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I. Introduction  

 

A. Drug Addiction Remains a Pervasive Problem in America 

Drug addiction has become an increasingly costly societal problem. In 2010, it was 

estimated that the overall cost of illicit drug use – accounting for healthcare, crime, and lost-work 

productivity – amounted to over $193 billion dollars, in the U.S. alone (NDIC, 2010). The specific 

cost of health care made up for $11 billion dollars of this surmounting cost (NDIC, 2010). While 

great efforts have been dedicated to finding a resolution to this problem, there still remains a large 

discrepancy between Americans in need of treatment and those who actually receive help. In 2013 

it was approximated that 22.7 million Americans reported a need for drug or alcohol treatment, 

and only 2.5 million of those in need received care – at a specialty addiction clinic (SAMHA, 

2014). It is clear that accessibility to affordable treatment of drug addiction is lacking for a majority 

of American in need. In order to reach a larger mass, we must find options that can be incorporated 

into general practice clinics. One method of doing so is to explore pharmacological options that 

aid in blocking the addicting effects of drugs. While therapeutics such as methodone exists for 

addictive opiates, they are still associated with dependence and can elicit similar addictive 

behavior (Kosten & George, 2002). There has yet to be similarly approved pharmaceutical 

treatments for other classes of illicit drugs of abuse such as psychostimulants, and more 

specifically cocaine (Rocha, 2003). Understanding the specific mechanisms of addictive drugs, 

and how they act on reward circuits in the brain, would allow for more targeted treatments to aid 

in blocking the reinforcing and rewarding effects of drugs that come to be abused. Strides have 

been made on this front for nicotine and tobacco addiction with pharmaceuticals such as 

bupropion. This particular therapy is not a substitute for nicotine; rather the drug binds to nicotinic 
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receptors and aids in preventing the urge to use tobacco (Jorenby et al., 2006). While clinical 

behavioral therapy will always be a critical component of remedying addiction, pharmacological 

treatments offer a more broad appeal for individuals that do not have access to specialty addiction 

treatment centers. Therefore, it is imperative that we continue to explore all of the mechanisms of 

drug action, in order to unmask possible targets for pharmaceutical therapies.  

 

B. Psychostimulants are Powerfully Addictive Substances 

Drug addiction begins with the initial reinforcing effects of drugs. Reinforcement learning 

is critical for survival such that it facilitates goal-directed behaviors toward stimuli of value such 

as a food, water and sex. However, it is also one of the strongest mechanisms that can lead to drug 

abuse. The mesolimbic dopamine system, and specifically the nucleus accumbens (NAc) plays a 

significant role in reinforcement learning such that fluctuations of incoming dopamine to the NAc 

provides a learning signal that encodes relevant information about rewards and associated cues 

(Schultz, 2002; 2007). Drugs of abuse also target the mesolimbic dopamine system. While 

different classes of addictive drugs vary in their primary pharmacological mechanisms, they all 

share an acute effect of increased dopaminergic signaling – most significantly seen in the NAc (Di 

Chiara & Imperato, 1988). The effect of increased dopaminergic activity has long been thought to 

be mechanistically responsible for the immediate reinforcing effects of drugs of abuse.  

All drugs of abuse have a significant effect on dopaminergic signaling, however 

psychostimulants have an especially interesting relationship with the mesolimbic system. 

Psychostimulants include illicit drugs – cocaine and methamphetamine – as well as therapeutic 

drugs containing amphetamine salts, methylphenidate, and modafinil (Wood et al., 2014). The 

general effects of all psychostimulants include increased locomotion, arousal, wakefulness, 
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attention, and anorexia (Westfall & Westfall, 2006). When taken at low doses psychostimulants 

can be used as cognitive enhancers, as stimulant drugs enhance the perceptual salience of 

environmental stimuli (Everitt & Robbins, 2005). For example, rats that are given a noncontingent 

administration of amphetamine to the ventral striatum will increase their lever responding to 

unconditioned and unrewarded visual stimuli (Shin et al., 2010). Others have shown that rats 

trained to lever press for sucrose reward will increase lever pressing on an extinction trial when 

given an intra-accumbens injection of amphetamine (Wyvell & Berridge, 2000). While this 

mechanism is ultimately beneficial for learning and survival it is also one of the driving factors 

that make psychostimulants so addictive. Enhanced perception of salient cues paired with the 

rewarding effects of the drug itself allow for an exponential rate of reinforcement that can 

eventually lead to addiction (Covey et al., 2014; Parkinson et al., 1999; Di Chiara, 1999). As 

dopamine signaling is critical for the initial positive reinforcing effects of drugs – both 

behaviorally and pharmacologically – some introduction to the dopamine system is warranted.  

 

C. Historical Perspective on Dopamine & Reward 

Dopamine did not earn its title as an independent catecholeminergic neurotransmitter until 

the early 1960’s when fluorescent histological studies provided neuroanatomical evidence for 

dopamine-based circuits (Carlsson et al., 1962). Shortly after its discovery, dopamine was 

proposed to be associated with aspects of reward (Phillips & Fibiger, 1973). One of the most 

prominent and first largely accepted hypotheses to come out of the field was the general anhedonia 

model, or the dopamine hypothesis of reward, which postulates that dopamine systems mediate 

the reinforcing properties of stimuli (Wise, 1982). Various studies have linked increased activity 
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of dopamine signaling with appetitive behavior towards a positively reinforced stimulus, such as 

natural rewards, intracranial self-stimulation (ICSS), and drugs of abuse (Wise, 1978; 1985; 1982).  

While the general anhedonia model continues to be a widely recognized hypothesis today, 

there remain some faults. One of the most notable problems to arise for this model is the fact that 

hedonic elements of stimuli are maintained following lesions to dopamine areas. For example, rats 

receiving intra-oral infusions of palatable taste stimuli respond with stereotypical orofacial 

responses – termed taste reactivity (Grill & Norgren, 1978). Selective destruction of dopamine 

neurons, using 6-OHDA lesions, fail to alter appetitive taste reactivity to concentrated sucrose 

solution (Berridge & Robinson, 1998). Additionally, evidence has revealed that increases in 

dopamine are in fact anticipatory to the reward itself, as shown by studies focused on food 

(Roitman et al., 2004; Day et al., 2007), drug (Aragona et al., 2009; Fontana et al., 1993; Phillips 

et al., 2003), and ICSS reward (Owesson-White et al., 2008). This has lead to the belief that 

dopamine plays a role in associations of reward and may not be as critical for the hedonic 

properties of reward. Combined, these studies point to the fact that “reward” is not a unitary 

construct, and must derive from a set of complex interactions.   

Following these discoveries, several widely recognized and competing hypotheses arose to 

explain the role of dopamine in motivation and reward. Following their lesioning studies, Robinson 

and Berridge proposed the incentive salience hypothesis, stating that reward processes can be 

divided into “wanting” and “liking”, whereby dopamine modulates only the “wanting” of a 

stimulus, and “liking” is derived from a more complex interaction of learning and hedonic systems 

(Robinson & Berridge, 1998). Wolfram Shultz and colleagues recorded the electrophysiological 

responses of individual dopamine neurons and arrived at a different hypothesis. That is, dopamine 

plays a critical role in the regulation of reinforcement learning (Shultz, 1997). More specifically, 
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he and colleagues have observed that brief bursts of dopaminergic neural activity shift from 

primary rewards to the earliest reliable predictor of reward. The results led to the formulation of 

the reward prediction error hypothesis – that dopamine responses track the predictability of reward, 

which matches well with computational models of associative learning (Shultz, 1998). Lastly, an 

effort hypothesis has been proposed, where dopamine is responsible for initiating effort-related 

behavior needed to obtain a reward (Salamone & Correa, 2002). While the exact function of 

dopamine relating to reward processes is still hotly debated, it is clear that rewarding stimuli, 

including the initial exposure to drugs of abuse, is indeed associated with increased dopamine 

signaling.  

 

D. Understanding the Essentials of Dopamine Signaling 

Dopamine neurons lie almost exclusively in the midbrain. Within the midbrain there are 

multiple subgroups of dopamine neurons that project to different targets and play roles in different 

aspects of behavior. These subgroups include the retrorubral area (A8), substantia nigra pars 

compacta (SNc; A9), ventral tegmental area (VTA; A10), posterior hypothalamus (A11), arcuate 

nucleus (A12), and zona incerta (A13) (Dahlstrom & Fuxe, 1964). A9 is additionally categorized 

into ventral (A9v) and dorsal (A9d) tiers. A8, A9, and A10 are the most recognized of these groups 

as they pertain most closely to the classic functions of dopamine such that they service motor 

function and motivated behavior (Van den Heuvel et al., 2008). The remainder of the groups are 

primarily involved in hormone regulation (Björklund et al., 1975; Torre & Falorni 2007). A12 is 

particularly notable for it’s role in inhibiting prolactin – a hormone secreted from the pituitary 

gland that enables lactation (Torre & Falorni 2007).   
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Midbrain dopaminergic cells project largely to structures found in the forebrain including 

the striatum and NAc (Anden et al., 1964). These projections can be broken down even further 

based on the subpopulation of dopamine cells, and specifically within the VTA. Cells found in the 

medial posterior portion of the VTA project to the medial prefrontal cortex (mPFC), the NAc core, 

and the medial NAc shell (Ikemoto, 2007; Lammel et al., 2008). Alternatively, cells found in the 

lateral portion of the VTA and SNc have projections to the NAc lateral shell, and dorsal striatum 

(Ikemoto 2007; Lammel et al., 2008). Beyond anatomical relation, these circuits have also been 

shown to have differential responses to drugs of abuse. NAc medial and lateral shell-projecting 

cells are selectively modified by cocaine, whereas mPFC-projecting cells fail to show changes in 

synaptic plasticity when exposed to cocaine (Lammel et al., 2011). Thus indicating a role for the 

NAc in the initial reinforcing effects of drugs of abuse.  

The NAc is primarily comprised of inhibitory GABAergic medium spiny neurons (MSNs) 

that contain dopamine-binding receptors (Shuen et al., 2008). There are two classes of receptors 

to which dopamine can bind, and are differentiated with respect to their impact on adenylyl cyclase 

and cyclic AMP. D1-like receptors (D1, and D5) increase, and D2-like receptors (D2, D3, and D4) 

decrease cAMP production (Rankin et al., 2010). D1- and D2-like receptors can also be 

distinguished by their affinity, such that D1-like receptors have a low affinity, and D2-like 

receptors a high affinity to dopamine binding. While D2-like receptors are associated with 

responding to basal levels of dopamine, D1-like receptors are preferentially activated by brief 

bursts of highly concentrated dopamine release seen in phasic signaling (Goto & Grace 2007; 

Grace et al., 2007). The effects of drugs of abuse are largely thought to occur on D1-like receptors, 

however recent work suggests a role for D2-like receptors on behavioral responses to drugs of 
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abuse (Lobo & Nestler, 2011; Lobo et al., 2010). Nevertheless, postsynaptic dopamine receptors 

are only one example of targets accessed by drugs of abuse.  

Synthesized from tyrosine, dopamine is packaged into synaptic vesicles for storage and 

transmission by vesicular monoamine transporters (VMATs) (Schuldiner et al, 1995). While 

VMATs provide tight regulation of available concentrations of dopamine, there is an additional 

mechanism for regulation of extracellular dopamine that is controlled by plasma membrane 

monoamine transporters. Specific to dopamine is the dopamine active transporter (DAT). DAT, 

found on the presynaptic cell membrane, is responsible for the rapid reuptake of dopamine back 

into the cell, following its release (Torres et al., 2003; Cragg & Rice, 2004). DAT is critical for 

dopamine homeostasis, and has long been thought to be the primary target for psychostimulant 

drugs such as cocaine.  

 

E. Cocaine: a Drug Classically Associated with Direct Action on Dopamine Terminals 

 Cocaine is a psychostimulant that is derived from the coca plant typically found in South 

America. As with all psychostimulants cocaine causes an overall state of increased arousal, 

attentiveness and locomotion. Cocaine also increases heart rate, blood pressure and temperature. 

In the case of overconsumption, cocaine can cause cardiac arrest and death (Gold, 2005). In human 

users, cocaine can either be snorted in powder form, dissolved in water and injected, or used to 

create crystal like “crack” rocks that can be smoked. While it seems cocaine use has been on the 

decline in the U.S., in 2013 it was estimated that there are still approximately 1.5 million American 

users (SAMHSA, 2014). Like humans, rodents will readily self-administer cocaine and show 

similar addictive behaviors – a fact that has proven to be imperative for the study of cocaine and 

addiction alike. A landmark study demonstrated rats were just as capable as humans to reach 
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criteria for drug addiction based on their inability to refrain from cocaine self-administration, their 

willingness to work for cocaine reward, and their persistence in attaining drug when faced with an 

aversive consequence of an electric shock (Deroche-Gamonet et al., 2004). Just one experience 

with cocaine can elicit these powerful behavioral effects, as it was found that rats show cue-

induced drug seeking behavior for up to one year after a single exposure to the drug (Ciccocioppo 

et al., 2004). Other species such as nonhuman primates and even worms show similar affinities to 

cocaine (Martelle et al., 2008; Rawls et al., 2010). Taken together, it is clear that cocaine can seize 

powerful control over behavior – even after just one experience with the drug.  

 The addictive properties of cocaine arise, at least initially, from its effects on dopamine 

signaling. Classically, cocaine has been characterized as a psychostimulant that binds to the 

transporters of biogenic amines such as dopamine, serotonin, and norepinephrine (Lucher & 

Ungless, 2006). It is most widely known for its action on the DAT. Cocaine binds to the DAT and 

blocks the reuptake of dopamine thus creating increases in the magnitude of release, time spent in 

extracellular space, and the diffusion of dopamine (Ritz et al., 1990). Its action on other biogenic 

amine transporters – serotonin and norepinephrine – functions in a similar manner. The transporter 

mechanism has become the common denominator in explaining the vast effects of cocaine both 

pharmacologically and behaviorally. For example, mice with functional but cocaine insensitive 

DAT lack locomotor effects, increased extracellular dopamine, and conditioned place preference 

in response cocaine – suggesting a critical role for the DAT in mediating the rewarding effects of 

cocaine (Chen et al., 2006). While it is clear that the DAT underlies primary effects, more recent 

revelations challenge the idea that cocaine’s mechanism of action is this straightforward.  

 The effects of cocaine on dopaminergic cell excitability are more controversial than it’s 

effects on the presynaptic DAT mechanism found at the terminal. The first electrophysiological 
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studies found that VTA dopaminergic cells decreased in firing rate following cocaine 

administration in anesthetized preparations (Einhorn et al., 1988; Hinerth et al., 2000; Mercuri et 

al., 1992). This agreed with the DAT mechanism, such that inhibition of reuptake allowed 

increased extracellular dopamine to act on D2 autoreceptors of dopamine neurons – thereby 

creating a negative feedback loop and decreasing the firing rate of the VTA. However recent data 

challenges this seemingly succinct story. When anesthetized rats were compared to awake rats a 

differential effect was demonstrated where VTA firing rates increased in awake but not in 

anesthetized rats following systemic cocaine administration (Koulchitsky et al., 2012). Even more 

controversial is a recent study suggesting that even in anesthetized animals there is a subpopulation 

of VTA neurons that increases in firing rate following cocaine administration (Mejias-Aponte et 

al, 2015). Firing rate remains only one example of the mysterious neural effects of cocaine.  

 Midbrain dopamine neurons exhibit both tonic and phasic firing patterns. While both 

patterns contribute to the ambient level of extracellular dopamine in their respective terminals 

(Owesson-White et al., 2012), phasic dopamine firing has a unique relationship with reward and 

salient reward-related cues. When presented with a primary reward or conditioned cue, dopamine 

neurons will show a rapid and synchronous firing response (Shultz, 1998) leading to brief bursts 

of extracellular dopamine release as demonstrated by fast-scan cyclic voltammetry (FSCV; 

Sombers et al., 2009). FSCV is an in vivo technique that allows for real-time monitoring of phasic 

bursts of dopamine release resulting from its high temporal resolution. FSCV has proven 

instrumental in uncovering not only the physiological mechanisms of dopamine signaling, but their 

behavioral relevance as well. These brief bursts of concentrated dopamine release observed 

through FSCV are referred to as transients and occur not only during reward-related events but 

spontaneously as well (Robinson et al., 2002; Wightman et al., 2007; Owesson-White et al., 2012). 
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Cocaine increases the duration of dopamine transients as a result of inhibited reuptake. However 

it not only mediates the duration of transient events but increases the amplitude and frequency as 

well (Aragona et al, 2008). While the DAT mechanism can be used to explain prolonged duration 

of transients and even amplitude, it does not suffice in reconciling the increased frequency of these 

events – as frequency is directly tied to the excitability of the dopamine neuron itself. Interestingly, 

recent work has shown that one way cocaine may be increasing dopamine neuron excitability is 

via 1adrenoreceptors (Goertz et al., 2014). While we know cocaine increases dopamine signaling, 

we do not yet know all of the means by it does so, let alone the effects it has on other systems.  

  

F. Beyond Direct Action on the Dopamine Neuron  

Since the inception of the classic mechanistic views, addiction research has focused 

primarily on midbrain dopamine and corresponding forebrain regions – ignoring the implications 

of other neural substrates affected by drugs of abuse. Due to the manner in which drugs are 

consumed their effects are not limited to this system alone. In fact, unless centrally administered 

to a precise location, drugs should be assumed to have wide reaching and global effects across 

brain and body. The narrow focus on midbrain and forebrain mechanisms in regards to addictive 

drugs has left other areas of the brain unappreciated.  

Midbrain dopamine neurons receive inputs from a variety of regions across the brain. Some 

of the more commonly studied afferent projections arise from the amygdala, hippocampus, 

pallidum, and hypothalamus (Watabe-Uchida et al., 2012). A less appreciated source of projections 

to the mesolimbic system, and specifically in terms of addiction mechanisms, are inputs from the 

hindbrain. Recent work has shown that dopamine cell bodies found in the midbrain receive direct 

projections from structures located in the hindbrain. The pedunculpontine tegmental nucleus 
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(PPTg) and lateral dorsal tegmental nucleus (LDTg) are two structures found in the rostral 

hindbrain that have known direct excitatory cholinergic and glutamatergic projections to the VTA 

(Semba & Fibinger, 1992; West et al., 2003). Additionally, both of these structures show c-Fos 

activity following cocaine self-administration and experimenter delivered intra-venous cocaine 

(Zahm et al, 2009). Recent work has also demonstrated that lesions of the LDTg resulted in 

increased latency to initiate cocaine self-administration (Steidl et al, 2015). Thus hindbrain regions 

with known projections to the VTA are involved in cocaine-induced processes and are likely 

directly affected pharmacologically by cocaine. Caudal regions of the hindbrain are less 

understood in regards to their contribution to dopaminergic signaling and the effects of cocaine. 

Similar to the PPTg and LDTg, two regions of the caudal brainstem – the parabrachial nucleus 

(PBN) and the nucleus of the solitary tract (NTS) – show increases in c-Fos following peripherally 

administered cocaine (Grabus et al., 2004; Buffalari & Rinaman, 2014). The NTS is of particular 

interest, as it was recently discovered to have direction projections to the VTA via GLP-1 neurons 

(Alhadeff et al., 2012) and noradrenergic neurons (Mejias-Aponte et al., 2009). While evidence 

points to the caudal brainstem as a potential site for cocaine action, and furthermore as a site that 

may have modulatory actions on midbrain dopamine signaling, the consequences of cocaine in 

this particular region remains unclear.  

 The hindbrain is home to various neural substrates that are critical in maintaining vital 

functions for survival such as blood pressure, respiration, and energy homeostasis. While the 

hindbrain has not traditionally been an area of interest for addiction research, it poses the potential 

for mediating the effects of addictive drugs. The dense noradrenergic projections arising from the 

hindbrain are of specific interest, as they may be a means of modulating upstream dopaminergic 

activity. Addiction research has maintained a magnified interest on midbrain and forebrain 
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substrates, yet the hindbrain has gone largely unexplored. It is likely that substrates in this region 

may be involved in alternative mechanisms elicited by drugs of abuse, and in particular – cocaine.  

 

G. Current Study: Regional Effects of Cocaine on Phasic Dopamine Release  

 This study aimed to determine if the effects of cocaine on phasic dopamine release extend 

beyond direct action on the dopamine neuron. Psychostimulants increase dopamine concentration 

in the NAc through the blockade of the DAT. However, they also increase the frequency of 

dopamine release events, a finding that cannot be explained by reuptake blockade alone. Rather, 

this effect may be mediated by systemic cocaine-induced increases in neural activity in brain 

regions that project to dopamine cell bodies resulting in increases in dopamine cell excitability. 

The hindbrain remains an underappreciated but potential site of action for cocaine and the 

modulation of phasic dopamine signaling. To further explore regionally selective actions of 

cocaine on phasic dopamine signaling, we administered cocaine into the lateral or fourth ventricles 

and compared the dopamine response to that of systemically delivered cocaine. Using FSCV in 

urethane anesthetized animals we first examined the effects of systemic cocaine on stimulated 

dopamine release, where we expected to see both an increase in amplitude and duration (an 

indication uptake) of electrically-evoked dopamine transients as systemic administration would 

allow for cocaine to act via traditional mechanisms including the DAT. This served as our 

comparison to central administration, as systemic cocaine most closely emulates the global effects 

that occur during self-administration. We then compared the effects of intracerebroventricular 

(I.C.V.) cocaine administration to the lateral ventricle. The flow of cerebral spinal fluid originates 

in the lateral ventricle (Sakka et al., 2011), therefore we expected to see a potentiation of magnitude 

and duration of stimulated dopamine release events as cocaine would be able to reach dopamine 
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terminals directly as well regions that act to enhance dopaminergic systems. Lastly, we examined 

the effects of I.C.V. cocaine administered to the fourth ventricle, as fourth ventricular infusions 

are restricted to sites of action in the hindbrain (Fitts & Masson, 1989; Hayes et al., 2009). If 

cocaine has regional effects on structures with known projections to the VTA such as the NTS, we 

expected fourth ventricular cocaine to modulate phasic dopamine release. While we now know 

there are direct projections arising from the hindbrain and terminating on the VTA, it is less 

understood how these projections influence dopamine function. These studies provide strong 

evidence for hindbrain-originating modulatory processes of phasic dopamine signaling in the 

midbrain.  
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II. Methods 

 

A. Subjects 

 Forty-two experimentally naïve, male Sprague-Dawley rats (Charles River Laboratories, 

Chicago, IL) weighing approximately 300-400 g at testing were individually housed in plastic 

cages on a 12:12 light:dark cycle (lights on at 7 am). Experiments were conducted during the hours 

of their light cycle. Rats were maintained on ad libitum food and water daily. All rats were treated 

according to the guidelines recommended by the Animal Care Committee of the University of 

Illinois at Chicago. 

  

 B. Surgery 

 Rats were anesthetized with intraperitoneal (IP) urethane (1.5 mg/kg). Following 

anesthesia, the surgical area of the head was shaved and the animal was placed in a stereotaxic 

frame (KOPF Instruments; Tujenga, CA) where the surgical area was sterilized with Betadine 

scrub and alcohol pads. An incision running anterior to posterior was made and the surface of the 

skull was cleared and leveled between bregma and lambda. Animals were implanted with a guide 

cannula (Bioanalysical Systems, West Lafayette, IN) dorsal to the NAc (AP: +1.3 mm, ML: +1.0 

mm), a chlorinated silver (Ag/AgCl) reference electrode in the cortex contralateral to the guide 

cannula and rats receiving intracerebral ventricular (I.C.V.) drug were implanted with an infusion 

cannula into either the lateral ventricle (AP: -1.0 mm, ML: -3.0 mm, DL: 3.0 mm, angled at 10), 

or fourth ventricle (AP: -11.5 mm, ML: 0.0 mm, DL: -6.5 mm). Stainless steel screws were 

implanted to secure all implants with dental cement (Safco Dental Supply Company). A custom-

made micromanipulator (UIC Machine Shop, Chicago, IL) was then placed into the guide cannula 
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and a carbon-fiber electrode was lowered into the NAc core. Simultaneously, a bipolar stimulating 

electrode (Plastics One Inc., Roanoke, VA) was lowered dorsal to the VTA (AP: -5.2 mm, ML: 

+1 mm, DV: -7.0 mm). The stimulating electrode was lowered in increments of 2 mm until 

electrically evoked dopamine release was detected at the carbon-fiber electrode in the NAc. Once 

an optimal depth (DV: -7.0 to -8.5 mm) was located, the stimulating electrode was cemented in 

place. Rats remained in the stereotaxic frame and experiments were conducted immediately 

following surgery.  

 

C. Fast-Scan Cyclic Voltammetry  

 FSCV allows for real-time monitoring of extracellular dopamine, along with other 

electroactive species. FSCV is performed at carbon-fiber electrodes (see Fortin et al., 2015 for 

further reference on electrode assembly). The voltage of the electrode is held at -0.4V relative to 

an Ag/AgCl reference electrode. A triangular waveform of voltage is then applied, and rapidly 

(400 V/s) scanned from a negative (-0.4V) to a positive (+1.3V) potential and back again. This 

voltage scan is applied every 100ms. As dopamine oxidizes (~+0.6 V on the positive-going scan) 

and reduces (~-0.2 V negative-going scan) at known points within this voltage range, it can be 

identified and dissociated from other electroactive species (Figure 1A). Moreover, since the 

oxidative current elicited by dopamine release is directly proportional to its concentration, 

dopamine concentration can be quantified  (Heien et al., 2004).  

Carbon-fiber electrodes are connected to a blue wire that runs out of the back of the 

micromanipulator, allowing for connection to a removable “headstage”. This “headstage” provides 

connection for all voltammetry-related implantations in order to supply voltage scans at the 

recording electrode, and a stimulating current to the stimulating electrode. Once the carbon-fiber 
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electrode is lowered into the NAc it is allowed equilibrate by repeatedly applying the triangular 

waveform at a rate of 60 Hz for 20 minutes, followed by 10 minutes at a rate of 10 Hz. Scanning 

the electrode in this manner allows for reduction of current drift and background noise.  Once 

equilibrated, the background current picked up at the carbon-fiber electrode is stable between scans 

such that it can be subtracted out to reveal changes in current over time – such as that produced by 

dopamine release.  

Using a microfluidic flow cell recording electrodes are calibrated after each experiment in 

order to test the sensitivity of the electrode with a known concentration of dopamine (Figure 1B) 

(Sinkala et al., 2012). Calibration is done by applying a flow of artificial cerebral spinal fluid 

(aCSF) buffer over the electrode, followed by a 5 second switch of flow to 1 uM dopamine in the 

same buffer. The resultant increase in current due to the oxidation of dopamine is measured and 

used to generate a calibration factor that can be applied to the data acquired in vivo (Figure 1C).  

 

D. Drugs 

 Cocaine. Cocaine hydrochloride was dissolved into its vehicle (saline, 0.9%) to a 

concentration of 50.0 g/1.0 l saline for I.C.V. manipulations. This dose was chosen based on its 

ability to induce a conditioned place preference when given to the lateral ventricle (Morency & 

Beninger, 1986). Rats received microinjections of 1 l of this concentration to either the lateral or 

fourth ventricle. Rats that received systemic (I.P.) cocaine received a concentration of 2.5 mg/kg 

body weight dissolved into saline (0.9%). This dose was selected to match the magnitude of effect 

elicited by ICV cocaine on the peak of evoked dopamine release based on early pilot data of the 

ventricular effects on dopamine release.  
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Figure 1. Visualization, confirmation, and quantification of dopamine release using FSCV. (A). 

Left: Background-subtracted color plot of electrically-evoked dopamine release at 5s, where 

changes of current are represented by color and the range of applied potentials (y-axis) are plotted 

as a function of time (x-axis). Right: Cyclic voltammogram (CV) representing characteristic 

changes in background-subtracted current (y-axis) produced by the oxidation of dopamine as a 

function of applied potential (x-axis) following electrical stimulation. (B). Left: Background-

subtracted color plot of a known concentration of dopamine applied to a carbon-fiber electrode 

beginning at 5s within a microfluidic flow cell during calibration. Right: Cyclic voltammogram of 
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oxidative current produced by a known concentration of dopamine during calibration. Conventions 

are identical to those of Figure 1A for both Left and Right. (C). Left: Trace of current (y-axis) 

elicited by electrically-evoked dopamine release as a function of time (x-axis) where “STIM” 

represents the beginning of electrical stimulation. Right: Trace of calculated concentration (y-axis) 

of dopamine release across time (x-axis). As oxidative current and concentration are directly 

proportional, quantification of concentration is determined by using a calibration factor calculated 

from a known concentration of dopamine during calibration flow cell recordings.  
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E. Experimental Paradigm  

Experiments were performed the same day as the surgery described above. As FSCV 

parameters needed for monitoring evoked dopamine release were set during surgery, experiments 

began immediately after implantations were secured. Rats remained in the stereotaxic frame 

following surgery and the carbon-fiber electrode that was lowered into the NAc during surgery 

was used for the remainder of the experiment. During the experiment a train of current pulses  (24 

pulses, 60 Hz, 120 µA, 4ms/pulse) was delivered to the VTA every 3 minutes. Dopamine 

concentration was measured during the 5 seconds prior to and the 15 seconds after the onset of 

VTA stimulation. Each stimulation evoked a sharp rise in dopamine concentration followed by an 

exponential decay (Figure 1C). Peak dopamine concentration ([DA] max) as well as the latency 

for dopamine concentration to decay from peak concentration by 50% were determined for each 

stimulation – the latter being a measure of the rate of reuptake by the DAT (España et al., 2008). 

Once a stable baseline of peak release was achieved – as determined by 3 consecutive recordings 

within 10% of each other – animals received drug or vehicle either systemically (I.P.) or centrally 

to either the lateral or fourth ventricle (I.C.V.). Stimulations continued for 1 hour following drug 

or vehicle administration.  

   

F. Histology  

 After experiments were completed a stainless steel electrode was lowered through the 

guide cannula to the depth of the recording site. Current (1.0 mA, 0.4 s) was applied to create a 

lesion in order to localize the recording site. Additionally, 1 l of india ink (Fischer Scientific) was 

infused into the infusion cannula to verify placement of either the lateral or fourth ventricle for 

rats that underwent I.C.V. manipulations. In order to preserve the efficacy of the ink in the 
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ventricles, rats underwent live-decapitation. No further anesthesia was required due to the deep 

plane of anesthesia achieved with urethane. Rats that did not have infusion cannulas implanted 

also underwent live-decapitation. Brains were immediately extracted and stored in 4% formalin 

for at least 24 hours before being mounted and sliced in a 20C cryostat (LEICA CM1850). Brain 

slices were mounted on Poly-L-Lysine subbed slides (American Master*Tech Scientific, Inc.) and 

placements were verified and photographed using bright field microscopy (Olympus BX43 

Fluorescence Research Microscope). All recordings were determined to be located in the core of 

the NAc, as summarized by Figure 2.  

 

G. Data Analysis  

 Data ([DA] max; 50% decay rate) from each rate was expressed as a percentage of the 

average baseline. Separate statistical comparisons for each of these measures were conducted for 

each injection/infusion site (systemic, lateral ventricle, fourth ventricle). For each measure within 

a given injection/infusion site, a 2-way mixed analysis of variance (ANOVA) – where drug 

treatment (cocaine vs. saline) was a between-subjects variable and time (23 samples) was a within-

subjects variable – was calculated. Significant interaction terms were further explored using 

Bonferroni-corrected t-tests at each time point.  
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Figure 2. Histological verification of recording and infusion sites. A. Electrolytic lesions of FSCV 

recording sites in the NAc of each subject are represented as black dots and are summarized by 

treatment (saline, cocaine) and location of treatment (I.P., lateral ventricle, fourth ventricle). Each 

experimental group contains an n = 7. B. Representative example of lateral ventricular cannula 

placement and visualization of India ink infused into the lateral ventricle. C. Representative 

example of fourth ventricular cannula placement and visualization of India ink to infused into the 

fourth ventricle.  
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III. Results 

 

A. Systemic cocaine potentiates the magnitude and duration of electrically-evoked dopamine 

release events in the NAc.  

We aimed to investigate regional effects of cocaine on electrically-evoked dopamine 

release in anesthetized rats. Electrical stimulation evokes a sharp rise in dopamine due to release 

but the magnitude is also limited due to reuptake throughout the stimulation. In addition, dopamine 

‘spikes’ decrease in an exponential manner due to reuptake. Thus, it was hypothesized that if 

systemic cocaine (2.5 mg/kg I.P.) increased dopamine concentration solely via reuptake blockade 

then it would increase the magnitude of dopamine release as well as the duration following 

electrical stimulation of the dopamine cell bodies in the VTA relative to saline. Data were 

normalized to average baseline measurements and expressed as percent change for all subjects as 

to account for differences across subjects due to a variety of factors that could include carbon-

electrode sensitivity, number of release sites in the NAc captured, and stimulation site of the VTA. 

Systemic cocaine reliably increased the magnitude of electrically-evoked dopamine release events 

in the NAc. The effects of drug treatment on magnitude are represented by Figure 3A where the 

average [DA]max at each of the 23 time points is expressed as percent change from baseline. 

Analysis revealed that the magnitude of electrically-evoked dopamine release varied as a function 

of time, [F(1, 23) = 3.60, p < 0.001], as well as a function of drug treatment, [F(1, 23) = 19.45, p 

< 0.001]. More importantly, a significant interaction was found such that cocaine-treated rats 

showed an increase in magnitude of dopamine at specific time points related to saline-treated rats, 

[F(1, 23) = 9.26, p < 0.001]. Post-hoc Bonferroni t-tests revealed differences between cocaine and 
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saline treatment beginning at 12 minutes post-drug administration (p < 0.05), and continued to be 

significant until the end of the session at 60 minutes (p < 0.001).  

Systemic cocaine also reliably increased the duration of electrically-evoked dopamine 

release events across time. Duration was calculated as the average latency for the signal to decay 

to half maximum (50% decay) and is expressed as a percent change from baseline in Figure 3B. 

The duration of dopamine release events varied both as a function of time, [F(1, 23) = 7.11, p < 

0.001], as well as by drug treatment, [F(1, 23) = 32.02, p < 0.001]. As with magnitude, a significant 

interaction was found such that cocaine-treated rats showed an increase in duration of release 

events at specific time points relative to saline-treated rats, [F(1, 23) = 6.98, p < 0.001]. Post-hoc 

analysis revealed that differences between cocaine- and saline-injected rats emerged at 12 minutes 

(p < 0.05) and remained significant through the remainder of the session (p < 0.05). In Figure 3C, 

since significant differences emerged at 12 minutes (denoted by rectangle in Figure 2A and Figure 

2B) following injection, the average dopamine spike evoked during the final baseline stimulation 

is plotted with the average dopamine spike evoked 12 minutes after injection for saline and cocaine 

injected rats. A summary of both magnitude and duration effects at the 12 minute time point for 

both systemic cocaine and control groups is depicted in Figure 3D.  
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Figure 3. Systemic cocaine potentiates both magnitude and duration of electrically-evoked 

dopamine release events in the NAc. (A). Average [DA]max at each of the 23 time points and 

expressed as percent change from baseline. Symbols are the means and error bars represent 1 

standard error of the mean (SEM) for saline (black filled circle and line) and cocaine (red filled 

squares and line) injected rats. Significance is represented as * = p < 0.05. (B). Average latency 

for the signal to decay to half maximum (50% decay) expressed as a percentage of baseline. 

Conventions are identical to those of Figure 3A. (C). Average dopamine spike evoked during the 

final baseline stimulation (black trace) is plotted with the average dopamine spike evoked 12 

minutes after injection (red trace) for saline (top) and cocaine (bottom) injected rats. SEM is 

represented as a lighter shade surrounding corresponding bolded lines. (D). Summary of average 
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[DA] max and 50% decay at 12 minutes post-injection expressed as percent change. Bars represent 

means and error bars represent 1 SEM for saline (dark gray) and cocaine (red) treatment. 

Significance is represented as * = p < 0.05.  
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B. Lateral ventricular cocaine potentiates the magnitude but not duration of electrically-evoked 

dopamine release events in the NAc. 

 Lateral ventricular cocaine was examined for its regional effects on electrically-evoked 

dopamine release in the NAc. It was expected that, like systemic cocaine, it too would increase 

both the magnitude and duration of dopamine release via dopamine transporter blockade. Indeed, 

lateral ventricular cocaine reliably increased the magnitude of electrically-evoked dopamine 

release. The average [DA]max at each time point is represented as percent change from baseline 

for both saline- and cocaine-treated rats in Figure 4A. Analysis revealed a main effect of both 

time, [F(1, 23) = 5.80, p < 0.001], and drug treatment [F(1, 23) = 12.50, p < 0.01]. Additionally, a 

significant interaction was found where animals receiving lateral ventricular cocaine showed an 

increase of magnitude across time compared to saline-treated animals, [F(1, 23) = 4.86, p < 0.001]. 

Post-hoc analysis revealed this interaction was significant between the 6 minute (p < 0.05) and 30 

minute (p < 0.05) time points. Therefore lateral ventricular cocaine increases the magnitude of 

electrically-evoked dopamine release in NAc in a rapid, yet brief manner as compared to systemic 

cocaine.  

 Unlike the effects on magnitude, lateral ventricular cocaine failed to significantly effect the 

duration of electrically-evoked dopamine release events. The average latency to reach 50% decay 

is expressed as percent change from baseline for each time point in Figure 4B. While statistical 

analyses revealed a main effect of time, [F(1, 23) = 4.15, p < 0.001], there was no significant effect 

of drug treatment, [F(1, 23) = 1.34, p = n.s.], nor was there an interaction of cocaine exposure 

across time, [F(1, 23) = 1.33, p = n.s.]. Therefore lateral ventricular cocaine did not significantly 

effect the duration of electrically-evoked dopamine release in the NAc. As systemic cocaine 

became significant only after 12 minutes post drug administration, this time point was used for all 
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experimental groups to compare differences in both magnitude and duration of electrically-evoked 

dopamine release events. Average dopamine spikes comparing stimulation during the final 

baseline and 12 minutes post-treatment from both cocaine- and saline-treated rats are illustrated in 

Figure 4C. A summary for both [DA]max, and 50% decay is represented in Figure 4D as the 

average percent change from baseline at 12 minutes post-treatment for both saline- and cocaine-

injected rats.  
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Figure 4. Lateral ventricular cocaine potentiates the magnitude but not duration of electrically-

evoked dopamine release events in the NAc. (A). Average [DA]max at each of the 23 time points 

and expressed as percent change from baseline. Symbols are the means and error bars represent 

1 standard error of the mean (SEM) for saline (black filled circle and line) and cocaine (red filled 

squares and line) injected rats. Significance is represented as * = p < 0.05. (B). Average latency 

for the signal to decay to half maximum (50% decay) expressed as a percentage of baseline. 

Conventions are identical to those of Figure 4A. (C). Average dopamine spike evoked during the 

final baseline stimulation (black trace) is plotted with the average dopamine spike evoked 12 

minutes after injection (red trace) for saline (top) and cocaine (bottom) injected rats. SEM is 
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represented as a lighter shade surrounding corresponding bolded lines. (D). Summary of average 

[DA] max and 50% decay at 12 minutes post-injection expressed as percent change. Bars represent 

means and error bars represent 1 SEM for saline (dark gray) and cocaine (red) treatment. 

Significance is represented as * = p < 0.05. 
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C. Fourth ventricular cocaine potentiates the magnitude but not duration of electrically-evoked 

dopamine release events in the NAc 

 Cocaine administered to the fourth ventricle was used to explore hindbrain activation and 

it’s regional effects on electrically-evoked dopamine release. If cocaine has regional effects to 

increase excitatory drive to dopamine cell bodies and has action beyond reuptake blockade, then 

the effects of cocaine delivered to a region remote to dopamine terminals could reveal such 

increased drive. Fourth ventricular cocaine reliably increased the magnitude of electrically-evoked 

dopamine release events in the NAc. The effect of cocaine – as compared to saline – on magnitude 

can be seen in Figure 5A, where [DA]max is represented as a percent change from baseline across 

each time point recorded. Statistical analyses revealed a main effect of time, [F(1, 23) = 6.39, p < 

0.001], as well as a main effect of drug treatment, [F(1, 23) = 6.15, p < 0.05]. These effects were 

modulated by a significant interaction, [F(1, 23) = 5.11, p < 0.001], such that fourth ventricular 

cocaine increased the magnitude of dopamine release events over time compared to saline-treated 

animals. Post-hoc Bonferroni t-tests proved this interaction to be significant from 6 minutes 

following drug administration (p < 0.05) to 21 minutes (p < 0.05). Therefore, similar to lateral 

ventricular cocaine, cocaine administered to the fourth has a rapid, yet brief effect on the 

magnitude of electrically-evoked dopamine in the NAc compared to systemic cocaine.  

 Fourth ventricular cocaine failed to show a significant effect on the duration of electrically-

evoked dopamine release. Latency to reach 50% decay is represented as a percent change from 

baseline across time in Figure 5B. Analyses revealed a main effect of time, [F(1, 23) = 2.52, p < 

0.001] but no significant main effect of drug treatment, [F(1, 23) = 1.65, p = n.s.] or interaction of 

drug treatment over time on duration, [F(1, 23) = 0.907, p = n.s.]. Thus, while fourth ventricular 

cocaine significantly modulates the magnitude of electrically-evoked dopamine release in the 
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NAc, it has no significant effect on the duration of such events. Average dopamine spikes for both 

cocaine- and saline-treated animals at the final baseline recording and 12 minutes post drug 

administration are illustrated in Figure 5C. Additionally, a summary of both fourth ventricular 

saline and cocaine effects on [DA]max and 50% decay at the 12-minute time point are represented 

in Figure 5D.  
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Figure 5. Fourth ventricular cocaine potentiates the magnitude but not duration of electrically-

evoked dopamine release events in the NAc. (A). Average [DA]max at each of the 23 time points 

and expressed as percent change from baseline. Symbols are the means and error bars represent 

1 standard error of the mean (SEM) for saline (black filled circle and line) and cocaine (red filled 

squares and line) injected rats. Significance is represented as * = p < 0.05. (B). Average latency 

for the signal to decay to half maximum (50% decay) expressed as a percentage of baseline. 

Conventions are identical to those of Figure 5A. (C). Average dopamine spike evoked during the 

final baseline stimulation (black trace) is plotted with the average dopamine spike evoked 12 

minutes after injection (red trace) for saline (top) and cocaine (bottom) injected rats. SEM is 
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represented as a lighter shade surrounding corresponding bolded lines. (D). Summary of average 

[DA] max and 50% decay at 12 minutes post-injection expressed as percent change. Bars represent 

means and error bars represent 1 SEM for saline (dark gray) and cocaine (red) treatment. 

Significance is represented as * = p < 0.05. 
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IV. Discussion  

 

 Mesolimbic dopamine signaling is essential to the initial reinforcing properties of drugs of 

abuse and the formation of drug addiction. The primary mechanisms by which different classes of 

addictive drugs potentiate dopaminergic signaling have largely been elucidated, however there 

remain additional effects on dopamine action that cannot be explained by their traditional actions 

alone. This study aimed to probe cocaine action in different parts of the neuraxis for effects on 

NAc dopamine signaling to uncover possible alternative targets of cocaine action that may be 

involved in the formation of drug addiction. Indeed we found that cocaine administered to the 

fourth ventricle – which restricted cocaine action to the hindbrain – potentiated the magnitude 

([DA] max) of electrically evoked dopamine release in the NAc. This effect occurred in the 

absence of an effect on the duration (50% decay) of evoked release and hence cannot be explained 

by dopamine reuptake blockade – the traditional explanation for cocaine action on dopamine 

signaling. The rapid and uniform time course of this effect was almost identical to that of lateral 

ventricular cocaine, where it too augmented magnitude but had no effect on duration of evoked 

dopamine release events in the NAc. Both centrally administered effects of cocaine were compared 

to a systemic delivery (2.5 mg/kg) where, not surprisingly, we observed an effect on cocaine on 

both magnitude and duration of evoked dopamine release events. Systemic cocaine delivery 

followed a slightly longer onset yet prolonged time course overall. These data provide evidence 

for additional mechanisms of cocaine action that include action in the hindbrain and suggest that 

this underappreciated region may be involved in processes underlying addiction via modulation of 

upstream dopaminergic signaling.  
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 Previous work has shown that cocaine increases both the magnitude and duration of 

electrically-evoked dopamine release in the NAc in both slice preparations (Jones et al., 1995; 

Jones et al., 1995) and in vivo when given systemically (Suaud-Chagny et al., 1995; Jones et al., 

1995; Heien et al., 2005). Therefore our results from systemic cocaine exposure were to be 

expected, however served as a critical baseline comparison for centrally administered groups as 

well as confirmation of the effect under our FSCV protocol. The effect of increased duration is of 

particular interest in the systemic group, as it was not shown in the central groups. As previously 

mentioned, cocaine is traditionally thought to increase extracellular dopamine by acting on the 

DAT and blocking the reuptake of dopamine into the cell (Torres et al., 2003; Cragg & Rice 2004). 

As a result of inhibiting the DAT, the latency for dopamine to be cleared from the extracellular 

space is increased, therefore when cocaine is delivered systemically it should have access to 

dopamine terminals to inhibit the DAT and increase the duration of electrically-evoked dopamine 

release events in the NAc. In awake animals, dopamine release events occur spontaneously 

(Robinson et al., 2002; Wightman et al., 2007; Owesson-White et al., 2012). While the current 

study did not examine these ‘naturally occurring’ release events, cocaine has been shown to 

increase their frequency – a phenomenon that cannot be explained by DAT blockade alone. As 

frequency relates to cell excitability (Sombers et al., 2009; Owesson-White et al., 2012), it has 

been suggested that cocaine activates excitatory inputs to the VTA thereby enhancing the ability 

of dopaminergic cells to release neurotransmitter more readily and frequently (Covey et al., 2014). 

The results of both lateral and fourth ventricular cocaine speak to this hypothesis. 

 The idea that cocaine activates central mechanisms is hardly debated, however it is 

important to note that cocaine must pass the blood brain barrier in order to elicit an unconditioned 

response of increased dopaminergic signaling (Porter-Stransky et al., 2011). In other words, the 
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effects of cocaine on dopamine release cannot be attributed to an indirect activation initiated by 

the peripheral action of cocaine. Furthermore, centrally administered cocaine is sufficient in 

eliciting similar behavioral effects seen with systemic doses. For example, cocaine administered 

to the lateral ventricle has been shown to generalize to discriminative properties of a stimulus that 

was previously trained by systemic administration (Wood et al., 1987). Additionally, the dose of 

I.C.V. cocaine used in the current study was also shown to induce a conditioned place preference 

in rats (Morency & Beninger, 1986). This work along with the global spread of I.C.V. infusions to 

the lateral ventricle make it no surprise that lateral ventricular cocaine potentiates the magnitude 

of electrically-evoked dopamine release. However, the lack of uptake blockade was surprising as 

it was assumed cocaine would reach dopamine terminals in the NAc. It is plausible that the I.C.V. 

infusion of cocaine diffused rapidly within the ventricular system before reaching dopaminergic 

terminals to access the DAT thereby explaining the lack of effect on duration. Nevertheless, the 

lack of effect on uptake provides additional support for the idea that cocaine activates excitatory 

input to dopaminergic cells thus allowing for an increase in magnitude of electrically-evoked 

dopamine release following lateral ventricular administration of cocaine.  

 The idea of cocaine indirectly activating the dopaminergic system via excitatory inputs was 

probed even further by examining the role of the hindbrain. Cocaine has the ability to activate 

substrates lying within the hindbrain as it has been shown to induce cFOS expression in the PPTg 

and LDTg (Zahm et al., 2009), as well as the PBN (Grabus et al., 2004). Furthermore, various 

regions within the hindbrain provide dense excitatory noradrenergic input to dopaminergic cells 

(Mejias-Aponte et al., 2009) – a plausible target for cocaine action and upstream excitatory drive. 

The significant effect fourth ventricular cocaine had on magnitude but not duration of electrically-

evoked dopamine release in the NAc further supports the idea that cocaine can activate VTA-
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projecting substrates, leading to increased excitability of dopaminergic cells via said projections, 

thus allowing for neurotransmitter to be more readily released – in contrast to the idea that cocaine 

increases extracellular dopamine only via DAT blockade. However, these results do not speak to 

the exact mechanism driving increased excitability of VTA dopaminergic cells.  

 Cocaine not only activates dopaminergic systems, but noradrenergic and serotonergeric 

systems as well. As previously mentioned, the hindbrain maintains a large noradrenergic presence 

and provides dense excitatory input to midbrain dopamine neurons. This system serves as a 

potential explanation for the fourth ventricular effects of cocaine on midbrain dopamine release – 

whereby cocaine activates noradrenergic substrates within the hindbrain that then directly excite 

upstream dopaminergic cells thus increasing the magnitude of dopamine release when the VTA is 

electrically stimulated. While there are several classes of adrenergic receptors (1, 2, and ) 1 

adrenoreceptors are believed to be most closely involved with psychostimulant action 

(Weinshenker & Schroeder, 2007). Activation of 1-receptors is believed to be responsible for 

psychostimulant-induced increases in VTA firing patterns (Zhou et al., 2006). Recent work 

supports this further by demonstrating that cocaine activates 1-receptors in the ventral midbrain 

resulting in increased dopaminergic activity (Goertz et al., 2014). While the ventricular system 

provided a gross approach to exploring regional differences of cocaine action, it fails to provide 

specificity of the mechanisms at work. To explore the noradrenergic hypothesis further a systemic 

pretreatment of Prazosin – an 1-adrenoceptor antagonist – was used in an attempt to block the 

fourth ventricular effects of cocaine on electrically-evoked dopamine release in the NAc. 

However, rather than blunting the potentiating effects of hindbrain-administered cocaine on 

dopamine release, Prazosin augmented the effect on magnitude even further. It was later revealed 

that Prazosin alone had a potentiating effect on electrically-evoked dopamine release in 
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anesthetized animals. As Prazosin was given systemically it likely was activating an array of 

processes that potentially have counteracting effects. While 1-receptor activation has been shown 

to potentiate dopaminergic activity, there has also been work arguing for an inhibitory role of 1-

activation on dopamine signaling (Paladini & Williams, 2004). It is clear that more work must be 

done to elucidate the means by which norepinephrine influences dopaminergic signaling, and 

though general 1 antagonism proved unsuccessful in explaining fourth ventricular cocaine effects 

on midbrain dopamine release, the noradrenergic hypothesis should not be ruled out, as the 

mechanisms at work could be localized and specific to certain regions and conditions. 

In addition to noradrenergic mechanisms there remains another likely candidate for 

modulating hindbrain-induced increases in phasic dopamine release. The NTS not only shows 

increased cFOS following systemic cocaine (Grabus et al., 2004) but it also has direct GLP-1 

projections to the VTA (Alhadeff et al., 2012). Recently it has been proposed that GLP-1 receptors 

play a role in mediating the rewarding effects of cocaine, such that animals given the GLP-1 

agonist exendin-4 showed significant decreases in self-administration behavior for cocaine reward 

(Sørenson et al., 2015). Fourth ventricular cocaine may be acting on the NTS and initiating slightly 

more complex mechanisms to influence VTA excitability, as compared to the proposed 

noradrenergic hypothesis. Regardless of exact mechanism, it is clear that substrates within the 

hindbrain are not only activated by cocaine, but also capable of modulating upstream dopaminergic 

signaling.   

 The validity of ventricular flow remains a final, yet unlikely explanation for the fourth 

ventricular effects of cocaine on electrically-evoked dopamine release in the NAc. Skeptics may 

believe that cocaine administered to the fourth ventricle could be traveling up the ventricular 

system or seeping through the intracisternal space and acting via more traditional mechanisms. 
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This is unlikely for several reasons. First, cerebral spinal fluid is classically seen to flow caudally 

from the lateral ventricles to the third then fourth ventricle. Hayes et al. (2009) confirmed this 

when looking at the effects of hindbrain-delivered leptin on pAMPK levels where they found 

fourth ventricular infusions of leptin decreased pAMPK levels in the NTS (caudal hindbrain) but 

not in the hypothalamus. As the hypothalamus has an abundance of leptin receptors the lack of 

effect of fourth ventricular leptin suggests that it was restricted to the caudal hindbrain and did not 

flow up to more rostral areas surrounding the third ventricle. Additionally, a seminal study on thirst 

regulation showed lateral ventricular infusions of angiotensin promoted robust drinking behavior, 

however, similar infusions to the fourth ventricle failed to do so (Fitts & Masson, 1989) – again 

demonstrating a lack of upstream flow of CSF within the ventricular system. Beyond the published 

work that refutes the idea of back flow, the use of india ink verification in our histology proves 

that ink – and presumably I.C.V. cocaine – was restricted to the hindbrain as it was not visible 

more rostrally in the third or lateral ventricles. Lastly, the similarity in time course of both lateral 

and fourth ventricular cocaine on evoked dopamine release illustrates the quick action cocaine has 

on hindbrain processes. If it were the case that cocaine was influencing dopamine signaling via 

alternative routes other than the hindbrain, it could be assumed the effect would have a delayed 

onset.  

 This study serves as a critical first step in uncovering less appreciated effects of cocaine, 

and addictive drugs in general. This is the first evidence that the caudal hindbrain has a functional 

role in modulating upstream dopamine signaling when exposed to cocaine. While we cannot 

explicitly point to the mechanism at large, these results elucidate the full extent of cocaine action 

and provide insight on regions that have otherwise been overlooked. Having a deep understanding 
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of the exhaustive effects of cocaine will ultimately support the development of therapeutic aids in 

blocking the rewarding and reinforcing effects of cocaine that maintain drug addiction.   
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V. Animal Care Approval 

All procedures proposed for this experimentation have been approved by the University of Illinois 

Animal Care Committee under protocol 15-004. 
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