell of an 
awake rat are suppressed or enhanced by select agents 
microinfused into the VTA (experiment 1). 
Representative dopamine signals after microinfusion of 
saline (left) and after microinfusion of lidocaine (350 nmol, 
right). Dopamine transients (with a signal-to-noise ratio > 
5, asterisks) are eliminated after microinfusion of lidocaine. 
Dopamine concentration changes were extracted from 
background-subtracted voltammograms. 

   

Intra-VTA lidocaine also reduced the electrically evoked, basic pH shifts in all 

animals tested (Table 4-1, p < 0.05).  In the absence of electrical stimulation, pH shifts are 

less obvious and were not quantitated further.  Dopamine and pH signals recovered in 1-2 

hours (data not shown).  In a separate set of animals (n = 3) that did not exhibit electrically 

stimulated release and were thus used as misplacement controls, the effects of lidocaine 

microinfusion on naturally occurring dopamine transients were not significantly different 

from saline control (data not shown). 

[DA]
100 nM

10 sec

Saline Lidocaine
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Treatment Stimulated 
dopamine 

Stimulated 
pH 

Relative frequency of spontaneous 
dopamine 

Saline 1.12 + 0.28 0.92 + 0.09 0.94 + 0.07    
Lidocaine  0.01 + 0.01*  0.15 + 0.07*    0.08 + 0.04*** 

 

Table 4-1. Effects of VTA inactivation on spontaneous and stimulated responses in the 
NAc shell (experiment 1).  Average effects of intra-VTA saline or lidocaine (n = 5 for each 
microinfusion) on electrically stimulated dopamine release, electrically stimulated basic pH 
shifts, and relative frequency of naturally occurring dopamine transients (right, averaged over 
2 min epochs). Values are expressed as a ratio of postinfusion to preinfusion measurements 
(*p < 0.05, ***p < 0.001, Student’s t test). 

 

To investigate whether NMDA receptors in the VTA modulate the occurrence of 

dopamine transients in the NAc, we applied NMDA receptor-specific agents to the VTA.  

Local administration of NMDA into the VTA induces locomotor activity; thus we used doses 

shown to be most effective in generating locomotion to ensure an effective dose (Cornish et 

al., 2001; Ikemoto, 2004).  In Figure 4-3A, four transients (indicated by *) occurred during 

the 60 s interval shown prior to intra-VTA microinfusion.  Following treatment with the 

selective NMDA receptor antagonist AP-5 (5 nmol, right panel) dopamine transients were 

abolished.  The recording shown in Figure 4-3B shows data collected from the same animal 2 

hours later.  Three dopamine transients are evident prior to intra-VTA microinfusion (left), 

and 9 dopamine transients are evident immediately following the microinfusion of NMDA 

(right, 0.2 nmol).  Figure 4-3C quantifies these effects for all animals following 

microinfusion of saline (n = 6), AP-5 (n = 6), or NMDA (n = 5).  The frequency of transients 
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was unchanged by saline infusions.  In contrast, AP-5 significantly decreased the frequency 

of dopamine transients (p < 0.05), whereas the trend following NMDA was an increase in 

transients that did not achieve statistical significance.   For both drugs, the neurochemical and 

behavioral effects were temporally coincident, with the peak effects lasting for 2 min prior to 

neurochemical rebound (data not shown).  In the misplacement control subjects (n = 3), the 

effects of AP-5 or NMDA microinfusion on naturally occurring dopamine transients or 

behavior were not significantly different from saline control (data not shown). 

 

Figure 4-3. Phasic dopamine signaling is modulated by NMDA receptor-
dependent agents in the VTA (experiment 1). A, B,) Representative voltammetric 
data collected in the NAc shell of an awake animal at rest before (left) and 
immediately after (right) an intra-VTA microinfusion. Dopamine fluctuations are 
indicated by the asterisks, and are attenuated by microinfusion of AP-5 (A) The 
effects of microinfusion of NMDA are shown in panel B. Dopamine concentration 
changes were extracted from the voltammetric data. C) Average dopamine transient 
frequency ratio (measured over 2 min) before and after microinfusions of saline (n = 
6), AP-5 (5 nmol, n = 6, *p < 0.05), and NMDA (0.2 nmol, n = 5). 
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Experiment 2:  NMDA receptors in the VTA regulate tonic and phasic dopamine 
fluctuations elicited by cocaine  

A carbon-fiber electrode was positioned in the NAc shell at a site that exhibited both 

naturally occurring dopamine transients occurring at >1 per min and electrically evoked 

dopamine release.  A one minute microinfusion of saline vehicle was administered, and thirty 

seconds later cocaine was administered i.v. at a dose (3 mg/kg) demonstrated previously to 

have robust effects both on dopamine extracellular concentrations and behavior (Di Chiara 

and Imperato, 1988; Heien et al., 2005). 

Administration of cocaine caused a gradual increase in extracellular dopamine 

concentration in the NAc that appeared to plateau during the 90-s observation time with 

superimposed phasic dopamine transients.  An example is shown in Figure 4-4A (gray); it 

resembles that reported for an i.v. cocaine injection without an intra-VTA saline 

microinfusion (Heien et al., 2005).  The increase in frequency and amplitude of dopamine 

transients is termed the phasic response while the more gradual increase in dopamine 

concentration is termed the tonic response.  One hour later, a second intra-VTA saline 

microinfusion was administered followed 30 s later by a second cocaine administration (n = 

5).  Dopamine concentration changes due to this second cocaine challenge (black, Figure 4-

4A) are the same as those following the initial i.v. cocaine injection.  Figure 4-4B and 4-4C 

show representative examples using the same protocol but the second VTA microinfusion 

was of either lidocaine (n = 6, 350 nmol, Figure 4-4B) or AP-5 (n = 5, 5 nmol, Figure 4-4C).  

In both cases the dopamine responses were attenuated.  In a separate set of misplacement 
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control subjects (n = 2), the effects of AP-5 or lidocaine microinfusion on the cocaine-evoked 

dopamine response were not significantly different from saline control (data not shown). 

 

Figure 4-4. NMDA receptors in the VTA regulate phasic and tonic 
dopamine in the NAc shell elicited by intravenous cocaine 
administration (experiment 2). A–C, Each panel contains two 
superimposed concentration traces collected in a single animal. The 
animals first received an intra-VTA saline microinfusion during which 
cocaine was administered intravenously (gray). A second systemic 
cocaine administration was given 2 h later while saline (n = 5) (A), 
lidocaine (350 nmol, n = 5) (B), or AP-5 (5 nmol, n = 6) (C) was 
infused into the VTA (black). Scale bar is the same in all traces. 
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The tonic increase in dopamine concentration ([DA]T) was quantified as the average 

cocaine-induced increase in concentration during a 10 s epoch at the end of the sampling 

period (50-60 s after cocaine administration) relative to that measured in the 10 s epoch 

immediately prior to cocaine (epochs boxed in gray, left panels, Figure 4-4).  Phasic 

fluctuations in dopamine concentration were quantitated as the number of dopamine 

transients measured during the second epoch.  The averaged tonic and phasic dopamine 

responses for all animals (n = 5 saline, n = 5 AP-5, n = 6 lidocaine) are shown in Table 4-2.  

Both types of cocaine-induced dopamine responses were significantly diminished by intra-

VTA microinfusion of lidocaine or AP-5, but not saline.   

 

Treatment [DA]T (nM) Transient count / 10 s 
Saline 1 
Saline 2 

396 + 140 
262 + 61 

2.5 + 0.6 
2.3 + 0.9 

Saline 
Lidocaine 

266 + 73 
 36 + 27* 

3.6 + 0.6 
  0.6 + 0.4** 

Saline 
AP-5 

371 + 58 
 74 + 59* 

2.6 + 0.5 
 1.0 + 0.4* 

 

Table 4-2. NMDA receptors in the VTA regulate phasic and tonic dopamine in the NAc 
shell elicited by intravenous administration of cocaine (experiment 2). Intra-VTA 
microinfusion of AP-5 or lidocaine significantly decreased both the average dopamine 
concentration increase ([DA]T) and the number of phasic events elicited by cocaine 
compared with microinfusion of saline (*p < 0.05, **p < 0.01, Student’s t test).     
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Experiment 3: NMDA receptors in the VTA regulate cue-induced phasic dopamine 
fluctuations  

We previously reported enhanced rapid dopamine signaling relative to cues during 

ICSS (Owesson-White et al., 2008).  Rats were trained to depress a lever to deliver an 

electrical stimulation (60 Hz, 24 biphasic pulses, 125 µA each phase) to their VTA.  Lever 

extension was preceded by 2 s with an audio-visual cue.  Consistent with our prior reports, 

presentation of the cue predicting ICSS availability elicits a time-locked, transient increase in 

extracellular dopamine concentration in the NAc shell that precedes the electrically 

stimulated dopamine response (Figure 4-5A).  Intra-VTA microinfusion of saline did not 

significantly alter the cue-evoked dopamine release (Figure 4-5A, left) while intra-VTA 

microinfusion of AP-5 dramatically decreased it (Figure 4-5A, right).  Interestingly, intra-

VTA application of AP-5 also decreased electrically stimulated dopamine release in the NAc 

(Figure 4-5A, right panel).  Across all animals, (n = 5), intra-VTA microinfusion of AP-5 

produced a significant attenuation (p < 0.001, Figure 4-5B) in the cue-evoked response that 

exhibited post-infusion recovery and a significant attenuation in stimulated release (p < 0.001 

data not shown).  The average latency to lever press following lever extension was 

significantly increased after microinfusion of AP-5 relative to saline values (p < 0.01) (Table 

4-3). 
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Figure 4-5. NMDA receptors in the VTA regulate phasic dopamine 
elicited by reward-predictive cues (experiment 3). A) Representative 
dopamine concentration trace after microinfusion of saline (left) is attenuated 
after AP-5 microinfusion (right). B) Average cue-evoked dopamine 
concentration changes for 50 trials, n = 5 rats. Intra-VTA microinfusion of 
AP-5, but not saline, significantly decreased the dopamine concentration 
change elicited by the cue (***p < 0.001). 
 
 
 
   Treatment Latency 
Saline 0.89 + 0.18 
AP-5 1.89 + 0.38** 

 

Table 4-3. Average latency to press for ICSS. The average latency to lever press was 
significantly increased by intra-VTA AP-5 (**p < 0.01, Student’s t test) but not saline. 
Values are expressed as a ratio of postinfusion to preinfusion measurements. 
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Histology 

Histological examination of electrode placements in select animals revealed that 

recordings were made in the NAc shell; see Figure 4-6A for details.  For visualization of the 

region of the VTA affected by microinfusion, 0.5 µL of a 2% Chicago Sky Blue solution was 

microinfused immediately prior to fixation.  The location of each cannula tip is shown in 

Figure 6B.  Subjects included in this work (n = 14, black) showed dye covering ~ 70% of the 

VTA, defined as the paranigral, the parainterfascicular, the parabrachial pigmented nuclei 

and the rostral VTA (Paxinos and Watson, 2005).  In misplacement control subjects that did 

not exhibit stimulated dopamine release (n = 5, gray), dye covered less than ~10% of the 

VTA.   

 

 

Figure 4-6. Histological verification of electrode placements. A) Distribution of carbon 
fiber microelectrode placements in the NAc shell. Coronal diagrams show electrode tip 
locations for 14 subjects used in this study (black) and for 5 VTA misplacement control 
subjects (gray). B) Distribution of combination bipolar stimulating electrode/steel guide 
cannulae placements in the VTA for the same animals. Numbers to the right indicate the 
anteroposterior coordinates (+ 0.2 mm) relative to bregma. Coordinates and drawings were 
taken from a stereotaxic atlas (Paxinos and Watson, 1997). 
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Discussion 

Using fast-scan cyclic voltammetry at carbon-fiber microelectrodes in freely-moving 

rats, subsecond, dopamine-concentration fluctuations (transients) can be detected in select 

locations of the NAc (Wightman et al., 2007).  Dopamine transients become more 

pronounced following administration of drugs of abuse (Cheer et al., 2007), and they become 

time locked to cues that predict reward availability (Phillips et al., 2003a; Roitman et al., 

2004; Stuber et al., 2005; Day et al., 2007; Owesson-White et al., 2008).  Here, we establish 

that dopamine transients observed during these three distinct conditions depend on neuronal 

activity in the VTA.  Although factors such as neuronal firing history and presynaptic 

mechanisms may modulate synaptic dopamine overflow, this work confirms that NMDA 

receptor-mediated firing of dopamine neurons in the VTA is a major factor underlying rapid 

dopamine neurotransmission in the NAc shell.   

We previously hypothesized that dopamine transients arise from phasic firing of 

dopaminergic neurons (Wightman et al., 2007).  Modeling of dopamine terminal activity 

during phasic firing predicts increased extracellular dopamine (Arbuthnott and Wickens, 

2007) due to a decreased time between action pulses that allows less time for uptake (Venton 

et al., 2003), consistent with the results of Figure 4-1.  Such an accumulation of dopamine 

enables activation of both low affinity as well as high affinity dopamine receptors (Richfield 

et al., 1989), and suggests functionally distinct roles arising from tonic and phasic firing 

modes.  Further support that dopamine transients arise from phasic firing comes from the 

similarity between the rate of transients observed and the rate of action potential bursts 

exhibited by the majority of dopaminergic neurons in the VTA of ambulant rats (Hyland et 
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al., 2002).  Consistent with this evidence, naturally occurring dopamine transients, as well as 

electrically stimulated release, were abolished by nonspecific inactivation of the VTA via 

lidocaine microinfusion in Experiment 4-1 (Figure 4-2, Table 4-1).  Furthermore, the pH 

changes that are evoked by electrical stimulation, and are a consequence of changes in local 

blood flow and metabolism (Cheer et al., 2006), were also abolished by microinfusions of 

lidocaine (Figure 4-2, Table 4-1).  pH changes occur independently of dopamine release 

(Cheer et al., 2006); however, the present data suggests that they also originate from 

presynaptic activity of VTA neurons that project to the NAc.    

As reviewed by Fields et al. (Fields et al., 2007), excitatory projections to the VTA 

include glutamatergic inputs from the lateral hypothalamus (LH) (Rosin et al., 2003), bed 

nucleus of the stria terminalis (Georges and Aston-Jones, 2002), the superior colliculus  

(Geisler and Zahm, 2005) and a large excitatory input from the prefrontal cortex (PFC) 

(Sesack and Pickel, 1992).  Additionally, two groups of mesopontine tegmental area neurons 

provide a large excitatory input to the VTA:  the pedunculopontine tegmental nucleus (PPTg) 

and the laterodorsal tegmental nucleus (LDT) (Semba and Fibiger, 1992).  The NMDA 

receptors located on dopaminergic neurons are major targets of these inputs, and 

electrophysiological studies have shown that application of NMDA into the VTA produces 

phasic firing in putative dopamine neurons (Johnson et al., 1992; Chergui et al., 1993).  In 

vitro studies in VTA slices have shown that the non-NMDA agonists kainate or quisqualate 

do not induce bursts (Johnson et al., 1992), and have also shown that application of NMDA 

antagonists block glutamate-induced firing rate increases (Wang and French, 1993).  

Iontophoretic ejections of NMDA receptor antagonists into the VTA potently regularized the 

discharge pattern of phasic firing cells (Overton and Clark, 1992; Chergui et al., 1993).  
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However similar ejections of CNQX, a competitive AMPA/kainate glutamate receptor 

antagonist, were unable to affect the firing pattern (Chergui et al., 1993).  The effects of 

microinfusion of NMDA were compared to those induced by non-NMDA excitatory 

agonists.  While all agonists increased the firing rate of putative dopaminergic neurons; only 

NMDA evoked a phasic firing pattern (Suaud-Chagny et al., 1992; Chergui et al., 1993).  

Using differential pulse amperometry in anesthetized rats treated with pargyline, NMDA was 

shown to be twice as potent as quisqualate at evoking NAc dopamine release (Suaud-Chagny 

et al., 1992).   

Since the control of bursting activity by NMDA receptors is well documented, we 

microinfused the NMDA antagonist, AP-5 into the VTA.  Like lidocaine, AP-5 inhibited the 

occurrence of dopamine transients (Figure 4-3).  This result is consistent with prior 

microdialysis studies in freely moving animals that showed a decrease in extracellular 

dopamine levels following intra-VTA administration of AP-5 (Karreman et al., 1996; 

Kretschmer, 1999).  The diminished transient frequency after AP-5 microinfusions 

demonstrates that NMDA receptors are occupied with endogenous ligand in freely moving 

animals, and the lack of significance in our NMDA microinfusion results may indicate that 

further activity is difficult to promote with NMDA microinfusion alone.  Indeed, only small 

dopamine increases were found with microdialysis using similar doses of NMDA (Karreman 

et al., 1996; Kretschmer, 1999).   

Dopamine transients are significantly enhanced when the dopamine transporter is 

inhibited (Stuber et al., 2005; Cheer et al., 2007; Aragona et al., 2008).  Specifically, i.v. 

injection of cocaine increases the transient frequency in the NAc and also causes a gradual 

increase in extracellular dopamine (Heien et al., 2005).  The gradual increase is consistent 
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with uptake inhibition accompanying continued tonic firing (Venton et al., 2003).  While it 

has long been known that dopamine release by cocaine requires neuronal action potentials 

(Nomikos et al., 1990), the cocaine-induced increase in rapid dopamine transients was not 

originally anticipated because cocaine tends to decrease the firing rate of VTA neurons 

(Einhorn et al., 1988), presumably due to D2 autoreceptor-mediated inhibition of firing 

(Bunney et al., 2001; Shi et al., 2004).  The results of Experiment 2 show that both tonic 

([DA]T) and phasic (transients) cocaine-induced increases in dopamine concentrations in the 

NAc shell are virtually eliminated with VTA inactivation by lidocaine (Figure 4-4B, Table 4-

2).  Thus, ongoing firing of VTA neurons is necessary for cocaine to elevate dopamine 

concentrations in the NAc.  Similarly, NMDA-receptor blockade attenuated the effects of 

cocaine on dopamine concentrations, demonstrating that glutamatergic activation of the VTA 

is a necessary component of cocaine-induced dopamine changes in the NAc (Figure 4-4C, 

Table 4-2).  Indeed, it has been shown by microdialysis that acute cocaine administration 

elevates extracellular VTA glutamate (Kalivas and Duffy, 1995).  Consistent with this, intra-

VTA application of ionotropic glutamate receptor antagonists reduces the rewarding effects 

of cocaine (Harris and Aston-Jones, 2003; Sun et al., 2005; You et al., 2007).  Even a single 

exposure to cocaine potentiates NMDA receptor function in the VTA (Schilstrom et al., 

2006), and with repeated cocaine treatments or cocaine self-administration this effect may 

become even more prominent. 

  Like the burst firing of dopaminergic neurons (Schultz, 1998), dopamine transients in 

the NAc become time-locked to cues that predict reward availability in well trained animals 

(Phillips et al., 2003a; Roitman et al., 2004; Stuber et al., 2005; Cheer et al., 2007; Day et al., 

2007; Owesson-White et al., 2008).  Furthermore, NMDA receptors in the VTA play a key 
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role in the acquisition of reward-related learning (Zellner et al., 2008).  Thus, Experiment 3 

examined whether cue-evoked dopamine signals and behavior during ICSS were altered by 

pharmacological inhibition of VTA phasic firing.  Intra-VTA microinfusion of AP-5 

produced a significant decrease in cue-evoked dopamine release in the NAc (Figure 4-5A, 

B).  At the same time the latency to lever press for ICSS was increased (Table 4-3).  The 

NAc is thought to act as a limbic-motor interface, integrating information from limbic and 

cortical afferents and influencing goal-directed behavior via its efferent projections (Goto 

and Grace, 2005; Nicola et al., 2005).  Thus, fluctuations in NAc dopamine are anticipated to 

influence behavioral output.  The simultaneous attenuation of cue-induced dopamine 

transients and delayed lever pressing behavior caused by AP-5 microinfusion provide direct 

support for this hypothesis.  The application of AP-5 to the VTA also significantly attenuated 

electrically stimulated dopamine release in the NAc, suggesting that electrically stimulated 

dopamine release is an indirect response resulting from glutamatergic innervation of the 

VTA.  Indeed, direct activation of dopamine neurons is unlikely to occur with electrical 

stimulation to the cell bodies because they have thin, unmyelinated axons and exhibit high 

thresholds of activation (Ranck, 1975; Yeomans et al., 1988; Yeomans, 1989; Anderson et 

al., 1996; Nowak and Bullier, 1998).   

Much of our knowledge of the role of dopamine has come from single-unit 

electrophysiological recordings.  However, identification of VTA dopamine neurons by 

electrophysiological characteristics can be ambiguous (Margolis et al., 2006).  Here we 

provide unequivocal confirmation that dopamine release in terminal fields follows the 

expectations of the classic electrophysiological studies.  In the NAc shell, extracellular 

dopamine levels fall when phasic activity in the VTA is disrupted or when the VTA is 
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inactivated.  Even more intriguing, this relationship is maintained whether dopamine 

fluctuations in the NAc are spontaneous in animals at rest, pharmacologically induced by 

cocaine administration, or evoked by ICSS reward predictive cues.  This suggests that 

NMDA-dependent phasic firing of dopamine cells is a mechanism that is broadly operant and 

not solely associated with reward-related stimuli.  Dopamine neurons are conditional output 

neurons capable of switching between tonic and phasic firing patterns (Floresco et al., 2003), 

and this work shows that activation of NMDA receptors is necessary to enable the switch.  

Further research into other neuronal mechanisms underlying phasic firing will increase our 

understanding of reward-related behaviors and disease states, including addiction.   
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CHAPTER 5 

VTA afferents play a critical modulatory role in cue-evoked dopamine 
release and reward-seeking behavior 

 

Abstract 

Phasic dopamine transmission has been shown to play an important role in reward-

related processes.  Excitatory afferents to the ventral tegmental area (VTA) are believed to 

regulate phasic activation of dopamine neurons.  The pedunculopontine tegmental nucleus 

(PPTg), a structure that sends both glutamatergic and cholinergic projections to the VTA, has 

been heavily implicated in the regulation of phasic dopamine activity.  In previous work, we 

showed that blocking glutamatergic receptors in the VTA significantly attenuated phasic, 

cue-associated dopamine release in the nucleus accumbens (NAc).  Here, we show that 

blocking cholinergic receptors in the VTA also significantly attenuates cue-evoked dopamine 

release in the NAc.  We additionally demonstrate that inactivation of the PPTg- a primary 

source of glutamatergic and cholinergic input to the VTA- causes a significant decrease in 

the amplitude of cue-associated dopamine transients and a concurrent decrease in reward-

seeking behavior.  Together, our results show that excitatory VTA afferents modulate cue-

evoked dopamine release in the NAc and provide unique insight into the subcortical 

modulation of phasic dopamine activity and reward seeking.      
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Introduction 

Phasic activation of dopamine neurons is thought to play an integral role in reward-

related processes.  Midbrain dopamine neurons in the ventral tegmental area (VTA) have 

been shown to exhibit phasic activation in response to primary rewards and presentation of 

their associated cues (Schultz et al., 1997; Hyland et al., 2002).  Pharmacological attenuation 

of phasic activity in the VTA has been found to significantly decrease reward-seeking 

behavior, suggesting that this mode of firing is in fact important in reinforcement (Sombers 

et al., 2009). 

 Excitatory afferents are believed to mediate phasic activation of dopamine neurons in 

the VTA (Overton and Clark, 1997; Kitai et al., 1999).  The VTA receives excitatory 

projections from a variety of brain structures that send glutamatergic or cholinergic 

projections to dopamine neurons (Oakman et al., 1995; Grillner and Mercuri, 2002; Fields et 

al., 2007; Geisler et al., 2007).  Indeed, it has been shown that application of either 

glutamatergic agonists or cholinergic agonists will induce burst firing in midbrain dopamine 

neurons (Grace and Bunney, 1984; Gronier and Rasmussen, 1998; Zhang et al., 2005).  Thus, 

these neurotransmitters are thought to be particularly critical in regulating phasic dopamine 

activity.   

 Using fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes, our 

research group has previously demonstrated that phasic activation of dopamine neurons in 

the VTA gives rise to transient increases of dopamine release in the nucleus accumbens 

(NAc), a key dopamine terminal region (Sombers et al., 2009).  We found that blocking 
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glutamatergic input to the VTA significantly decreased both naturally-occurring and cue-

associated dopamine transients in the NAc (Sombers et al., 2009).  We believe that this 

finding was the result of a glutamate-mediated attenuation of phasic dopamine activity.    

As mentioned, in addition to glutamatergic afferents, the VTA also receives 

excitatory cholinergic inputs that are thought to play an important role in phasic dopamine 

activity (Gronier and Rasmussen, 1998; Zhang et al., 2005).  To comprehensively investigate 

the role of excitatory VTA afferents in dopamine transmission and reward seeking, we 

applied cholinergic antagonists to the VTA.  We also inactivated the pedunculopontine 

tegmental nucleus (PPTg), one of the primary sources of both glutamatergic and cholinergic 

projections to the VTA, and measured subsequent changes in dopamine release and reward-

seeking behavior (Woolf and Butcher, 1986; Hallanger and Wainer, 1988; Clements and 

Grant, 1990; Oakman et al., 1995).  Using FSCV and intracranial self-stimulation (ICSS), a 

model of reward seeking, we found that intra-VTA microinjection of cholinergic receptor 

antagonists significantly decreased cue-evoked dopamine release in the NAc and altered 

reward-seeking behavior.  In addition, unilateral inactivation of the PPTg also produced a 

significant attenuation in the amplitude of cue-associated dopamine transients.  This decrease 

was accompanied by a significant reduction in reward-seeking behavior. Taken together, 

these results suggest that excitatory afferents to the VTA play a critical role in mediating 

phasic dopamine transmission and reward-seeking behavior.  
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Methods 

Animals and Surgery 

Male, Sprague-Dawley rats (n = 13, 250 g – 300 g, Charles River Laboratories) were 

housed individually with ad libitum access to food and water on a 12:12 light:dark cycle.  

Ketamine hydrochloride (100 mg/kg, i.p.) and xylazine hydrochloride (20 mg/kg, i.p.) were 

used to anesthetize the animals for stereotaxic surgery.  Guide cannula (Bioanalytical 

Systems, West Lafayette, IN), cut to 2.5 mm in length, were placed above the NAc shell (1.7 

mm anterior and 0.8 mm lateral, relative to bregma).  For rats receiving intra-VTA 

microinjections (n = 10), bipolar, stainless-steel stimulating electrodes coupled with 26 gauge 

injection cannula (Plastics One, Roanoke, VA) were implanted ipsilaterally in the VTA (5.4 

mm posterior to bregma, 1.2 mm lateral to bregma, 7.8 mm ventral from dura) as described 

previously (Sombers et al., 2009).  For rats receiving intra-PPTg injections (n = 3), bipolar 

stainless-steel stimulating electrodes (Plastics One) were placed in the lateral hypothalamus 

(2.8 mm posterior to bregma, 1.7 mm lateral to bregma, 8.4 mm ventral from dura) and 26 

gauge microinjection cannula (Plastics One) were implanted above the PPTg (7.8 mm 

posterior to bregma, 2 mm lateral to bregma, 6.5 mm ventral from dura).  All Ag/AgCl 

reference electrodes were positioned in the contralateral hemisphere.  Skull screws and 

cranioplastic cement were used to secure electrode placements and animals were given 3 

days to recover.  All procedures performed were in accordance with The University of North 

Carolina at Chapel Hill Animal Care and Use Committee guidelines.  

ICSS 
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Rats were trained to perform ICSS in 3 phases.  First, rats were trained to press a 

continuously available lever for intracranial stimulation on a FR-1 reinforcement schedule.  

Once criterion responding was achieved (30 - 50 consecutive presses), the session was 

stopped and rats were then trained to perform ICSS on a FR-1, variable-time out (VTO) 

reinforcement schedule.  During this second phase of training, comprised of 50 trials, lever 

presentation was accompanied with simultaneous presentation of an audio-visual cue 

(consisting of a 67 dB, 1 kHz tone and a change in the lighting of the operant chamber).  

After 50 trials, the audio-visual cue was set to precede lever extension by 2 s (Owesson-

White et al., 2008).  This third phase of training consisted of 150 trials.  Trials were separated 

by a random time-out interval (5 s - 25 s).  Stimulation currents typically ranged from 125 

µA - 150 µA (60 Hz, 24 biphasic pulses, 2 ms/phase). 

Voltammetric Recording 

Carbon-fiber microelectrodes were made by aspirating T650 carbon fibers (6 µm 

diameter, Amoco) into thin glass capillaries (0.6 mm outer diameter, 0.4 inner diameter, A-M 

Systems, Sequim, WA) and pulling the filled glass capillaries in a vertical puller (Narashige, 

Tokyo, Japan).  The exposed carbon-fiber tip was cut to 50 µm -100 µm in length and the 

electrodes were loaded into micromanipulators to allow for careful insertion of the electrodes 

into the NAc shell.   

A triangular waveform (-0.4 V to +1.3 V versus Ag/AgCl) was applied to the carbon-

fiber microelectrode at 400 V/s with a 10 Hz acquisition rate.  Recording sites within the 

NAc were optimized by measuring electrically-stimulated (60 Hz, 24 biphasic pulses, 2 

ms/phase) dopamine release.  After experiments were completed, electrodes were calibrated 

in an in vitro flowcell system.  Principal component regression was used to resolve recorded 
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dopamine signals from interfering species, namely pH (Heien et al., 2004; Heien et al., 

2005).  Amplitudes of released dopamine were then quantified using MiniAnalysis software 

(Synaptosoft, version 6.03). 

Microinjections 

Following ICSS training, a fresh carbon-fiber microelectrode was lowered into the 

NAc and an optimal recording site was found as described above.  Animals were then 

allowed to resume operant responding for ICSS on the VTO schedule.  Once a reproducible, 

cue-evoked dopamine transient was observed, the behavioral session was briefly stopped and 

saline (0.9%, 0.5 µL or 1.0 µL depending on drug volume) was infused at a rate of 0.5 

µL/min.  The needle was removed 60 s after the end of the injection and a new behavioral 

session was started.  At the end of the session, one of three drugs (described below) was then 

infused in the same manner as saline.  All microinjections were performed using a 

microsyringe pump (Kent Scientific Corporation, Torrington, CT) fitted with a 100 µL 

Hamilton syringe (Hamilton Company, Reno, NV) and a 33 gauge injection needle (Plastics 

One). All drugs were obtained from Sigma-Aldrich (St. Louis, MO) and dissolved in sterile 

saline (0.9%). 

Dihydro-beta- erythroidine.  

Dihydro-beta-erythroidine (DHβE), a competitive nicotinic acetylcholine (ACh) receptor 

antagonist, was infused into the VTA at 0.5 µL/min (30 µg, 0.5 µL, n = 5).  The behavioral 

session began immediately following removal of the needle, 60 s after the end of the 

infusion.  Each behavioral session was comprised of 50 trials. 
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Scopolamine.   

The nonselective, competitive muscarinic ACh receptor antagonist, scopolamine (200 µg, 1.0 

µL), was infused into the VTA at a rate of 0.5 µL (n= 5).  After the injection, the needle was 

left in place for 60 s prior to removal.  Once the needle was removed, the animal was allowed 

to resume ICSS.  Each session consisted of 50 trials.   

Lidocaine. 

A 1% Lidocaine hydrochloride solution (0.5 µL) was microinjected into the PPTg at 0.5 

µL/min (n = 3).  The needle was removed 60 s after the injection, at which time the 

behavioral session commenced.  Each session consisted of 50 trials. 

 

Results 

Nicotinic acetylcholine receptors in the VTA contribute to cue-evoked dopamine release in 
the NAc  

Consistent with our prior reports, we found that in well-trained animals, presentation 

of an audio-visual cue that predicted ICSS availability elicited a time-locked, transient 

increase in dopamine release in the NAc (Owesson-White et al., 2008; Sombers et al., 2009).  

Rats that exhibited this response had been trained to perform ICSS on a VTO (variable time-

out) reinforcement schedule in which an audio-visual cue preceded lever extension by 2 s.  

The average dopamine response seen following microinjection of saline into the VTA is 

shown in Figure 5-1A (left).  Unilateral microinjection of DHβE into the VTA significantly 

attenuated not only the cue-evoked dopamine response but the stimulated dopamine response 

as well (Figure 5-1A, right).  Altogether (n = 5), intra-VTA microinjection of DHβE 

produced a significant decrease in both cue-evoked dopamine (from 37.1 + 1.62 nM to 28.6 
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+ 1.29 nM, p < 0.001, student’s t test) and stimulated dopamine (from 162.1 + 2.62 nM to 

111.3 + 2.65 nM, p < 0.001, student’s t test) release (Figure 5-1B).  Both of these values 

exhibited recovery following drug infusion (see Table 5-1).  The average latency to lever 

press after lever extension was not found to be significantly affected by intra-VTA 

microinjection of DHβE. 

 

 
Figure 5-1. Nicotinic receptors in the VTA modulate cue-evoked dopamine 
release in the NAc. A) Average dopamine traces following saline (left) and DHβE 
(right) microinjections into the VTA are shown (n = 5).  B) Bar graphs display the 
average amplitudes of cue-evoked and stimulated dopamine release.  Microinjection of 
DHβE into the VTA caused a significant attenuation of dopamine release in the NAc 
(***p < 0.001). 

 

 

Muscarinic acetylcholine receptors in the VTA mediate cue-evoked dopamine release in 
the NAc and modulate reward-seeking behavior 

 Similar to the results obtained with DHβE microinjection, microinjection of 

scopolamine into the VTA decreased the amplitude of both cue-evoked dopamine and 
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stimulated dopamine release relative to saline values (Figure 5-2A).  Across all animals (n = 

5), intra-VTA microinjection of scopolamine produced a significant reduction of cue-evoked 

dopamine (from 47.4 + 1.84 nM to 33.3 + 1.43 nM, p < 0.001, student’s t test) and stimulated 

dopamine (from 240.9 + 5.49 nM to 214.3 + 4.45 nM, p < 0.001, student’s t test) release 

(Figure 5-2B) that did not exhibit post-injection recovery (see Table  5-2).   

 

 

Figure 5-2. Muscarinic receptors in the VTA modulate cue-evoked dopamine 
release in the NAc. A) Average dopamine concentration traces for saline and 
scopolamine ICSS sessions are shown (n = 5).  B)  Average dopamine 
concentration changes following microinjections are shown in the bar graphs.  
Intra-VTA microinjection of scopolamine significantly reduced NAc dopamine 
release (***p < 0.001). 

 

Analysis of behavioral data revealed that intra-VTA microinjection of scopolamine 

significantly increased the average latency to lever press (from 0.66 s to 1.83 s, p < 0.001, 

student’s t test) (Figure 5-3A).  To determine if the scopolamine-induced increase in the 
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latency to lever press was due to potential side effects of the drug on motor function, pressing 

rates were measured after unilateral microinjection of either saline or scopolamine into the 

VTA.  Intriguingly, intra-VTA microinjection of scopolamine did not significantly affect 

lever pressing behavior at any stimulation current tested (Figure 5-3B). 

 

Figure 5-3. Intra-VTA microinjection of scopolamine significantly affects 
reward seeking. A) The average latency to press increased significantly with 
microinjection of scopolamine into the VTA (***p < 0.001).  B)  A threshold 
curve was generated by allowing rats to press a continuously available lever 
for a range of stimulation currents, presented randomly.  As exhibited by the 
number of presses in a 1 min interval, intra-VTA infusion of scopolamine did 
not affect rats’ ability to physically perform the behavior at any stimulation 
current tested.  
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The PPTg plays an important role in modulating phasic dopamine release and reward-
seeking behavior 

 The PPTg is a principal source of cholinergic innervation in midbrain dopamine 

neurons (Woolf and Butcher, 1986; Hallanger and Wainer, 1988; Oakman et al., 1995; 

Forster and Blaha, 2000).  It has been shown that inactivation of the PPTg significantly 

attenuates cue-induced activation of dopamine neurons in the midbrain (Pan and Hyland, 

2005).  To determine the role of the PPTg in the modulation of cue-evoked dopamine release 

in the NAc, we microinjected lidocaine into the PPTg and measured subsequent changes in 

dopamine release.  As shown in Figure 5-4, unilateral intra-PPTg microinjection of lidocaine 

significantly decreased the amplitude of cue-evoked dopamine release in the NAc (from 48.1 

+ 2.28 nM to 35.6 + 1.69 nM, p < 0.001, student’s t test, n = 3).  Stimulated dopamine release 

was also found to decrease significantly (from 90.5 + 2.50 nM to 68.7 + 1.65 nM) with 

microinjection of lidocaine into the PPTg (p < 0.001, student’s t test) (Figure 5-4B).  Neither 

cue-evoked nor stimulated dopamine release exhibited postdrug recovery (see Table 5-3).   
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Figure 5-4. Unilateral inactivation of the PPTg significantly attenuates cue-evoked 
dopamine release in the NAc.  A) Average dopamine concentration traces following intra-
PPTg microinjection of saline and lidocaine are shown.  B)  Intra-PPTg injections of lidocaine 
significantly reduced cue-evoked (***p < 0.001) and stimulated (***p < 0.001) dopamine 
release in the NAc (n=3). 

 

 Intra-PPTg microinjection of lidocaine was found to produce a significant increase (p 

< 0.001, student’s t test) in the average latency to lever press (Figure 5-5A).  To assess 

whether or not the increase in latency seen after lidocaine microinjection was a result of 

potential behavioral side effects associated with PPTg inactivation, a threshold curve was 

built to examine lever pressing behavior after injection of either saline or lidocaine into the 

PPTg.  As displayed in Figure 5-5B, unilateral intra-PPTg microinjection of lidocaine did not 

significantly affect response rates for any stimulation current given.     
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Figure 5-5. The PPTg modulates reward-seeking behavior. A) 
Inactivation of the PPTg produced a significant increase in the average 
latency to lever press (***p < 0.001).  B) Threshold curve indicates that 
motor function was not affected by intra-PPTg injections of lidocaine. 
 

 

Discussion 

Our research group has previously shown that transient dopamine release events 

closely follow presentation of rewards and reward-predictive cues (Phillips et al., 2003a; 

Roitman et al., 2004; Day et al., 2007; Owesson-White et al., 2008).  It is believed that these 

dopamine transients arise from burst firing of dopamine neurons in the VTA (Wightman et 

al., 2007).  Excitatory VTA afferents have been shown to play a critical role in regulating 
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phasic dopamine activity and have been implicated in the modulation of reward processes 

(Inglis et al., 2000; Floresco et al., 2003; Pan and Hyland, 2005).  In this work, we establish 

that the PPTg and its excitatory cholinergic projection to the VTA contribute significantly to 

cue-evoked dopamine release in the NAc.  We also show that the PPTg-VTA projection 

mediates reward-seeking behavior.  These results lend unique insight into afferent control of 

phasic dopamine transmission and motivated behavior.   

The PPTg provides a major cholinergic projection to the VTA (Oakman et al., 1995).  

The VTA has been shown to project, via both dopamine and γ-aminobutyric acid (GABA) 

projection neurons, to the NAc and prefrontal cortex (Swanson, 1982; Van Bockstaele and 

Pickel, 1995; Carr and Sesack, 2000).  Data suggest that mesoaccumbens and mesoprefrontal 

dopamine neurons are segregated and functionally distinct from one another (Deutch et al., 

1991; White, 1996; Tzschentke, 2001).  Detailed investigation of cholinergic input to the 

VTA has revealed that cholinergic neurons preferentially synapse onto mesoaccumbens 

dopamine neurons (Omelchenko and Sesack, 2006).  These findings are in line with data that 

show that administration of cholinergic agonists to the VTA produce significant increases in 

dopamine release in the NAc (Miller and Blaha, 2005). 

Nicotinic acetylcholine (ACh) receptors exhibit diverse expression in the VTA (Wada 

et al., 1989; Charpantier et al., 1998; Klink et al., 2001; Azam et al., 2007).  They are 

comprised of 5 subunits, with α4β2 nicotinic receptors representing the majority of 

functional, heteromeric nicotinic ACh receptors located on dopamine cell bodies (McGehee 

and Role, 1995; Champtiaux et al., 2003).  Nicotinic ACh receptor-mediated currents in the 

VTA are thought to be mediated primarily by β2 containing subunits as β2-null mice exhibit 

a significant decrease in these currents (Picciotto et al., 1998).  Moreover, it has been shown 
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that in α4-null mice, nicotine-induced increases in striatal dopamine release do not occur 

(Marubio et al., 2003).  Therefore, the α4 subunits are thought to be important for cholinergic 

modulation of dopamine transmission.  Consistent with this, we found that intra-VTA 

microinjection of DHβE, a specific α4β2 receptor antagonist, significantly attenuated cue-

evoked dopamine release in the NAc of rats performing ICSS.  This is likely attributable to 

an attenuation of phasic firing of VTA dopamine neurons.  Indeed, administration of the 

nonselective cholinergic agonist carbachol to dopamine neurons has been shown to promote 

burst firing in the VTA and to produce transient increases of dopamine concentration in the 

NAc (Miller and Blaha, 2005; Zhang et al., 2005).  These findings implicate a potential role 

of the nicotinic ACh receptor in the VTA in the mediation of dopamine dynamics.  Our 

results support this notion.   

Interestingly, administration of DHβE into the VTA also attenuated stimulated 

dopamine release in the NAc.  Dopamine neurons exhibit high thresholds of activation due to 

their thin, unmyelinated axons (Yeomans et al., 1988; Yeomans, 1989).  Thus, direct 

activation of dopamine neurons via electrical stimulation of their cell bodies is unlikely 

(Nowak and Bullier, 1998).  Excitatory projections to dopamine neurons are believed to be 

particularly important in regulating dopamine neuron activity (Overton and Clark, 1997; 

Kitai et al., 1999).  It has been shown that the cholinergic projections to mesoaccumbens 

neurons in the VTA form primarily asymmetric, presumably excitatory, synapses 

(Omelchenko and Sesack, 2006).  Therefore, it is likely that the dopaminergic excitation 

produced by electrical stimulation in this study was an indirect result of cholinergic 

activation.   
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We have previously reported that pharmacological attenuation of phasic VTA activity 

with a glutamatergic antagonist produces significant decreases in cue-evoked dopamine 

release that are associated with significant decreases in reward-seeking behavior (Sombers et 

al., 2009).  Here, we found that intra-VTA administration of DHβE attenuated cue-evoked 

dopamine release but did not significantly affect reward seeking, as measured using latency 

to lever press.  This may be due the fact that while previously, administration of a 

glutamatergic receptor antagonist produced a >50% decrease in the amplitude of cue-evoked 

dopamine release, microinjection of DHβE produced approximately a 25% decrease, which 

may not have been sufficient to produce a functional behavioral effect.  Consistent with our 

findings, (Bruijnzeel and Markou, 2004) found that intra-VTA microinjection of DHβE, at a 

dose similar to the one used in this work, did not produce shifts in lever pressing behavior for 

rats performing ICSS.          

In addition to nicotinic ACh receptors, dopamine neurons also express muscarinic 

ACh receptors (Vilaro et al., 1990; Weiner et al., 1990).  Muscarinic receptor agonists have 

been found to directly excite dopamine neurons in the VTA and increase extracellular levels 

of dopamine in the NAc (Lacey et al., 1990; Gronier et al., 2000).  Moreover, administration 

of muscarinic agonists has been shown to significantly increase burst firing of dopamine 

neurons in the VTA (Gronier and Rasmussen, 1998).  Of the 5 muscarinic receptors, M1-M5, 

dopamine neurons are believed to specifically express the M5 receptor (Yeomans et al., 

2001).  m5 mRNA and M5-selective binding are lost when 6-hydroxydopamine is used to 

selectively lesion dopamine neurons,  suggesting that M5 receptors are the muscarinic 

receptor type expressed on dopamine neurons (Yeomans et al., 2001).   
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To date, no specific antagonists for the M5 muscarinic receptor have been described.  

Therefore, in this work, we used scopolamine, a non-selective muscarinic receptor 

antagonist, with documented affinity for the M5 receptor that has previously been used in the 

literature to investigate muscarinic receptor-mediated changes in dopaminergic activity 

(Ferrari-Dileo et al., 1994; Reever et al., 1997; Gronier and Rasmussen, 1998; Gronier et al., 

2000; Miller and Blaha, 2005).  Here, we show that microinjection of scopolamine into the 

VTA significantly reduces cue-evoked dopamine release in the NAc.  We believe that this 

attenuation is due to a decrease in phasic dopamine activity in the VTA.  In support of this 

hypothesis, it has been shown that scopolamine significantly reduces burst firing of VTA 

dopamine neurons in vivo (Gronier and Rasmussen, 1998).  As seen with intracranial DHβE 

injections, microinjection of scopolamine into the VTA also produced a decrease in 

stimulated dopamine release, further suggesting that dopaminergic activation is an indirect 

result of afferent innervation (see Sombers et al., 2009).   

Intra-VTA microinjection of scopolamine produced a substantial (> 1 s) increase in 

the latency to lever press.  This result is consistent with previous findings that demonstrate 

that intra-VTA administration of scopolamine raises reward thresholds for rats performing 

ICSS (Kofman and Yeomans, 1988).  The increase in the latency to lever press observed in 

this experiment is independent of any potential effects of scopolamine on motor function.  

Figure 5-3B clearly illustrates that microinjection of scopolamine into the VTA does not 

significantly affect the animals ability to physically perform the behavior, implying that 

blockade of muscarinic ACh receptors in the VTA affects motivational- not physical- 

processes.  These results also lend support to the notion that NAc dopamine is important in 
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mediating reward-seeking behavior because the increase in latency was accompanied by a 

simultaneous decrease in NAc dopamine (Phillips et al., 2003a; Nicola et al., 2005).        

Our current results with cholinergic drugs, coupled with our previous results 

(Sombers et al., 2009), suggest that both glutamatergic and cholinergic inputs to the VTA 

play a significant role in the modulation of phasic dopamine release and reward-seeking 

behavior.  The PPTg is a primary source of both of these afferents to the VTA (Woolf and 

Butcher, 1986; Hallanger and Wainer, 1988; Clements and Grant, 1990; Oakman et al., 

1995).  Thus, in our last set of experiments, we investigated the effect of PPTg inactivation 

on cue-evoked dopamine release in the NAc and reward-seeking behavior.  We found that 

unilateral inactivation of the PPTg with a lidocaine solution significantly reduced the 

amplitude of cue-associated dopamine transients in the NAc.  Intra-PPTg microinjection of 

lidocaine, at the same concentration used in this work, has previously been shown to 

significantly attenuate cue-induced burst firing of dopamine neurons in freely-moving rats 

(Pan and Hyland, 2005).  Thus, together these results provide an irrefutable link between 

PPTg activity and phasic dopamine transmission.   

Stimulated dopamine release was also attenuated by PPTg inactivation, suggesting 

that the PPTg may provide a substrate by which dopamine neurons are indirectly activated 

upon stimulation.  In addition to affecting dopamine release in the NAc, unilateral 

inactivation of the PPTg significantly increased the average latency to lever press.  PPTg 

inactivation did not significantly influence lever pressing behavior in a threshold test - ruling 

out the possibility that the increase in the latency to press was due to motor or behavioral 

deficits brought about by PPTg inactivation. 
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In this work, postdrug sessions were used to examine recovery of dopamine release 

amplitudes following drug administration.  Recovery of dopamine dynamics varied based on 

the drug infused (see Tables 5-1 through 5-3).  Postdrug measurements, taken 70 min after 

DHβE infusion, revealed recovery in the amplitudes of both cue-associated and stimulated 

dopamine.  These results suggest that DHβE has a relatively short duration of action at 

nicotinic receptors.  In a nicotine-induced conditioned taste aversion test, it was shown that 

while co-administration of DHβE with nicotine blocked acquisition of the conditioned taste 

aversion, administration of DHβE 30 minutes prior to testing failed to block conditioning 

(Shoaib et al., 2000).  Together, these results imply that the effects of DHβE on the nicotinic 

receptor are short lasting.   

In contrast to the results seen with DHβE microinjection, cue-evoked and stimulated 

dopamine release amplitudes did not exhibit recovery following intra-VTA microinjection of 

scopolamine.  The fact that neither cue-evoked nor stimulated dopamine release recovered 

suggests that scopolamine may still have, in part, been bound to the muscarinic receptor 

during the time postdrug measurements were taken.  Indeed, dissociation of 3H-N-

methylscopolamine occurs with a half-life of 20.5 min for the M5 receptor, meaning that 

approximately 10% of the drug’s original concentration was still bound to the receptor when 

the postdrug measurements were made (Ferrari-Dileo et al., 1994; Yeomans et al., 2001).  It 

is interesting to note that not only did the amplitude of stimulated dopamine release fail to 

recover, but it decreased significantly during the postdrug collection period.  A loss of 

electrode sensitivity is unlikely to explain these results because the amplitude of cue-evoked 

dopamine release remained stable and did not decrease further during the postdrug session.  

Also, animals receiving DHβE microinjections exhibited recovery in their dopamine release 
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profiles, which argues against a global loss of electrode sensitivity over time.  One possible 

explanation of the results may involve intracellular mechanisms that modulate cell 

excitability properties such as afterhyperpolarizations (Madison and Nicoll, 1984; Constanti 

and Sim, 1987; Krause et al., 2002; Ishii and Kurachi, 2006).  As with microinjections of 

scopolamine into the VTA, neither cue-evoked nor stimulated dopamine release amplitudes 

exhibited post-PPTg inactivation recovery.   Unpublished results from our laboratory suggest 

that recovery of neural function following lidocaine microinjection can take up to 2 hrs- 

which exceeds the recovery time allowed here.   

Across all drug manipulations, a significant decrease in stimulated dopamine was 

observed.  In addition to pharmacological effects, one factor that likely contributed to the 

reduction of stimulated dopamine release is a limited pool of readily releasable dopamine 

(Nicolaysen et al., 1988; Yavich and Tiihonen, 2000; Montague et al., 2004).  Consistent 

with this, decreases in electrically-stimulated dopamine release have been reported elsewhere 

(Garris et al., 1999; Owesson-White et al., 2008).  These results suggest a mechanism 

whereby electrically-stimulated dopamine exhausts over time.  An additional contributing 

factor may have been potential modulation of stimulated dopamine release by cue-evoked 

dopamine release via interaction with the dopamine autoreceptor (Kita et al., 2007).     

Phasic dopamine transmission has been heavily implicated in reward-related 

processes (Schultz et al., 1997; Hyland et al., 2002; Phillips et al., 2003a; Roitman et al., 

2004; Day et al., 2007; Owesson-White et al., 2008).  We have previously shown that 

glutamatergic innervation of the VTA, via its modulation of phasic dopamine activity, plays 

a critical role in phasic dopamine release in the NAc (Sombers et al., 2009).  The data 

presented here expand upon our previous findings and demonstrate that cholinergic 
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innervation of the VTA also plays a significant role in mediating phasic dopamine release.  

Together with our results from the PPTg inactivation, our data provide a unique view of the 

neural mechanisms underlying phasic dopamine transmission and reward-seeking behavior. 
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 Cue-evoked Dopamine (nM) Stimulated Dopamine (nM) 
Saline 37.1 + 1.62 162.1 + 2.62 

DHβE 28.6 + 1.29 111.3 + 2.65 

Postdrug 42.4 + 1.69 131.2 + 2.67 

 

Table 5-1.  Intra-VTA microinjection of DHβE significantly attenuates dopamine release in the 
NAc.  Average amplitude of cue-evoked and stimulated dopamine decreased significantly with DHβE 
infusion (p < 0.001) and recovered significantly during postdrug collection periods (p < 0.001). 

 

 

 Cue-evoked Dopamine (nM) Stimulated Dopamine (nM) 
Saline 47.4 + 1.84 240.9 + 5.49 

Scopolamine 33.3 + 1.43 214.3 + 4.45 
Postdrug 34.1 + 1.47 147.6 + 3.24 
 

Table 5-2.  Intra-VTA microinjection of scopolamine significantly decreases dopamine release 
in the NAc.  Microinjection of scopolamine into the VTA produced significant decreases in cue-
evoked and stimulated dopamine release in the NAc (p < 0.001).  While the amplitude of cue-evoked 
dopamine release remained stable during postdrug collection, the amplitude of stimulated dopamine 
decreased significantly (p < 0.001). 

 

 

 Cue-evoked Dopamine (nM) Stimulated Dopamine (nM) 
Saline 48.1 + 2.28 90.5 + 2.50 

Lidocaine 35.6 + 1.69 68.7 + 1.65 
Postdrug 33.3 + 1.11 65.9 + 2.10 
 

Table 5-3.  Microinjection of lidocaine into the PPTg significantly reduces dopamine release in 
the NAc.  Intra-PPTg infusion of lidocaine caused a significant attenuation of both cue-evoked and 
stimulated dopamine release (p < 0.001) that did not exhibit postdrug recovery. 
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CHAPTER 6 

General Discussion 

 

Summary of Findings 

The experiments discussed in this dissertation were designed to elucidate the origin of 

phasic, cue-evoked dopamine release and to assess its role in reward-seeking behavior.  The 

results demonstrate that cue-evoked dopamine release in the NAc is highly dynamic and is an 

important modulator of reward seeking.  The data reveal that cue-associated dopamine 

develops with reward-related learning, that it is dependent on a learned stimulus-reward 

association and that it reflects salient information about predicted rewards.  Furthermore, the 

results establish that phasic dopamine release arises from phasic activity in the VTA and that 

excitatory VTA afferents play an influential role in this response.  A short summary of each 

research aim is given below.   

 

Dynamic changes in accumbens dopamine correlate with learning during ICSS 

 Research Aim 1 (Chapter 2) was designed to investigate phasic dopamine 

transmission during the course of reward-related learning.  Using a VTO ICSS paradigm, we 

found that the amplitude of cue-evoked dopamine release in the NAc grew in with repeated 

stimulus-reward pairings, reaching a plateau in later trials.  The increase in cue-evoked 

dopamine release in early trials was found to significantly correlate with a decrease in the 
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latency to lever press, indicating learning.  Extinction of ICSS abolished cue-associated 

dopamine transients and resulted in a significant decrease in lever pressing behavior.  

Subsequent reinstatement of ICSS restored cue-associated dopamine release to pre-extinction 

values and re-established ICSS behavior.  Together, these results demonstrate that cue-

evoked dopamine release in the NAc correlates with learning during ICSS and is dependent 

on a learned stimulus-reward association.  These results also suggest that phasic dopamine 

release in the NAc plays an important role in modulating reward-seeking behavior.         

 

Adaptive fluctuations in cue-evoked dopamine release follow changes in reinforcer 
magnitude 

 The objective of Research Aim 2 (Chapter 3) was to assess the relationship between 

reinforcer magnitude and cue-evoked dopamine release in the NAc.  In this experiment, rats 

were allowed to perform ICSS on a VTO reinforcement schedule for three distinct reinforcer 

magnitudes (low, medium and high) and the amplitude of cue-associated dopamine transients 

was measured in each condition.  Cue-evoked dopamine release was found to vary as a 

function of reinforcer magnitude with levels of cue-associated dopamine increasing 

significantly with increasing reinforcer magnitude.  Conversely, the average latency to lever 

press decreased significantly with increasing reinforcer magnitude.  Intriguingly, the 

amplitude of cue-associated dopamine release correlated with the latency to lever press in an 

inverse manner.  These results demonstrate that cue-evoked dopamine release in the NAc is 

an adaptable measure of anticipated reinforcer magnitude that is significantly correlated with 

reward seeking.  
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Synaptic overflow of dopamine in the nucleus accumbens arises from neuronal activity in the 
ventral tegmental area 

The goal of Research Aim 3 (Chapter 4) was to determine if phasic activity in the 

VTA gives rise to phasic dopamine release in the NAc.  As such, pharmacological agents 

were used to block either burst firing and/or overall neural activity in the VTA and 

subsequent changes in phasic dopamine release were measured 1) under basal conditions 2) 

following cocaine administration, and 3) during ICSS.  Intra-VTA microinfusion of either 

lidocaine or the NMDA receptor antagonist, AP-5, significantly attenuated the amplitude of 

phasic dopamine release in the NAc in all three conditions.  Furthermore, attenuation of 

phasic, cue-evoked dopamine during ICSS was associated with a significant increase in the 

latency to lever press.  These data provide unequivocal confirmation that phasic dopamine 

release in the NAc arises from neural activity in the VTA and further support a facilitative 

role for phasic dopamine in reward-seeking behavior.        

 

Ventral tegmental area afferents play a critical modulatory role in cue-evoked dopamine 
release and reward-seeking behavior 

 Research Aim 4 (Chapter 5) was designed to examine afferent modulation of cue-

evoked dopamine release in the NAc.  Excitatory afferents to the VTA, which include both 

glutamatergic and cholinergic projections, are critical in regulating phasic dopamine neuron 

activity.  Thus, Aim 4 was designed to further investigate the role of excitatory VTA 

afferents by examining cholinergic modulation of phasic dopamine release in the NAc.  

Cholinergic antagonists were microinjected into the VTA and subsequent changes in cue-

evoked dopamine were measured during ICSS.  Intra-VTA microinfusion of both nicotinic 

and muscarinic ACh receptor antagonists significantly attenuated the amplitude of cue-
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associated dopamine transients in the NAc.  Furthermore, infusion of a muscarinic ACh 

receptor antagonist simultaneously attenuated reward-seeking behavior.  In a separate group 

of animals, the primary source of both glutamatergic and cholinergic inputs to the VTA- the 

pedunculpontine tegmental nucleus (PPTg)- was pharmacologically inactivated and the effect 

on phasic dopamine release was examined.  PPTg inactivation was found to significantly 

decrease both cue-evoked dopamine release in the NAc and reward seeking.  Altogether, 

these results show that excitatory VTA afferents modulate cue-evoked dopamine release in 

the NAc and shed light on the subcortical modulation of phasic dopamine activity and reward 

seeking.       

 

 

General Discussion and Significance of Findings 

Altogether, the findings presented in this dissertation provide unique insight into the 

function of the mesolimbic dopamine system by giving an unprecedented view of the origin 

and role of phasic dopamine release in reward-related learning and reward-seeking behavior.  

While the significance of the experimental results are discussed at the conclusion of each 

research chapter, this section will focus on incorporating the present findings into the broader 

scheme of existing data in the field. 
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Neuromodulatory role of dopamine 

As demonstrated in this work, cues associated with ICSS availability elicit time-

locked, transient increases in NAc dopamine concentration.  Several additional studies have 

demonstrated that cues predicting a variety of rewards produce similar increases in phasic 

dopamine release in the NAc (Robinson et al., 2002; Phillips et al., 2003a; Roitman et al., 

2004; Stuber et al., 2005).  A central topic that arises from these findings is the 

neuromodulatory role of dopamine in the NAc.  Thus, this subject is discussed below.      

Given the integral role of the NAc in goal-directed behavior and the correlation 

between dopamine release and reward seeking, the postsynaptic effect of dopamine in the 

NAc has received much attention in addiction research.  This topic is controversial however 

as some findings demonstrate that dopamine inhibits neural activity in the NAc while others 

show that dopamine has an excitatory effect on neural firing in the NAc (Calabresi et al., 

1997; Hernandez-Lopez et al., 1997).  One integrative theory that explains the discrepancies 

in these reports is that the postsynaptic effect of dopamine depends on a variety of factors, 

including postsynaptic expression of dopamine receptors and the membrane potential of the 

postsynaptic cell (O'Donnell et al., 1999; Nicola et al., 2000; Goto and Grace, 2005).  For 

example, it has been suggested that dopamine release in the NAc increases signal-to-noise 

ratios by inhibiting firing in medium spiny neurons receiving weak coincidental afferent 

input and promoting firing in neurons receiving strong coincidental input (Nicola et al., 

2000).  In this manner, dopamine would serve to enhance evoked firing while suppressing 

spontaneous, or “noise”, firing.  In fact, this dopamine-induced enhancement of evoked 

activity relative to spontaneous neural activity has been previously documented (Rolls et al., 

1984; Kiyatkin and Rebec, 1996).  Thus, it is possible that the phasic dopamine release 
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discussed in this work functioned to decrease system level noise and to augment evoked, 

potentially behaviorally-relevant, activity in the NAc.                

Dopamine has also been shown to be necessary for the induction of long-term 

potentiation, or LTP, in medium spiny neurons (Calabresi et al., 1997).  LTP is a form of 

plasticity believed to support associative learning and the D1 dopamine receptor is critical for 

the generation of this response (Reynolds et al., 2001).  As mentioned, D1-like receptors 

typically exist in a low-affinity state, requiring relatively high concentrations of dopamine to 

become activated (Richfield et al., 1989).  The concentrations reported in this work were 

sufficient to activate the D1 receptor and as a result, may have contributed to changes in 

synaptic strength.  In fact, preliminary results from ICSS extinction experiments support this 

notion.  It was found that rats that had undergone extinction (as described in Chapter 2) 

would lever press for ICSS for up to ten days following the initial extinction session without 

reinstatement.  This finding suggests a long-term change in the neural networks that support 

ICSS. 

 

Dopamine and reward seeking 

As demonstrated in each research chapter, changes in the amplitude of phasic, cue-

evoked dopamine release were consistently associated with changes in reward-seeking 

behavior.  Higher concentrations of cue-associated dopamine transients were typically 

associated with shorter latencies to lever press and vice versa.  Therefore, this section will 

focus on discussing potential mechanisms whereby dopamine may influence behavioral 

output.    
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Similar to the results presented in this work, several other studies have also reported 

dopamine-induced facilitation of reward seeking.  For example, it has been shown that 

increasing extracellular levels of dopamine in the NAc significantly increases reward-seeking 

behavior while attenuating dopamine function in the NAc significantly decreases it (Nicola et 

al., 2005).  Other studies have shown that blocking dopamine receptors, particularly the D1-

like dopamine receptor, will abolish reward seeking completely (Cheer et al., 2007).  

Together, these results demonstrate that dopamine is both necessary and sufficient to 

promote reward seeking (Nicola et al., 2005). 

The NAc sends projections to several brain regions that are involved in regulating 

motor movement, including the ventral pallidum and lateral hypothalamus (Mogenson et al., 

1980).  Due to the efferent projections of the NAc and the neuromodulatory role of dopamine 

in the NAc, a potential role exists for dopamine in the modulation of goal-directed behavior.  

Recent technological advancements that have allowed for simultaneous measurement of both 

phasic dopamine signals and single unit activity in the NAc have shown that transient, 

accumbal dopamine release is predominantly associated with inhibitions in neural firing 

(Cheer et al., 2005; Cheer et al., 2007).  As mentioned in Chapter 1, the majority (> 90%) of 

neurons in the NAc are GABAergic.  Thus, an inhibition of firing would ultimately disinhibit 

afferent targets such as the ventral pallidum.  A potential dopamine-mediated excitation of 

the ventral pallidum is particularly relevant to the studies presented here because stimulation 

of the ventral pallidum supports ICSS (Panagis et al., 1995; Panagis and Spyraki, 1996).  

Furthermore, intra-pallidal infusions of GABAergic agonists attenuate locomotor activity 

(Klitenick et al., 1992).  Therefore, one distinct mechanism by which dopamine may 

potentially modulate behavior is via a disinhibitory influence in the ventral pallidum, 
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mediated via its postsynaptic action in the NAc.  Another mechanism may involve the 

efferent projection from the NAc to the lateral hypothalamus.  Stimulation of the lateral 

hypothalamus induces behavioral activation and- as demonstrated in Chapters 3 and 5- also 

supports ICSS (Olds and Olds, 1963).  Thus, phasic dopamine release in the NAc may 

indirectly stimulate lateral hypothalamic activity and promote behavioral responses by 

inhibiting accumbal firing.    

 

Modulation of dopaminergic activity in the ventral tegmental area 

One primary goal of the experiments described in this work was to elucidate the 

origin of phasic dopamine signals.  Chapter 4 established that transient dopamine release 

events arise from phasic activity in the VTA while Chapter 5 assessed afferent modulation of 

this response.  As discussed, excitatory afferents to the VTA are believed to play a critical 

role in the induction of dopaminergic burst firing and subsequent increases in phasic 

dopamine release in terminal regions.  In addition to the excitatory projection from the PPTg, 

electrophysiological and neuroanatomical data indicate that excitatory projections to the VTA 

also arise from the prefrontal cortex, the bed nucleus of the stria terminalis and the LDTg, 

suggesting that dopaminergic activity is regulated primarily by few structures (Sesack and 

Pickel, 1992; Georges and Aston-Jones, 2002; Floresco et al., 2003; Omelchenko and 

Sesack, 2005; Lodge and Grace, 2006; Omelchenko and Sesack, 2007).  Each of these 

afferents is believed to play a distinct role in mediating dopamine neuron activity and will be 

discussed below. 
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     The prefrontal cortex provides one of the major glutamatergic projections to the 

VTA (Sesack and Pickel, 1992).  Within the VTA, there are two populations of dopaminergic 

and GABAergic projection neurons- mesoaccumbens neurons, projecting to the NAc and 

mesoprefrontal neurons, targeting the prefrontal cortex.  These two groups are believed to be 

segregated and functionally distinct from one another (Deutch et al., 1991; White, 1996; 

Tzschentke, 2001).  Research has shown that glutamatergic projections from the prefrontal 

cortex to the VTA are highly specific in their synaptic targets, synapsing onto mesoprefrontal 

VTA dopamine neurons and mesoaccumbal VTA GABA neurons (Carr and Sesack, 2000).  

However, prefrontal neurons were not found to innervate mesoprefrontal GABA neurons or 

mesoaccumbal dopamine neurons in the VTA (Carr and Sesack, 2000).  Consistent with this 

anatomical framework, low-frequency, physiological stimulation of the prefrontal cortex has 

been found to decrease dopamine levels in the NAc (Jackson et al., 2001).  Furthermore, 

stimulation of the prefrontal cortex can inhibit dopamine neuron firing (presumably 

mesoaccumbal dopamine firing) in the VTA (Tong et al., 1998).  Therefore, despite the 

excitatory nature of the projection from the prefrontal cortex to the VTA, its functional effect 

in the NAc is an inhibition of dopamine signaling.  

 Another structure that provides substantial excitatory innervation of the VTA is the 

LDTg (Woolf and Butcher, 1986; Oakman et al., 1995).  The LDTg sends both glutamatergic 

and cholinergic projections to midbrain dopamine neurons and preferentially innervates the 

VTA as opposed to the substantia nigra (Oakman et al., 1995; Mena-Segovia et al., 2008).  

As discussed in Chapter 1, the primary role of the LDTg in regulating dopamine firing is to 

gate bursting activity (Lodge and Grace, 2006; Grace et al., 2007).  While stimulation of the 

LDTg alone does not significantly affect burst firing of VTA dopamine neurons, burst firing 
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cannot be induced when this structure is inactivated (Lodge and Grace, 2006).  Thus, it is 

believed that the LDTg acts as a permissive gate allowing for the induction of bursting.  The 

LDTg also appears to play a role in the regulation of spontaneous dopamine activity as LDTg 

inactivation produces highly regular, pacemaker-like firing, similar to what is observed in 

vitro (Grace and Onn, 1989; Lodge and Grace, 2006).  The LDTg sends efferent projections 

to the VTA in addition to a number of brain regions, including the PPTg, that innervate the 

VTA (Semba and Fibiger, 1992; Oakman et al., 1995).  The precise mechanism by which the 

LDTg regulates dopamine activity, however, is presently unknown.   

 Another primary excitatory projection to the VTA arises from the bed nucleus of the 

stria terminalis, or BNST (Georges and Aston-Jones, 2001, 2002; Fields et al., 2007).  The 

BNST projects directly to VTA dopamine neurons and has been implicated in stress output 

and reward-seeking behavior (Herman and Cullinan, 1997; Georges and Aston-Jones, 2001; 

Dumont et al., 2005).  Single-pulse stimulation of the BNST has been shown to activate 

>80% of dopamine neurons in the VTA (Georges and Aston-Jones, 2002).  Interestingly, 

stimulation of the BNST does not significantly affect GABAergic neurons in the VTA 

suggesting that, similar to afferents from the prefrontal cortex, projections from the BNST 

also exhibit target specificity (Carr and Sesack, 2000; Georges and Aston-Jones, 2002; 

Sesack et al., 2003).  In addition to increasing general dopaminergic activity in the VTA, the 

BNST has also been shown to modulate phasic bursting activity (Georges and Aston-Jones, 

2002).  Microinfusion of glutamate into the BNST significantly increases burst firing of 

dopamine neurons while intra-BNST infusion of GABA selectively attenuates bursting 

activity (Georges and Aston-Jones, 2002).  Thus, the BNST plays an important excitatory 

role in the regulation of both spontaneous and phasic dopamine neuron activity.   
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Of the four primary structures that provide excitatory innervation of the VTA, the 

structure selected for investigation in this work was the PPTg.  The PPTg, like the LDTg, 

provides both glutamatergic and cholinergic innervation of the VTA and has been shown to 

regulate burst firing of dopamine neurons directly (Semba and Fibiger, 1992; Oakman et al., 

1995; Floresco et al., 2003).  To date, the PPTg is the only structure, among those described 

here, which has been demonstrated to regulate phasic dopamine activity in awake, freely 

moving rats.  More specifically, the PPTg has been shown to mediate cue-induced, phasic 

activation of dopamine neurons in rats performing in reward-seeking behavior (Pan and 

Hyland, 2005).  Due to the similarity in experimental design, the PPTg was chosen here to 

assess afferent modulation of cue-evoked dopamine release during ICSS.     

 

 

Future Directions 

  While the findings presented in this dissertation answer a multitude of questions 

concerning regulation of phasic dopamine transmission and its relationship with reward 

seeking, they also give rise to a number of questions that will hopefully drive future research.  

This section will focus on outlining potential experiments that would further elucidate the 

functional role of dopamine and expand our understanding of the systems or mechanisms that 

govern its release. 
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The role of phasic dopamine in modulating accumbal firing  

 Combined electrophysiological/electrochemical techniques have allowed us to 

measure both cell firing and phasic dopamine release simultaneously in freely moving rats.  

Results from these experiments have revealed remarkable correlations between patterned unit 

activity and transient dopamine release events in the NAc during reward-seeking behaviors 

(Cheer et al., 2005; Owesson-White et al., 2009).  During ICSS, phasic dopamine release in 

the NAc is typically associated with an inhibition of cell firing, although increases have been 

reported in a small number of cells (Cheer et al., 2005; Cheer et al., 2007).  Future 

experiments could utilize iontophoresis, coupled with the combined 

electrophysiology/electrochemistry technique, to establish a causative link between 

dopamine release and changes in neural firing.  Iontophoretic application of D1-like and D2-

like receptor antagonists would provide unprecedented insight into the precise mechanism by 

which dopamine functions to alter unit activity in the NAc. 

 

Phasic dopamine release and synaptic strength in the nucleus accumbens 

 Changes in synaptic strength have been shown to occur in the VTA during the course 

of reward-related learning and are thought to underlie the conversion of environmentally 

neutral stimuli into reward-predictive stimuli (Stuber et al., 2008).  In addition, dopamine-

dependent changes in synaptic plasticity have been found to occur in the striatum (Calabresi 

et al., 1997).  One study, in particular, demonstrated that ICSS induces potentiation of 

corticostriatal synapses (Reynolds et al., 2001).  This potentiation was found to be dependent 

on the D1-like dopamine receptor and was correlated with the amount of time it took the rats 
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to learn the behavior (Reynolds et al., 2001).  Similar enhancements in synaptic strength may 

also occur in the NAc during ICSS learning.  However, investigations of how phasic 

dopamine release affects synaptic plasticity in the NAc remain to be done.  While it has been 

shown that tonic NAc dopamine does not significantly influence synaptic strength, tonic 

dopamine levels- reported to be between 5-20 nM- are unlikely to activate the D1-like 

dopamine receptor which, in turn, is critical for the induction of LTP (Richfield et al., 1989; 

Parsons and Justice, 1992; Pennartz et al., 1993; Reynolds et al., 2001).  Conversely, phasic 

dopamine release can produce concentrations sufficient to activate the D1-like dopamine 

receptor and may therefore contribute to changes in synaptic strength in the NAc.  Therefore, 

future investigation of the role of phasic dopamine release in accumbal synaptic plasticity 

may reveal a novel role of phasic dopamine transmission. 

 

Neural control of reward seeking 

It has been proposed that the NAc exerts its effects on goal-directed behaviors via its 

efferent projections to motor areas (Mogenson et al., 1980).  As discussed above, both the 

lateral hypothalamus and ventral pallidum are NAc targets involved in mediating behavior 

(Ikemoto and Panksepp, 1999).   Electrophysiological data suggests that these structures may 

become activated upon phasic dopamine release in the NAc (Cheer et al., 2005).  To get a 

better idea as to how, or if, each of these target structures regulates ICSS, microinjection 

techniques may be employed to alter neural activity in these structures during ICSS.  

Elucidation of the contributions that these structures make to the maintenance of operant 
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behavior would give us a clearer picture of how phasic dopamine release in the NAc operates 

on a system level to alter reward-seeking behavior. 

 

Afferent mechanisms that modulate phasic dopamine release 

 In addition to the PPTg, the BNST also sends excitatory projections to the VTA that 

have been shown to modulate burst firing of dopamine neurons (Georges and Aston-Jones, 

2002).  As such, it would be interesting to evaluate the role of the BNST in modulating 

phasic dopamine release.  Similar to the experiments done in Chapter 5, BNST activity could 

be attenuated via microinjection of either lidocaine or a baclofen/muscimol cocktail and 

subsequent changes in phasic, cue-evoked dopamine release could be assessed during ICSS.  

Such an experiment could provide more information about the afferent mechanisms that 

mediate phasic dopamine release.  Indeed, data presented in Chapter 5 suggest that additional 

afferents, besides the PPTg, also contribute to cue-evoked dopamine release in the NAc.  

Unilateral inactivation of the PPTg produced approximately a 35% decrease in the amplitude 

of cue-associated dopamine transients while unilateral intra-VTA administration of a 

glutamatergic antagonist produced greater than a 50% decrease in phasic dopamine signals 

(Chapter 4, experiment 3).  Therefore, it is likely that excitatory inputs from additional brain 

regions contribute to cue-evoked dopamine release in the NAc.  Of the 3 uninvestigated brain 

structures that provide glutamatergic innervation of the VTA, electrophysiological data 

suggest that the BNST is the most likely candidate for this role (Georges and Aston-Jones, 

2001, 2002).       
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Additional receptors involved in mediating burst firing 

While glutamatergic and cholinergic drugs have been extensively implicated in the 

regulation of dopaminergic burst firing, other classes of drugs have also been shown to 

promote bursting.  For example, apamin, a Ca2+ gated K+ channel antagonist, can facilitate 

burst firing in vitro where deafferented dopamine neurons typically fire in a highly regular, 

pacemaker-like fashion (Grace and Onn, 1989; Seutin et al., 1993).  In addition, L-type Ca2+ 

channels are also believed to facilitate burst firing of dopamine neurons (Grillner and 

Mercuri, 2002; Zhang et al., 2005).  Thus, both of these channels may provide targets for 

future research concerning the regulation of phasic dopamine transmission.  

 

Implications 

As mentioned previously, all drugs of abuse converge upon and activate the 

mesolimbic dopamine system (Nestler, 2005).  Thus, despite their distinct mechanisms of 

action, drugs of abuse activate the same neural circuits discussed here.  As such, the findings 

presented in this dissertation have substantial implications for addiction research.  Further 

investigation of the precise role of phasic dopamine release in the NAc, in addition to 

elucidation of the interactions between dopaminergic and other transmitter systems that 

promote reward seeking will greatly enhance our understanding of the neural mechanisms 

that regulate addiction.   

 



130 
 

References 

 

Anderson RM, Fatigati MD, Rompre PP (1996) Estimates of the axonal refractory period of 
midbrain dopamine neurons: their relevance to brain stimulation reward. Brain Res 
718:83-88. 

 
Annau Z, Heffner R, Koob GF (1974) Electrical self-stimulation of single and multiple loci: 

long term observations. Physiol Behav 13:281-290. 
 
Aosaki T, Tsubokawa H, Ishida A, Watanabe K, Graybiel AM, Kimura M (1994) Responses 

of tonically active neurons in the primate's striatum undergo systematic changes 
during behavioral sensorimotor conditioning. J Neurosci 14:3969-3984. 

 

Aragona BJ, Cleaveland NA, Stuber GD, Day JJ, Carelli RM, Wightman RM (2008) 
Preferential enhancement of dopamine transmission within the nucleus accumbens 
shell by cocaine is attributable to a direct increase in phasic dopamine release events. 
J Neurosci 28:8821-8831. 

Arbuthnott GW, Wickens J (2007) Space, time and dopamine. Trends Neurosci 30:62-69. 

 
Arvanitogiannis A, Shizgal P (2008) The reinforcement mountain: allocation of behavior as a 

function of the rate and intensity of rewarding brain stimulation. Behav Neurosci 
122:1126-1138. 

 
Azam L, Chen Y, Leslie FM (2007) Developmental regulation of nicotinic acetylcholine 

receptors within midbrain dopamine neurons. Neuroscience 144:1347-1360. 
 
Berke JD, Okatan M, Skurski J, Eichenbaum HB (2004) Oscillatory entrainment of striatal 

neurons in freely moving rats. Neuron 43:883-896. 
 
Berlanga ML, Olsen CM, Chen V, Ikegami A, Herring BE, Duvauchelle CL, Alcantara AA 

(2003) Cholinergic interneurons of the nucleus accumbens and dorsal striatum are 
activated by the self-administration of cocaine. Neuroscience 120:1149-1156. 

 
Bertran-Gonzalez J, Bosch C, Maroteaux M, Matamales M, Herve D, Valjent E, Girault JA 

(2008) Opposing patterns of signaling activation in dopamine D1 and D2 receptor-
expressing striatal neurons in response to cocaine and haloperidol. J Neurosci 
28:5671-5685. 

 
Bielajew C, Shizgal P (1986) Evidence implicating descending fibers in self-stimulation of 

the medial forebrain bundle. J Neurosci 6:919-929. 



131 
 

Bishop MP, Elder ST, Heath RG (1963) Intracranial self-stimulation in man. Science 
140:394-396. 

 
Britt JP, McGehee DS (2008) Presynaptic opioid and nicotinic receptor modulation of 

dopamine overflow in the nucleus accumbens. J Neurosci 28:1672-1681. 

 
Brown JH, Makman MH (1972) Stimulation by dopamine of adenylate cyclase in retinal 

homogenates and of adenosine-3':5'-cyclic monophosphate formation in intact retina. 
Proc Natl Acad Sci U S A 69:539-543. 

 
Bruijnzeel AW, Markou A (2004) Adaptations in cholinergic transmission in the ventral 

tegmental area associated with the affective signs of nicotine withdrawal in rats. 
Neuropharmacology 47:572-579. 

 

Bunney EB, Appel SB, Brodie MS (2001) Electrophysiological effects of cocaethylene, 
cocaine, and ethanol on dopaminergic neurons of the ventral tegmental area. J 
Pharmacol Exp Ther 297:696-703. 

 
Cahill PS, Walker QD, Finnegan JM, Mickelson GE, Travis ER, Wightman RM (1996) 

Microelectrodes for the measurement of catecholamines in biological systems. Anal 
Chem 68:3180-3186. 

 
Calabresi P, Pisani A, Centonze D, Bernardi G (1997) Synaptic plasticity and physiological 

interactions between dopamine and glutamate in the striatum. Neurosci Biobehav Rev 
21:519-523. 

 
Carelli RM, Wightman RM (2004) Functional microcircuitry in the accumbens underlying 

drug addiction: insights from real-time signaling during behavior. Curr Opin 
Neurobiol 14:763-768. 

 
Carelli RM, Ijames SG, Crumling AJ (2000) Evidence that separate neural circuits in the 

nucleus accumbens encode cocaine versus "natural" (water and food) reward. J 
Neurosci 20:4255-4266. 

 
Carr DB, Sesack SR (2000) GABA-containing neurons in the rat ventral tegmental area 

project to the prefrontal cortex. Synapse 38:114-123. 
 
 
Carter DA, Phillips AG (1975) Intracranial self-stimulation at sites in the dorsal medulla 

oblongata. Brain Res 94:155-160. 
 



132 
 

 

Champtiaux N, Gotti C, Cordero-Erausquin M, David DJ, Przybylski C, Lena C, Clementi F, 
Moretti M, Rossi FM, Le Novere N, McIntosh JM, Gardier AM, Changeux JP (2003) 
Subunit composition of functional nicotinic receptors in dopaminergic neurons 
investigated with knock-out mice. J Neurosci 23:7820-7829. 

 
Charpantier E, Barneoud P, Moser P, Besnard F, Sgard F (1998) Nicotinic acetylcholine 

subunit mRNA expression in dopaminergic neurons of the rat substantia nigra and 
ventral tegmental area. Neuroreport 9:3097-3101. 

 
Cheer JF, Wassum KM, Heien ML, Phillips PE, Wightman RM (2004) Cannabinoids 

enhance subsecond dopamine release in the nucleus accumbens of awake rats. J 
Neurosci 24:4393-4400. 

 
Cheer JF, Heien ML, Garris PA, Carelli RM, Wightman RM (2005) Simultaneous dopamine 

and single-unit recordings reveal accumbens GABAergic responses: implications for 
intracranial self-stimulation. Proc Natl Acad Sci U S A 102:19150-19155 

 
Cheer JF, Wassum KM, Wightman RM (2006) Cannabinoid modulation of electrically 

evoked pH and oxygen transients in the nucleus accumbens of awake rats. J 
Neurochem 97:1145-1154. 

 
Cheer JF, Aragona BJ, Heien ML, Seipel AT, Carelli RM, Wightman RM (2007) 

Coordinated accumbal dopamine release and neural activity drive goal-directed 
behavior. Neuron 54:237-244. 

 
Cheer JF, Wassum KM, Sombers LA, Heien ML, Ariansen JL, Aragona BJ, Phillips PE, 

Wightman RM (2007b) Phasic dopamine release evoked by abused substances 
requires cannabinoid receptor activation. J Neurosci 27:791-795. 

Chen J, Nakamura M, Kawamura T, Takahashi T, Nakahara D (2006) Roles of 
pedunculopontine tegmental cholinergic receptors in brain stimulation reward in the 
rat. Psychopharmacology (Berl) 184:514-522. 

 
Chergui K, Charlety PJ, Akaoka H, Saunier CF, Brunet JL, Buda M, Svensson TH, Chouvet 

G (1993) Tonic activation of NMDA receptors causes spontaneous burst discharge of 
rat midbrain dopamine neurons in vivo. Eur J Neurosci 5:137-144. 

 
Ciliax BJ, Heilman C, Demchyshyn LL, Pristupa ZB, Ince E, Hersch SM, Niznik HB, Levey 

AI (1995) The dopamine transporter: immunochemical characterization and 
localization in brain. J Neurosci 15:1714-1723. 

 
Clarke PB, Pert A (1985) Autoradiographic evidence for nicotine receptors on nigrostriatal 

and mesolimbic dopaminergic neurons. Brain Res 348:355-358. 



133 
 

 
Clarke PB, Hommer DW, Pert A, Skirboll LR (1985) Electrophysiological actions of 

nicotine on substantia nigra single units. Br J Pharmacol 85:827-835. 
 
Clements JR, Grant S (1990) Glutamate-like immunoreactivity in neurons of the laterodorsal 

tegmental and pedunculopontine nuclei in the rat. Neurosci Lett 120:70-73. 
 
Constanti A, Sim JA (1987) Calcium-dependent potassium conductance in guinea-pig 

olfactory cortex neurones in vitro. J Physiol 387:173-194. 
 
Cooper BR, Breese GR (1975) A role for dopamine in the psychopharmacology of electrical 

self-stimulation of the lateral hypothalamus, substantia nigra, and locus coeruleus. 
Psychopharmacol Bull 11:30-31. 

 
Corbett D, Wise RA (1980) Intracranial self-stimulation in relation to the ascending 

dopaminergic systems of the midbrain: a moveable electrode mapping study. Brain 
Res 185:1-15. 

 
Cornish JL, Nakamura M, Kalivas PW (2001) Dopamine-independent locomotion following 

blockade of N-methyl-D-aspartate receptors in the ventral tegmental area. J 
Pharmacol Exp Ther 298:226-233. 

 
Cortes R, Palacios JM (1986) Muscarinic cholinergic receptor subtypes in the rat brain. I. 

Quantitative autoradiographic studies. Brain Res 362:227-238. 
 
Cragg SJ, Rice ME (2004) DAncing past the DAT at a DA synapse. Trends Neurosci 27:270-

277. 
 
Day JJ, Roitman MF, Wightman RM, Carelli RM (2007) Associative learning mediates 

dynamic shifts in dopamine signaling in the nucleus accumbens. Nat Neurosci 
10:1020-1028. 

 
Dayan P, Balleine BW (2002) Reward, motivation, and reinforcement learning. Neuron 

36:285-298. 
 
De Camilli P, Macconi D, Spada A (1979) Dopamine inhibits adenylate cyclase in human 

prolactin-secreting pituitary adenomas. Nature 278:252-254. 
 
Deutch AY, Lee MC, Gillham MH, Cameron DA, Goldstein M, Iadarola MJ (1991) Stress 

selectively increases fos protein in dopamine neurons innervating the prefrontal 
cortex. Cereb Cortex 1:273-292. 

 

Di Chiara G, Imperato A (1988) Drugs abused by humans preferentially increase synaptic 
dopamine concentrations in the mesolimbic system of freely moving rats. Proc Natl 
Acad Sci U S A 85:5274-5278. 



134 
 

 
Dormont JF, Conde H, Farin D (1998) The role of the pedunculopontine tegmental nucleus in 

relation to conditioned motor performance in the cat. I. Context-dependent and 
reinforcement-related single unit activity. Exp Brain Res 121:401-410. 

 

Dumont EC, Mark GP, Mader S, Williams JT (2005) Self-administration enhances excitatory 
synaptic transmission in the bed nucleus of the stria terminalis. Nat Neurosci 8:413-
414. 

 

Einhorn LC, Johansen PA, White FJ (1988) Electrophysiological effects of cocaine in the 
mesoaccumbens dopamine system: studies in the ventral tegmental area. J Neurosci 
8:100-112. 

 

Everitt BJ, Robbins TW (2000) Second-order schedules of drug reinforcement in rats and 
monkeys: measurement of reinforcing efficacy and drug-seeking behaviour. 
Psychopharmacology (Berl) 153:17-30. 

Falkenburger BH, Barstow KL, Mintz IM (2001) Dendrodendritic inhibition through reversal 
of dopamine transport. Science 293:2465-2470. 

 
Ferrari-Dileo G, Waelbroeck M, Mash DC, Flynn DD (1994) Selective labeling and 

localization of the M4 (m4) muscarinic receptor subtype. Mol Pharmacol 46:1028-
1035. 

 

Fibiger HC, LePiane FG, Jakubovic A, Phillips AG (1987) The role of dopamine in 
intracranial self-stimulation of the ventral tegmental area. J Neurosci 7:3888-3896. 

 

Fields HL, Hjelmstad GO, Margolis EB, Nicola SM (2007) Ventral tegmental area neurons 
in learned appetitive behavior and positive reinforcement. Annu Rev Neurosci 
30:289-316. 

 
Fiorillo CD, Tobler PN, Schultz W (2003) Discrete coding of reward probability and 

uncertainty by dopamine neurons. Science 299:1898-1902. 
 
Floresco SB, Todd CL, Grace AA (2001a) Glutamatergic afferents from the hippocampus to 

the nucleus accumbens regulate activity of ventral tegmental area dopamine neurons. 
J Neurosci 21:4915-4922. 

 
Floresco SB, Blaha CD, Yang CR, Phillips AG (2001b) Modulation of hippocampal and 

amygdalar-evoked activity of nucleus accumbens neurons by dopamine: cellular 
mechanisms of input selection. J Neurosci 21:2851-2860. 



135 
 

 
Floresco SB, West AR, Ash B, Moore H, Grace AA (2003) Afferent modulation of dopamine 

neuron firing differentially regulates tonic and phasic dopamine transmission. Nat 
Neurosci 6:968-973. 

 
Forster GL, Blaha CD (2000) Laterodorsal tegmental stimulation elicits dopamine efflux in 

the rat nucleus accumbens by activation of acetylcholine and glutamate receptors in 
the ventral tegmental area. Eur J Neurosci 12:3596-3604. 

 
Fouriezos G, Wise RA (1976) Pimozide-induced extinction of intracranial self-stimulation: 

response patterns rule out motor or performance deficits. Brain Res 103:377-380. 
 
French SJ, Totterdell S (2002) Hippocampal and prefrontal cortical inputs monosynaptically 

converge with individual projection neurons of the nucleus accumbens. J Comp 
Neurol 446:151-165. 

 
French SJ, Totterdell S (2003) Individual nucleus accumbens-projection neurons receive both 

basolateral amygdala and ventral subicular afferents in rats. Neuroscience 119:19-31. 
 
Futami T, Takakusaki K, Kitai ST (1995) Glutamatergic and cholinergic inputs from the 

pedunculopontine tegmental nucleus to dopamine neurons in the substantia nigra pars 
compacta. Neurosci Res 21:331-342. 

 
Gainetdinov RR, Jones SR, Fumagalli F, Wightman RM, Caron MG (1998) Re-evaluation of 

the role of the dopamine transporter in dopamine system homeostasis. Brain Res 
Brain Res Rev 26:148-153. 

 
Gallistel CR, Shizgal P, Yeomans JS (1981) A portrait of the substrate for self-stimulation. 

Psychol Rev 88:228-273. 

 
Gallistel CR, Karras D (1984) Pimozide and amphetamine have opposing effects on the 

reward summation function. Pharmacol Biochem Behav 20:73-77. 
 
Gallistel CR, Leon M (1991) Measuring the subjective magnitude of brain stimulation 

reward by titration with rate of reward. Behav Neurosci 105:913-925. 
 
Gallistel CR, Leon M, Waraczynski M, Hanau MS (1991) Effect of current on the maximum 

possible reward. Behav Neurosci 105:901-912. 
 
Garris PA, Kilpatrick M, Bunin MA, Michael D, Walker QD, Wightman RM (1999) 

Dissociation of dopamine release in the nucleus accumbens from intracranial self-
stimulation. Nature 398:67-69. 

 



136 
 

Garris PA, Ciolkowski EL, Pastore P, Wightman RM (1994) Efflux of dopamine from the 
synaptic cleft in the nucleus accumbens of the rat brain. J Neurosci 14:6084-6093. 

 
Garris PA, Christensen JR, Rebec GV, Wightman RM (1997) Real-time measurement of 

electrically evoked extracellular dopamine in the striatum of freely moving rats. J 
Neurochem 68:152-161. 

 
Garris PA, Kilpatrick M, Bunin MA, Michael D, Walker QD, Wightman RM (1999) 

Dissociation of dopamine release in the nucleus accumbens from intracranial self-
stimulation. Nature 398:67-69. 

 
Geisler S, Zahm DS (2005) Afferents of the ventral tegmental area in the rat-anatomical 

substratum for integrative functions. J Comp Neurol 490:270-294. 
 
Geisler S, Derst C, Veh RW, Zahm DS (2007) Glutamatergic afferents of the ventral 

tegmental area in the rat. J Neurosci 27:5730-5743. 
 
Georges F, Aston-Jones G (2001) Potent regulation of midbrain dopamine neurons by the 

bed nucleus of the stria terminalis. J Neurosci 21:RC160. 
 
Georges F, Aston-Jones G (2002) Activation of ventral tegmental area cells by the bed 

nucleus of the stria terminalis: a novel excitatory amino acid input to midbrain 
dopamine neurons. J Neurosci 22:5173-5187. 

 
Goto Y, Grace AA (2005) Dopaminergic modulation of limbic and cortical drive of nucleus 

accumbens in goal-directed behavior. Nat Neurosci 8:805-812. 
 
Grace AA, Bunney BS (1984a) The control of firing pattern in nigral dopamine neurons: 

single spike firing. J Neurosci 4:2866-2876. 
 
Grace AA, Bunney BS (1984b) The control of firing pattern in nigral dopamine neurons: 

burst firing. J Neurosci 4:2877-2890. 
 
Grace AA, Bunney BS (1985) Opposing effects of striatonigral feedback pathways on 

midbrain dopamine cell activity. Brain Res 333:271-284. 
 
Grace AA, Onn SP (1989) Morphology and electrophysiological properties of 

immunocytochemically identified rat dopamine neurons recorded in vitro. J Neurosci 
9:3463-3481. 

 
Grace AA, Floresco SB, Goto Y, Lodge DJ (2007) Regulation of firing of dopaminergic 

neurons and control of goal-directed behaviors. Trends Neurosci 30:220-227. 
 
Grenhoff J, Aston-Jones G, Svensson TH (1986) Nicotinic effects on the firing pattern of 

midbrain dopamine neurons. Acta Physiol Scand 128:351-358. 
 



137 
 

Grillner P, Mercuri NB (2002) Intrinsic membrane properties and synaptic inputs regulating 
the firing activity of the dopamine neurons. Behav Brain Res 130:149-169. 

 
Groenewegen HJ, Vermeulen-Van der Zee E, te Kortschot A, Witter MP (1987) 

Organization of the projections from the subiculum to the ventral striatum in the rat. 
A study using anterograde transport of Phaseolus vulgaris leucoagglutinin. 
Neuroscience 23:103-120. 

 
Groenewegen HJ, Wright CI, Beijer AV, Voorn P (1999) Convergence and segregation of 

ventral striatal inputs and outputs. Ann N Y Acad Sci 877:49-63. 
 
Gronier B, Rasmussen K (1998) Activation of midbrain presumed dopaminergic neurones by 

muscarinic cholinergic receptors: an in vivo electrophysiological study in the rat. Br J 
Pharmacol 124:455-464. 

 
Gronier B, Perry KW, Rasmussen K (2000) Activation of the mesocorticolimbic 

dopaminergic system by stimulation of muscarinic cholinergic receptors in the ventral 
tegmental area. Psychopharmacology (Berl) 147:347-355. 

 
Groves PM (1983) A theory of the functional organization of the neostriatum and the 

neostriatal control of voluntary movement. Brain Res 286:109-132. 
 
Grunwerg BS, Krein H, Krauthamer GM (1992) Somatosensory input and thalamic 

projection of pedunculopontine tegmental neurons. Neuroreport 3:673-675. 
 

Haber SN, Fudge JL (1997) The primate substantia nigra and VTA: integrative circuitry and 
function. Crit Rev Neurobiol 11:323-342. 

 
Hallanger AE, Wainer BH (1988) Ascending projections from the pedunculopontine 

tegmental nucleus and the adjacent mesopontine tegmentum in the rat. J Comp 
Neurol 274:483-515. 

 
Harris GC, Aston-Jones G (2003) Critical role for ventral tegmental glutamate in preference 

for a cocaine-conditioned environment. Neuropsychopharmacology 28:73-76. 

 
Heien ML, Phillips PE, Stuber GD, Seipel AT, Wightman RM (2003) Overoxidation of 

carbon-fiber microelectrodes enhances dopamine adsorption and increases sensitivity. 
Analyst 128:1413-1419. 

 
Heien ML, Johnson MA, Wightman RM (2004) Resolving neurotransmitters detected by 

fast-scan cyclic voltammetry. Anal Chem 76:5697-5704. 
 
Heien ML, Khan AS, Ariansen JL, Cheer JF, Phillips PE, Wassum KM, Wightman RM 

(2005) Real-time measurement of dopamine fluctuations after cocaine in the brain of 
behaving rats. Proc Natl Acad Sci U S A 102:10023-10028. 



138 
 

 
Herman JP, Cullinan WE (1997) Neurocircuitry of stress: central control of the hypothalamo-

pituitary-adrenocortical axis. Trends Neurosci 20:78-84. 
 
Hernandez-Lopez S, Bargas J, Surmeier DJ, Reyes A, Galarraga E (1997) D1 receptor 

activation enhances evoked discharge in neostriatal medium spiny neurons by 
modulating an L-type Ca2+ conductance. J Neurosci 17:3334-3342. 

 
Howland JG, Taepavarapruk P, Phillips AG (2002) Glutamate receptor-dependent 

modulation of dopamine efflux in the nucleus accumbens by basolateral, but not 
central, nucleus of the amygdala in rats. J Neurosci 22:1137-1145. 

 
Hyland BI, Reynolds JN, Hay J, Perk CG, Miller R (2002) Firing modes of midbrain 

dopamine cells in the freely moving rat. Neuroscience 114:475-492. 
 
Ikemoto S (2004) Unconditional hyperactivity and transient reinforcing effects of NMDA 

administration into the ventral tegmental area in rats. Psychopharmacology (Berl) 
172:202-210. 

 
Ikemoto S (2007) Dopamine reward circuitry: two projection systems from the ventral 

midbrain to the nucleus accumbens-olfactory tubercle complex. Brain Res Rev 56:27-
78. 

 
Ikemoto S, Panksepp J (1999) The role of nucleus accumbens dopamine in motivated 

behavior: a unifying interpretation with special reference to reward-seeking. Brain 
Res Brain Res Rev 31:6-41. 

 

Inglis WL, Olmstead MC, Robbins TW (2000) Pedunculopontine tegmental nucleus lesions 
impair stimulus--reward learning in autoshaping and conditioned reinforcement 
paradigms. Behav Neurosci 114:285-294. 

 
Ishii M, Kurachi Y (2006) Muscarinic acetylcholine receptors. Curr Pharm Des 12:3573-

3581. 
 

Jackson ME, Frost AS, Moghaddam B (2001) Stimulation of prefrontal cortex at 
physiologically relevant frequencies inhibits dopamine release in the nucleus 
accumbens. J Neurochem 78:920-923. 

 

Johnson SW, North RA (1992) Two types of neurone in the rat ventral tegmental area and 
their synaptic inputs. J Physiol 450:455-468. 

 



139 
 

Johnson SW, Seutin V, North RA (1992) Burst firing in dopamine neurons induced by N-
methyl-D-aspartate: role of electrogenic sodium pump. Science 258:665-667. 

 
Jones SR, Joseph JD, Barak LS, Caron MG, Wightman RM (1999) Dopamine neuronal 

transport kinetics and effects of amphetamine. J Neurochem 73:2406-2414. 
 
Kalivas PW, Duffy P (1995) D1 receptors modulate glutamate transmission in the ventral 

tegmental area. J Neurosci 15:5379-5388. 

Karreman M, Westerink BH, Moghaddam B (1996) Excitatory amino acid receptors in the 
ventral tegmental area regulate dopamine release in the ventral striatum. J Neurochem 
67:601-607. 

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC (1995) Striatal interneurones: chemical, 
physiological and morphological characterization. Trends Neurosci 18:527-535. 

 
Kebabian JW, Petzold GL, Greengard P (1972) Dopamine-sensitive adenylate cyclase in 

caudate nucleus of rat brain, and its similarity to the "dopamine receptor". Proc Natl 
Acad Sci U S A 69:2145-2149. 

 
Kennedy RT, Jones SR, Wightman RM (1992) Dynamic observation of dopamine 

autoreceptor effects in rat striatal slices. J Neurochem 59:449-455. 
 
Kilpatrick MR, Rooney MB, Michael DJ, Wightman RM (2000) Extracellular dopamine 

dynamics in rat caudate-putamen during experimenter-delivered and intracranial self-
stimulation. Neuroscience 96:697-706. 

 
Kita JM, Parker LE, Phillips PE, Garris PA, Wightman RM (2007) Paradoxical modulation 

of short-term facilitation of dopamine release by dopamine autoreceptors. J 
Neurochem 102:1115-1124. 

 
Kitai ST, Shepard PD, Callaway JC, Scroggs R (1999) Afferent modulation of dopamine 

neuron firing patterns. Curr Opin Neurobiol 9:690-697. 
 
Kiyatkin EA, Stein EA (1995) Fluctuations in nucleus accumbens dopamine during cocaine 

self-administration behavior: an in vivo electrochemical study. Neuroscience 64:599-
617. 

 
Kiyatkin EA, Rebec GV (1996) Dopaminergic modulation of glutamate-induced excitations 

of neurons in the neostriatum and nucleus accumbens of awake, unrestrained rats. J 
Neurophysiol 75:142-153. 

 
Klink R, de Kerchove d'Exaerde A, Zoli M, Changeux JP (2001) Molecular and 

physiological diversity of nicotinic acetylcholine receptors in the midbrain 
dopaminergic nuclei. J Neurosci 21:1452-1463. 

 



140 
 

Klitenick MA, Deutch AY, Churchill L, Kalivas PW (1992) Topography and functional role 
of dopaminergic projections from the ventral mesencephalic tegmentum to the ventral 
pallidum. Neuroscience 50:371-386. 

 
Kobayashi Y, Okada K (2007) Reward prediction error computation in the pedunculopontine 

tegmental nucleus neurons. Ann N Y Acad Sci 1104:310-323. 
 
Kobayashi S, Schultz W (2008) Influence of reward delays on responses of dopamine 

neurons. J Neurosci 28:7837-7846. 
 
Kofman O, Yeomans JS (1988) Cholinergic antagonists in ventral tegmentum elevate 

thresholds for lateral hypothalamic and brainstem self-stimulation. Pharmacol 
Biochem Behav 31:547-559. 

 
Koos T, Tepper JM (1999) Inhibitory control of neostriatal projection neurons by 

GABAergic interneurons. Nat Neurosci 2:467-472. 
 
Kornetsky C, Esposito RU (1979) Euphorigenic drugs: effects on the reward pathways of the 

brain. Fed Proc 38:2473-2476. 
 
Krause M, Offermanns S, Stocker M, Pedarzani P (2002) Functional specificity of G alpha q 

and G alpha 11 in the cholinergic and glutamatergic modulation of potassium currents 
and excitability in hippocampal neurons. J Neurosci 22:666-673. 

 
Kretschmer BD (1999) Modulation of the mesolimbic dopamine system by glutamate: role of 

NMDA receptors. J Neurochem 73:839-848. 

Kuhar MJ, Vaughan R, Uhl G, Cerruti C, Revay R, Freed C, Nirenburg M, Pickel V (1998) 
Localization of dopamine transporter protein by microscopic histochemistry. Adv 
Pharmacol 42:168-170. 

 
Lacey MG, Calabresi P, North RA (1990) Muscarine depolarizes rat substantia nigra zona 

compacta and ventral tegmental neurons in vitro through M1-like receptors. J 
Pharmacol Exp Ther 253:395-400. 

 
Lane RF, Blaha CD, Hari SP (1987) Electrochemistry in vivo: monitoring dopamine release 

in the brain of the conscious, freely moving rat. Brain Res Bull 19:19-27. 
 
Lassen MB, Brown JE, Stobbs SH, Gunderson SH, Maes L, Valenzuela CF, Ray AP, 

Henriksen SJ, Steffensen SC (2007) Brain stimulation reward is integrated by a 
network of electrically coupled GABA neurons. Brain Res. 

Ljungberg T, Apicella P, Schultz W (1991) Responses of monkey midbrain dopamine 
neurons during delayed alternation performance. Brain Res 567:337-341. 

Ljungberg T, Apicella P, Schultz W (1992) Responses of monkey dopamine neurons during 
learning of behavioral reactions. J Neurophysiol 67:145-163. 



141 
 

 
Lodge DJ, Grace AA (2006a) The laterodorsal tegmentum is essential for burst firing of 

ventral tegmental area dopamine neurons. Proc Natl Acad Sci U S A 103:5167-5172. 
 
Lodge DJ, Grace AA (2006b) The hippocampus modulates dopamine neuron responsivity by 

regulating the intensity of phasic neuron activation. Neuropsychopharmacology 
31:1356-1361. 

 
Lu Y, Peters JL, Michael AC (1998) Direct comparison of the response of voltammetry and 

microdialysis to electrically evoked release of striatal dopamine. J Neurochem 
70:584-593. 

 
Madison DV, Nicoll RA (1984) Control of the repetitive discharge of rat CA 1 pyramidal 

neurones in vitro. J Physiol 354:319-331. 
 
Marubio LM, Gardier AM, Durier S, David D, Klink R, Arroyo-Jimenez MM, McIntosh JM, 

Rossi F, Champtiaux N, Zoli M, Changeux JP (2003) Effects of nicotine in the 
dopaminergic system of mice lacking the alpha4 subunit of neuronal nicotinic 
acetylcholine receptors. Eur J Neurosci 17:1329-1337. 

 
Margolis EB, Lock H, Hjelmstad GO, Fields HL (2006) The ventral tegmental area revisited: 

is there an electrophysiological marker for dopaminergic neurons? J Physiol 577:907-
924. 

 
Markou A, Koob GF (1992) Construct validity of a self-stimulation threshold paradigm: 

effects of reward and performance manipulations. Physiol Behav 51:111-119. 
 
McGehee DS, Role LW (1995) Physiological diversity of nicotinic acetylcholine receptors 

expressed by vertebrate neurons. Annu Rev Physiol 57:521-546. 
 
Mena-Segovia J, Winn P, Bolam JP (2008) Cholinergic modulation of midbrain 

dopaminergic systems. Brain Res Rev 58:265-271. 
 
Mercuri NB, Bonci A, Calabresi P, Stefani A, Bernardi G (1995) Properties of the 

hyperpolarization-activated cation current Ih in rat midbrain dopaminergic neurons. 
Eur J Neurosci 7:462-469. 

 
Mereu G, Yoon KW, Boi V, Gessa GL, Naes L, Westfall TC (1987) Preferential stimulation 

of ventral tegmental area dopaminergic neurons by nicotine. Eur J Pharmacol 
141:395-399. 

 
Michael D, Travis ER, Wightman RM (1998) Color images for fast-scan CV measurements 

in biological systems. AnalChem 70:586A-592A. 



142 
 

 

Millar J, Stamford JA, Kruk ZL, Wightman RM (1985) Electrochemical, pharmacological 
and electrophysiological evidence of rapid dopamine release and removal in the rat 
caudate nucleus following electrical stimulation of the median forebrain bundle. Eur J 
Pharmacol 109:341-348. 

 
Miller AD, Blaha CD (2005) Midbrain muscarinic receptor mechanisms underlying 

regulation of mesoaccumbens and nigrostriatal dopaminergic transmission in the rat. 
Eur J Neurosci 21:1837-1846. 

 

Mirenowicz J, Schultz W (1994) Importance of unpredictability for reward responses in 
primate dopamine neurons. J Neurophysiol 72:1024-1027. 

 
Mogenson GJ, Jones DL, Yim CY (1980) From motivation to action: functional interface 

between the limbic system and the motor system. Prog Neurobiol 14:69-97. 
 
Mogenson GJ, Yang CR, Yim CY (1988) Influence of dopamine on limbic inputs to the 

nucleus accumbens. Ann N Y Acad Sci 537:86-100. 
 
Montague PR, Dayan P, Sejnowski TJ (1996) A framework for mesencephalic dopamine 

systems based on predictive Hebbian learning. J Neurosci 16:1936-1947. 
 
Montague PR, McClure SM, Baldwin PR, Phillips PE, Budygin EA, Stuber GD, Kilpatrick 

MR, Wightman RM (2004) Dynamic gain control of dopamine delivery in freely 
moving animals. J Neurosci 24:1754-1759. 

 
Morris G, Nevet A, Arkadir D, Vaadia E, Bergman H (2006) Midbrain dopamine neurons 

encode decisions for future action. Nat Neurosci 9:1057-1063. 
 

Murray B, Shizgal P (1994) Evidence implicating both slow- and fast-conducting fibers in 
the rewarding effect of medial forebrain bundle stimulation. Behav Brain Res 63:47-
60. 

 
Nestler EJ (2005) Is there a common molecular pathway for addiction? Nat Neurosci 8:1445-

1449. 
 
Neve KA, Seamans JK, Trantham-Davidson H (2004) Dopamine receptor signaling. J Recept 

Signal Transduct Res 24:165-205. 
 
Nicola SM, Surmeier J, Malenka RC (2000) Dopaminergic modulation of neuronal 

excitability in the striatum and nucleus accumbens. Annu Rev Neurosci 23:185-215. 
 



143 
 

Nicola SM, Taha SA, Kim SW, Fields HL (2005) Nucleus accumbens dopamine release is 
necessary and sufficient to promote the behavioral response to reward-predictive 
cues. Neuroscience 135:1025-1033. 

 
Nicolaysen LC, Ikeda M, Justice JB, Jr., Neill DB (1988) Dopamine release at behaviorally 

relevant parameters of nigrostriatal stimulation: effects of current and frequency. 
Brain Res 460:50-59. 

 
Nomikos GG, Damsma G, Wenkstern D, Fibiger HC (1990) In vivo characterization of 

locally applied dopamine uptake inhibitors by striatal microdialysis. Synapse 6:106-
112. 

 
Nowak LG, Bullier J (1998) Axons, but not cell bodies, are activated by electrical 

stimulation in cortical gray matter. I. Evidence from chronaxie measurements. Exp 
Brain Res 118:477-488. 

 

O'Donnell P, Greene J, Pabello N, Lewis BL, Grace AA (1999) Modulation of cell firing in 
the nucleus accumbens. Ann N Y Acad Sci 877:157-175. 

 
Oakman SA, Faris PL, Kerr PE, Cozzari C, Hartman BK (1995) Distribution of 

pontomesencephalic cholinergic neurons projecting to substantia nigra differs 
significantly from those projecting to ventral tegmental area. J Neurosci 15:5859-
5869. 

 
Olds J (1962) Hypothalamic substrates of reward. Physiol Rev 42:554-604. 
 
Olds J, Milner P (1954) Positive reinforcement produced by electrical stimulation of septal 

area and other regions of rat brain. J Comp Physiol Psychol 47:419-427. 
 
Olds ME, Olds J (1963) Approach-avoidance analysis of rat diencephalon. J Comp Neurol 

120:259-295. 
 
Olds ME, Fobes JL (1981) The central basis of motivation: intracranial self-stimulation 

studies. Annu Rev Psychol 32:523-574. 
 
Omelchenko N, Sesack SR (2005) Laterodorsal tegmental projections to identified cell 

populations in the rat ventral tegmental area. J Comp Neurol 483:217-235. 
 
Omelchenko N, Sesack SR (2006) Cholinergic axons in the rat ventral tegmental area 

synapse preferentially onto mesoaccumbens dopamine neurons. J Comp Neurol 
494:863-875. 

 
Omelchenko N, Sesack SR (2007) Glutamate synaptic inputs to ventral tegmental area 

neurons in the rat derive primarily from subcortical sources. Neuroscience 146:1259-
1274. 



144 
 

Overton P, Clark D (1992) Iontophoretically administered drugs acting at the N-methyl-D-
aspartate receptor modulate burst firing in A9 dopamine neurons in the rat. Synapse 
10:131-140. 

 
Overton PG, Clark D (1997) Burst firing in midbrain dopaminergic neurons. Brain Res Brain 

Res Rev 25:312-334. 
 
 
Owesson-White CA, Cheer JF, Beyene M, Carelli RM, Wightman RM (2008) Dynamic 

changes in accumbens dopamine correlate with learning during intracranial self-
stimulation. Proc Natl Acad Sci U S A 105:11957-11962. 

 
Owesson-White CA, Ariansen J, Stuber GD, Cleaveland NA, Cheer JF, Wightman RM, 

Carelli RM (2009) Neural encoding of cocaine-seeking behavior is coincident with 
phasic dopamine release in the accumbens core and shell. Eur J Neurosci 30:1117-
1127. 

 

Pan WX, Hyland BI (2005) Pedunculopontine tegmental nucleus controls conditioned 
responses of midbrain dopamine neurons in behaving rats. J Neurosci 25:4725-4732. 

 
Pan WX, Schmidt R, Wickens JR, Hyland BI (2005) Dopamine cells respond to predicted 

events during classical conditioning: evidence for eligibility traces in the reward-
learning network. J Neurosci 25:6235-6242. 

Panagis G, Spyraki C (1996) Neuropharmacological evidence for the role of dopamine in 
ventral pallidum self-stimulation. Psychopharmacology (Berl) 123:280-288. 

 
Panagis G, Miliaressis E, Anagnostakis Y, Spyraki C (1995) Ventral pallidum self-

stimulation: a moveable electrode mapping study. Behav Brain Res 68:165-172. 
 
Parsons LH, Justice JB, Jr. (1992) Extracellular concentration and in vivo recovery of 

dopamine in the nucleus accumbens using microdialysis. J Neurochem 58:212-218. 
 

Paxinos G, Watson C (1986) The Rat Brain in Stereotaxic Coordinates, 2 Edition. New York: 
Academic Press. 

Paxinos G, Watson C (1997) The rat brain in stereotaxic coordinates, Compact 3rd Edition. 
San Diego: Academic Press. 

Paxinos G, Watson C (2005) The rat brain in stereotaxic coordinates, 5th Edition. London: 
Elsevier Academic Press. 

Paxinos G, and Watson C (2007) The Rat Brain in Stereotaxic Coordinates, 6th Edition. 
London, UK: Elsevier Inc. 

 



145 
 

Pennartz CM, Ameerun RF, Groenewegen HJ, Lopes da Silva FH (1993) Synaptic plasticity 
in an in vitro slice preparation of the rat nucleus accumbens. Eur J Neurosci 5:107-
117. 

 
Pennartz CM, Groenewegen HJ, Lopes da Silva FH (1994) The nucleus accumbens as a 

complex of functionally distinct neuronal ensembles: an integration of behavioural, 
electrophysiological and anatomical data. Prog Neurobiol 42:719-761. 

 
Peters JL, Miner LH, Michael AC, Sesack SR (2004) Ultrastructure at carbon fiber 

microelectrode implantation sites after acute voltammetric measurements in the 
striatum of anesthetized rats. J Neurosci Methods 137:9-23. 

 
Phillips AG and Fibiger, H.C. (1989) Neuroanatomical bases of intracranial self-stimulation, 

untangling the Gordion knot. In: The Neuropharmacological Basis of Reward, pp 67–
104. Oxford: Clarendon Press. 

 
Phillips PE, Stuber GD, Heien ML, Wightman RM, Carelli RM (2003a) Subsecond 

dopamine release promotes cocaine seeking. Nature 422:614-618. 

Phillips PE, Robinson DL, Stuber GD, Carelli RM, Wightman RM (2003b) Real-time 
measurements of phasic changes in extracellular dopamine concentration in freely 
moving rats by fast-scan cyclic voltammetry. Methods Mol Med 79:443-464. 

Picciotto MR, Zoli M, Rimondini R, Lena C, Marubio LM, Pich EM, Fuxe K, Changeux JP 
(1998) Acetylcholine receptors containing the beta2 subunit are involved in the 
reinforcing properties of nicotine. Nature 391:173-177. 

 

Pinto A, Sesack SR (2000) Limited collateralization of neurons in the rat prefrontal cortex 
that project to the nucleus accumbens. Neuroscience 97:635-642. 

 

Puryear CB, Mizumori SJ (2008) Reward prediction error signals by reticular formation 
neurons. Learn Mem 15:895-898. 

 

Ranck JB (1975) Which elements are excited in electrical stimulation of mammalian central 
nervous system: a review. Brain Res 98:417-440. 

 
Rebec GV (1998) Real-time assessments of dopamine function during behavior: single-unit 

recording, iontophoresis, and fast-scan cyclic voltammetry in awake, unrestrained 
rats. Alcohol Clin Exp Res 22:32-40. 

 
Reese NB, Garcia-Rill E, Skinner RD (1995) Auditory input to the pedunculopontine 

nucleus: II. Unit responses. Brain Res Bull 37:265-273. 
 



146 
 

Reever CM, Ferrari-DiLeo G, Flynn DD (1997) The M5 (m5) receptor subtype: fact or 
fiction? Life Sci 60:1105-1112. 

 
Rescorla RA (2001) Experimental Extinction. In: Handbook of Contemporary Learning 

Theories (Mowerer RR, Klein SB, eds), pp 119-154. 

Reynolds JN, Hyland BI, Wickens JR (2001) A cellular mechanism of reward-related 
learning. Nature 413:67-70. 

Rice ME, Cragg SJ (2004) Nicotine amplifies reward-related dopamine signals in striatum. 
Nat Neurosci 7:583-584. 

 
Richfield EK, Penney JB, Young AB (1989) Anatomical and affinity state comparisons 

between dopamine D1 and D2 receptors in the rat central nervous system. 
Neuroscience 30:767-777. 

 
Robinson DL, Heien ML, Wightman RM (2002) Frequency of dopamine concentration 

transients increases in dorsal and ventral striatum of male rats during introduction of 
conspecifics. J Neurosci 22:10477-10486. 

 
Robinson DL, Venton BJ, Heien ML, Wightman RM (2003) Detecting subsecond dopamine 

release with fast-scan cyclic voltammetry in vivo. Clin Chem 49:1763-1773. 
 
Roesch MR, Calu DJ, Schoenbaum G (2007) Dopamine neurons encode the better option in 

rats deciding between differently delayed or sized rewards. Nat Neurosci 10:1615-
1624. 

 
Roitman MF, Stuber GD, Phillips PE, Wightman RM, Carelli RM (2004) Dopamine operates 

as a subsecond modulator of food seeking. J Neurosci 24:1265-1271. 
 
Rolls ET, Thorpe SJ, Boytim M, Szabo I, Perrett DI (1984) Responses of striatal neurons in 

the behaving monkey. 3. Effects of iontophoretically applied dopamine on normal 
responsiveness. Neuroscience 12:1201-1212. 

 
Rompre PP, Wise RA (1989) Opioid-neuroleptic interaction in brainstem self-stimulation. 

Brain Res 477:144-151. 
 
Rosin DL, Weston MC, Sevigny CP, Stornetta RL, Guyenet PG (2003) Hypothalamic orexin 

(hypocretin) neurons express vesicular glutamate transporters VGLUT1 or VGLUT2. 
J Comp Neurol 465:593-603. 

 



147 
 

 

Salahpour A, Ramsey AJ, Medvedev IO, Kile B, Sotnikova TD, Holmstrand E, Ghisi V, 
Nicholls PJ, Wong L, Murphy K, Sesack SR, Wightman RM, Gainetdinov RR, Caron 
MG (2008) Increased amphetamine-induced hyperactivity and reward in mice 
overexpressing the dopamine transporter. Proc Natl Acad Sci U S A 105:4405-4410. 

 
Sax L, Gallistel CR (1991) Characteristics of spatiotemporal integration in the priming and 

rewarding effects of medial forebrain bundle stimulation. Behav Neurosci 105:884-
900. 

 
Scarnati E, Campana E, Pacitti C (1984) Pedunculopontine-evoked excitation of substantia 

nigra neurons in the rat. Brain Res 304:351-361. 
 
Schilstrom B, Yaka R, Argilli E, Suvarna N, Schumann J, Chen BT, Carman M, Singh V, 

Mailliard WS, Ron D, Bonci A (2006) Cocaine enhances NMDA receptor-mediated 
currents in ventral tegmental area cells via dopamine D5 receptor-dependent 
redistribution of NMDA receptors. J Neurosci 26:8549-8558. 

 
Schmitz Y, Benoit-Marand M, Gonon F, Sulzer D (2003) Presynaptic regulation of 

dopaminergic neurotransmission. J Neurochem 87:273-289. 
 
Schultz W (1998) Predictive reward signal of dopamine neurons. J Neurophysiol 80:1-27. 
 
Schultz W, Apicella P, Ljungberg T (1993a) Responses of monkey dopamine neurons to 

reward and conditioned stimuli during successive steps of learning a delayed response 
task. Journal of Neuroscience 13:900-913. 

Schultz W, Apicella P, Ljungberg T (1993b) Responses of monkey dopamine neurons to 
reward and conditioned stimuli during successive steps of learning a delayed response 
task. J Neurosci 13:900-913. 

 
Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction and reward. 

Science 275:1593-1599. 
 
Schultz W (1998) Predictive reward signal of dopamine neurons. J Neurophysiol 80:1-27. 
 

Schultz W (2002) Getting formal with dopamine and reward. Neuron 36:241-263. 

 
Schwartz RD (1986) Autoradiographic distribution of high affinity muscarinic and nicotinic 

cholinergic receptors labeled with [3H]acetylcholine in rat brain. Life Sci 38:2111-
2119. 

 



148 
 

Semba K, Fibiger HC (1992) Afferent connections of the laterodorsal and the 
pedunculopontine tegmental nuclei in the rat: a retro- and antero-grade transport and 
immunohistochemical study. J Comp Neurol 323:387-410. 

 
Sesack SR, Pickel VM (1990) In the rat medial nucleus accumbens, hippocampal and 

catecholaminergic terminals converge on spiny neurons and are in apposition to each 
other. Brain Res 527:266-279. 

 
Sesack SR, Pickel VM (1992) Prefrontal cortical efferents in the rat synapse on unlabeled 

neuronal targets of catecholamine terminals in the nucleus accumbens septi and on 
dopamine neurons in the ventral tegmental area. J Comp Neurol 320:145-160. 

 
Sesack SR, Aoki C, Pickel VM (1994) Ultrastructural localization of D2 receptor-like 

immunoreactivity in midbrain dopamine neurons and their striatal targets. J Neurosci 
14:88-106. 

 
Sesack SR, Carr DB, Omelchenko N, Pinto A (2003) Anatomical substrates for glutamate-

dopamine interactions: evidence for specificity of connections and extrasynaptic 
actions. Ann N Y Acad Sci 1003:36-52. 

 
Seutin V, Johnson SW, North RA (1993) Apamin increases NMDA-induced burst-firing of 

rat mesencephalic dopamine neurons. Brain Res 630:341-344. 
 
Shepard PD, Bunney BS (1988) Effects of apamin on the discharge properties of putative 

dopamine-containing neurons in vitro. Brain Res 463:380-384. 
 
Shi WX, Pun CL, Zhou Y (2004) Psychostimulants induce low-frequency oscillations in the 

firing activity of dopamine neurons. Neuropsychopharmacology 29:2160-2167. 

 
Shizgal P and Murray, B. (1989) The neuroanatomical bases of intracranial self-stimulation. 

In: The Neuropharmacological Basis of Reward, pp 106–162. Oxford: Clarendon 
Press. 

 
Shoaib M, Zubaran C, Stolerman IP (2000) Antagonism of stimulus properties of nicotine by 

dihydro-beta-erythroidine (DHbetaE) in rats. Psychopharmacology (Berl) 149:140-
146. 

 
Simon H, Le Moal M, Cardo B (1975) Self-stimulation in the dorsal pontine tegmentum in 

the rat. Behav Biol 13:339-347. 
 
Simmons JM, Gallistel CR (1994) Saturation of subjective reward magnitude as a function of 

current and pulse frequency. Behav Neurosci 108:151-160. 
 
Sombers LA, Beyene M, Carelli RM, Wightman RM (2009) Synaptic overflow of dopamine 

in the nucleus accumbens arises from neuronal activity in the ventral tegmental area. J 
Neurosci 29:1735-1742. 



149 
 

 
Steffensen SC, Lee RS, Stobbs SH, Henriksen SJ (2001) Responses of ventral tegmental area 

GABA neurons to brain stimulation reward. Brain Res 906:190-197. 

 
Stoof JC, Kebabian JW (1981) Opposing roles for D-1 and D-2 dopamine receptors in efflux 

of cyclic AMP from rat neostriatum. Nature 294:366-368. 
 
Stuber GD, Wightman RM, Carelli RM (2005) Extinction of cocaine self-administration 

reveals functionally and temporally distinct dopaminergic signals in the nucleus 
accumbens. Neuron 46:661-669. 

 
Stuber GD, Klanker M, de Ridder B, Bowers MS, Joosten RN, Feenstra MG, Bonci A (2008) 

Reward-predictive cues enhance excitatory synaptic strength onto midbrain dopamine 
neurons. Science 321:1690-1692. 

 
Suaud-Chagny MF, Chergui K, Chouvet G, Gonon F (1992) Relationship between dopamine 

release in the rat nucleus accumbens and the discharge activity of dopaminergic 
neurons during local in vivo application of amino acids in the ventral tegmental area. 
Neuroscience 49:63-72. 

 
Sun W, Akins CK, Mattingly AE, Rebec GV (2005) Ionotropic glutamate receptors in the 

ventral tegmental area regulate cocaine-seeking behavior in rats. 
Neuropsychopharmacology 30:2073-2081. 

Swanson LW (1982) The projections of the ventral tegmental area and adjacent regions: a 
combined fluorescent retrograde tracer and immunofluorescence study in the rat. 
Brain Res Bull 9:321-353. 

 
Tobler PN, Fiorillo CD, Schultz W (2005) Adaptive coding of reward value by dopamine 

neurons. Science 307:1642-1645. 
 
Tong ZY, Overton PG, Martinez-Cue C, Clark D (1998) Do non-dopaminergic neurons in 

the ventral tegmental area play a role in the responses elicited in A10 dopaminergic 
neurons by electrical stimulation of the prefrontal cortex? Exp Brain Res 118:466-
476. 

 
Totterdell S, Smith AD (1989) Convergence of hippocampal and dopaminergic input onto 

identified neurons in the nucleus accumbens of the rat. J Chem Neuroanat 2:285-298. 
 
Tzschentke TM (2001) Pharmacology and behavioral pharmacology of the mesocortical 

dopamine system. Prog Neurobiol 63:241-320. 
 
Van Bockstaele EJ, Pickel VM (1995) GABA-containing neurons in the ventral tegmental 

area project to the nucleus accumbens in rat brain. Brain Res 682:215-221. 
 



150 
 

Venton BJ, Troyer KP, Wightman RM (2002) Response times of carbon fiber 
microelectrodes to dynamic changes in catecholamine concentration. Anal Chem 
74:539-546. 

 

Venton BJ, Zhang H, Garris PA, Phillips PE, Sulzer D, Wightman RM (2003) Real-time 
decoding of dopamine concentration changes in the caudate-putamen during tonic and 
phasic firing. J Neurochem 87:1284-1295. 

Vilaro MT, Palacios JM, Mengod G (1990) Localization of m5 muscarinic receptor mRNA 
in rat brain examined by in situ hybridization histochemistry. Neurosci Lett 114:154-
159. 

 
Voorn P, Jorritsma-Byham B, Van Dijk C, Buijs RM (1986) The dopaminergic innervation 

of the ventral striatum in the rat: a light- and electron-microscopical study with 
antibodies against dopamine. J Comp Neurol 251:84-99. 

 
Wada E, Wada K, Boulter J, Deneris E, Heinemann S, Patrick J, Swanson LW (1989) 

Distribution of alpha 2, alpha 3, alpha 4, and beta 2 neuronal nicotinic receptor 
subunit mRNAs in the central nervous system: a hybridization histochemical study in 
the rat. J Comp Neurol 284:314-335. 

 
Wang T, French ED (1993) L-glutamate excitation of A10 dopamine neurons is 

preferentially mediated by activation of NMDA receptors: extra- and intracellular 
electrophysiological studies in brain slices. Brain Res 627:299-306. 

 
Waraczynski MA, Kaplan JM (1990) Frequency-response characteristics provide a functional 

separation between stimulation-bound feeding and self-stimulation. Physiol Behav 
47:843-851. 

 
Waraczynski MA (2006) The central extended amygdala network as a proposed circuit 

underlying reward valuation. Neurosci Biobehav Rev 30:472-496. 
 
Weiner DM, Levey AI, Brann MR (1990) Expression of muscarinic acetylcholine and 

dopamine receptor mRNAs in rat basal ganglia. Proc Natl Acad Sci U S A 87:7050-
7054. 

 
Westerink BH (1995) Brain microdialysis and its application for the study of animal 

behaviour. Behav Brain Res 70:103-124. 
 
White FJ (1996) Synaptic regulation of mesocorticolimbic dopamine neurons. Annu Rev 

Neurosci 19:405-436. 
 
Wightman RM, Robinson DL (2002) Transient changes in mesolimbic dopamine and their 

association with 'reward'. J Neurochem 82:721-735. 
 



151 
 

Wightman RM, Amatore C, Engstrom RC, Hale PD, Kristensen EW, Kuhr WG, May LJ 
(1988) Real-time characterization of dopamine overflow and uptake in the rat 
striatum. Neuroscience 25:513-523. 

 
Wightman RM, Heien ML, Wassum KM, Sombers LA, Aragona BJ, Khan AS, Ariansen JL, 

Cheer JF, Phillips PE, Carelli RM (2007) Dopamine release is heterogeneous within 
microenvironments of the rat nucleus accumbens. Eur J Neurosci 26:2046-2054. 

 
Wilson CJ, Kawaguchi Y (1996) The origins of two-state spontaneous membrane potential 

fluctuations of neostriatal spiny neurons. J Neurosci 16:2397-2410. 
 
Wise RA (1981) Intracranial self-stimulation: mapping against the lateral boundaries of the 

dopaminergic cells of the substantia nigra. Brain Res 213:190-194. 

Wise RA (2002) Brain reward circuitry: insights from unsensed incentives. Neuron 36:229-
240. 

Wise RA (2004) Dopamine, learning and motivation. Nat Rev Neurosci 5:483-494. 

Wise RA, Spindler J, deWit H, Gerberg GJ (1978) Neuroleptic-induced "anhedonia" in rats: 
pimozide blocks reward quality of food. Science 201:262-264. 

 
Wise RA, Munn E (1993) Effects of repeated amphetamine injections on lateral 

hypothalamic brain stimulation reward and subsequent locomotion. Behav Brain Res 
55:195-201. 

 
Wise RA, Bauco P, Carlezon WA, Jr., Trojniar W (1992) Self-stimulation and drug reward 

mechanisms. Ann N Y Acad Sci 654:192-198. 
 
Wise RA (1996) Addictive drugs and brain stimulation reward. Annu Rev Neurosci 19:319-

340. 
 
Woolf NJ, Butcher LL (1986) Cholinergic systems in the rat brain: III. Projections from the 

pontomesencephalic tegmentum to the thalamus, tectum, basal ganglia, and basal 
forebrain. Brain Res Bull 16:603-637. 

 
Wright CI, Beijer AV, Groenewegen HJ (1996) Basal amygdaloid complex afferents to the 

rat nucleus accumbens are compartmentally organized. J Neurosci 16:1877-1893. 
 
Wu M, Hrycyshyn AW, Brudzynski SM (1996) Subpallidal outputs to the nucleus 

accumbens and the ventral tegmental area: anatomical and electrophysiological 
studies. Brain Res 740:151-161. 

 
Yavich L, Tiihonen J (2000) In vivo voltammetry with removable carbon fibre electrodes in 

freely-moving mice: dopamine release during intracranial self-stimulation. J Neurosci 
Methods 104:55-63. 

 



152 
 

Yeomans JS, Maidment NT, Bunney BS (1988) Excitability properties of medial forebrain 
bundle axons of A9 and A10 dopamine cells. Brain Res 450:86-93. 

 
Yeomans JS (1989) Two substrates for medial forebrain bundle self-stimulation: myelinated 

axons and dopamine axons. Neurosci Biobehav Rev 13:91-98. 

Yeomans JS, Maidment NT, Bunney BS (1988) Excitability properties of medial forebrain 
bundle axons of A9 and A10 dopamine cells. Brain Res 450:86-93. 

Yeomans J, Forster G, Blaha C (2001) M5 muscarinic receptors are needed for slow 
activation of dopamine neurons and for rewarding brain stimulation. Life Sci 
68:2449-2456. 

 

Yim CY, Mogenson GJ (1982) Response of nucleus accumbens neurons to amygdala 
stimulation and its modification by dopamine. Brain Res 239:401-415. 

 
You ZB, Wang B, Zitzman D, Azari S, Wise RA (2007) A role for conditioned ventral 

tegmental glutamate release in cocaine seeking. J Neurosci 27:10546-10555. 

Zahm DS (1999) Functional-anatomical implications of the nucleus accumbens core and 
shell subterritories. Ann N Y Acad Sci 877:113-128. 

 
Zahm DS, Brog JS (1992) On the significance of subterritories in the "accumbens" part of the 

rat ventral striatum. Neuroscience 50:751-767. 
 
Zellner MR, Kest K, Ranaldi R (2008) NMDA receptor antagonism in the ventral tegmental 

area impairs acquisition of reward-related learning. Behav Brain Res. 

 
Zhang L, Liu Y, Chen X (2005) Carbachol induces burst firing of dopamine cells in the 

ventral tegmental area by promoting calcium entry through L-type channels in the rat. 
J Physiol 568:469-481. 

 
Zhou FM, Liang Y, Dani JA (2001) Endogenous nicotinic cholinergic activity regulates 

dopamine release in the striatum. Nat Neurosci 4:1224-1229. 
 
Zhang L, Liu Y, Chen X (2005) Carbachol induces burst firing of dopamine cells in the 

ventral tegmental area by promoting calcium entry through L-type channels in the rat. 
J Physiol 568:469-481. 

 
 
 

 


