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 The dopamine system is widely thought to play a role in many crucial behaviors, 

including reward association, motivation, and addiction.  Additionally, dopamine is also 

linked to multiple diseases, such as depression, post-traumatic stress disorder, 

schizophrenia, and autism. What is striking about these diseases is they present with sex 

differences in multiple aspects including susceptibility, progression, and response to 

treatment. However, we know very little about sex differences in the dopamine system, 

especially at a baseline state. In the current study, I provided a comprehensive analysis of 

the dopamine system in males and females, including circuitry, physiology, gene 

expression, and behavior.  

 Employing retrograde viral tools, we characterized the inputs to the entire ventral 

tegmental area (VTA), to VTA dopamine neurons specifically, and compared the number of 

GABAergic, glutamatergic, and serotonergic inputs to the VTA; we also mapped VTA 

dopaminergic outputs through use of excitatory DREADDs. However, a comparison of the 

number of inputs in each brain area between males and females revealed no differences. An 

interesting discovery was the high amount of GABAergic inputs to the VTA, relative to 
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glutamatergic and serotonergic. Further interrogation of this observation uncovered the 

presence of a strong inhibitory input onto VTA dopamine neurons, which was confirmed 

through slice electrophysiology and selective expression of neurotransmitter receptor mRNA 

transcripts.  

Isolation of ribosome-associated mRNA transcripts in dopamine neurons and 

subsequent microarray analysis yielded only two mRNAs with significant sex-dependent 

expression. Interestingly, these mRNAs encode for genes that are sex chromosome linked. 

Finally, a comparison of male and female mice in a serious of appetitive dopamine-

dependent tasks revealed no consequential differences resulting from sex or hormone state. 

However, examination of locomotor response to cocaine sensitization indicated a strong 

effect of hormones in both males and females. Altogether, these data suggest that VTA 

dopamine circuitry, gene expression, and behavior are largely the same between male and 

female mice at a baseline state. This implies the need to look at upstream structures that 

may impart sex-specific qualities which may explain the sex differences we see in 

dopamine-related diseases. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

Dopamine is one of the primary catecholamine neurotransmitters in the central 

nervous system. Although it has been studied in detail for decades due to its role in many 

critical behaviors, several gaps in our knowledge remain. In particular, where different 

neurotransmitters systems that influence dopamine neurons arise, the degree of selectivity 

in gene expression in these neurons, and the extent of sex differences. 

The purpose of this dissertation is to describe in detail a thorough exploration of the 

dopamine system in the brain, gene expression profiles, and sex differences using a mouse 

model system. To accomplish this, I have performed descriptive experiments illustrating the 

pattern of inputs to the dopamine neurons from cells expressing the primary 

neurotransmitters known to project to the VTA. Additionally, I have mapped the areas 

throughout the brain to which VTA dopamine neurons send signals. To complement this, I 

have characterized the expression of mRNA transcripts in dopamine neurons. These data 

together provide a picture of the input and output patterns of the VTA dopamine neurons, 

as well as how these patterns may be reflected in gene expression. These findings are 

completed with functional experiments, including slice electrophysiology and behavior in 

male and female mice. 

The presence of sex differences in the dopamine system at a baseline state, as well 

as how these may affect dopamine-dependent behaviors, provides vital insight into the 

prevalence of sex differences in multiple aspects of dopamine-related diseases. 
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Dopamine Neurons 

Dopamine is synthesized in the brain from the amino acid tyrosine. Tyrosine is 

converted to dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine hydroxylase (TH), 

which is the rate-limiting step in the synthesis of dopamine and often serves as a marker of 

neurons that produce dopamine. From here, the enzyme dopa decarboxylase can convert L-

DOPA to dopamine1,2. Following its synthesis, dopamine is transported to vesicles primarily 

in the terminals, where it can be released following an action potential. After release from 

neuron terminals, dopamine can either bind to one of its receptors, or get taken back up 

into the dopamine terminals through transporters, or be degraded by monoamine oxidase 

and catechol-O-methyltransferase (COMT), which ultimately break down dopamine into 3,4-

dihydroxyphenylacetic acid (DOPAC) and homovanillic acid. 

Dopamine is located primarily in the ventral tegmental area (VTA) and zona 

compacta of the substantia nigra (SNc) neurons of the midbrain. The dopaminergic neurons 

located in the VTA are known as the mesolimbic and mesocortical dopamine systems due to 

their projection patterns to the nucleus accumbens and prefrontal cortex , respectively, 

while the neurons of the SNc are referred to as the nigrostriatal system3.  

Extracellular recordings in vivo of dopamine neurons has shown that these cells 

typically fire at a rate between 4 and 5 Hz4. Their activity can be classified into two 

patterns: tonic and phasic1,4–9. Tonic firing is typically characterized as slow, baseline 

activity exhibiting single spike action potentials and results in an extracellular concentration 

of 5-10 nM10. This firing pattern is regulated primarily by a slow depolarization followed by a 

hyperpolarization that is mediated by SK3 channels4,11. Release of dopamine resulting from 

tonic firing is responsible for maintaining a low baseline level of dopamine12. Phasic or burst 

firing is classified by 3-10 spikes with an interval of no more than 160 ms5. The product of 

this firing pattern is an increase of dopamine release into the synapse reaching 

concentrations of 150-400 nM, which plays an important role in many behaviors8,10. 
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Importantly, dysregulation of tonic and phasic dopamine firing has been implicated in 

psychiatric diseases, including schizophrenia and depression11,12. 

 

Dopamine Receptors 

Dopamine receptors are classified into two categories: D1-type and D2-type. This 

classification was established based on differences in pharmacology, physiology, and 

signaling. There are five different dopamine receptors, which fall within one of the two 

categories. The D1 and D5 receptors are D1-type, while the D2, D3, and D4 receptors are 

D2-type. The D1-type receptors are seven transmembrane G-coupled protein receptors 

(GPCRs) that activate Gαs proteins, which stimulate adenylyl cyclase and lead to an increase 

in cAMP production. D2-type receptors are also GPCRs, but instead couple to Gαi proteins, 

resulting in an inhibition of adenylyl cyclase and an overall decrease in cAMP. After 

prolonged activation, the receptors can also form a complex with β-arrestin, PP2A, and Akt. 

This change in proximity results in an inactivation of Akt by the nearby PP2A, as well as 

internalization of the receptor13,14.  

In addition to the interaction with adenylyl cyclase and its consequent signaling 

cascade, dopamine receptors can also increase intracellular calcium levels through 

stimulation of phospholipase C, which then increases phosphatidylinositol hydrolysis15. 

Another noncanonical D2 receptor signaling cascade includes the Gβγ subunits that have 

separated from Gα following agonist binding. These subunits can inhibit L/N-type calcium 

channels, as well as activate G protein-coupled inwardly-rectifying potassium channels, 

resulting in hyperpolarization of the neuron15. To make matters even more complex, 

dopamine receptors can also interact with glutamatergic and GABAergic receptors13.  

The localization of the D1- and D2-type receptors is similar in terms of brain 

structure expression but unique in sub-cellular positioning. Dopamine receptors are highly 

expressed in the olfactory bulb, substantia nigra, amygdala, and other subdivisions of the 

basal ganglia16,17. More specifically, D1 receptors are distributed primarily in the substantia 
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nigra, prefrontal cortex, amygdala, striatum, and nucleus accumbens. D2 receptors are 

primarily distributed in the striatum, olfactory bulb, and nucleus accumbens core13,16. They 

are also located in the ventral tegmental area dopamine neurons, where they act as 

inhibitory autoreceptors. On the other hand, D1 receptors are found mostly in the 

postsynaptic dendrites of dopamine target areas. This distinction is important, as the D2 

autoreceptors located on dopamine neurons, in response to high levels of dopamine in the 

synapse, will decrease activity of dopamine neurons by hyperpolarizing the cell, resulting in 

inhibition of action potentials and a lower level of neurotransmitter release18.  

This leads us to the differential activation of the two dopamine receptor types, which 

is instrumental in their classification. Early studies looking at the affinity of D1 and D2 

receptors used quantitative autoradiography to look at the affinity of each receptor for 

dopamine. D1 receptors were found to have low affinity for dopamine, while D2 receptors 

had high affinity17,19. Based on these findings, the universally held belief is that D2 receptors 

mediate signaling for tonic dopamine release, while D1 receptors mediate phasic dopamine 

release5. 

 

Dopamine Neuron Gene Expression 

Studies that identify gene expression in dopamine neurons primarily examine 

differences between VTA and SNc populations20–23.  Canonical dopaminergic markers that 

contribute to the function of dopamine in the cell include TH, D2 receptors, the dopamine 

active transporter Slc6a3 (DAT), DOPA decarboxylase (DDC), and the vesicular monoamine 

transporter Slc18a2 (VMAT2)24.  Other genes that have been identified in dopamine neurons 

including those that encode calbindin, cholecystokinin, cadherin, neuropilin, voltage-gated 

potassium channels (Kcna5, Kcnab1), sodium channels (Scn3a, Scn6a), ion channel 

receptors (Gabra4, Grin2c, Gria1), gastrin releasing peptide, roundabout guidance receptor 

2, aldehyde dehydrogenase (Aldh1a1), forkhead box protein A1 (Foxa1), nuclear receptor 

(Nr4a2), and many others21–24.  
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Beyond this, the dopaminergic neurons of the VTA can be further subdivided into 

populations based on differential gene expression. Genes that facilitate this categorization 

include Aldh1a1, Snca (synuclein), Slc32a1 (Vgat), Lpl (lipoprotein lipase), and Calb1 

(calbindin)24. These subdivisions of dopaminergic neurons may prove to be important, as it 

has become clear that within populations of neurons once thought to be homogeneous, 

there exists clear heterogeneity that can be shown through disease, electrophysiology, and 

projection targets. However, one aspect of dopaminergic neuron gene expression that has 

not been explored is whether expression of mRNA is sex-dependent.  

 

Dopamine-Dependent Behaviors 

Reward 

Traditionally, dopamine neurons are associated with rewarding behaviors. This 

assumption is based on early work that found an increase in phasic dopamine neuron firing 

when a rewarding unconditioned stimulus (US), such as sucrose, was presented to a rat. 

With training the rat learned to associate the reward with an unconditioned stimulus (CS) 

such as a light. As the rat made this connection between the US and CS, eventually the 

dopamine neurons increased in firing frequency to the predictive CS, instead of the US. This 

type of behavioral training is called Pavlovian conditioning25. In addition to this, if the 

expected reward does not occur, a decrease in phasic firing is seen; this is called a reward 

prediction error10. If one inhibits the dopamine system with manipulations such as dopamine 

receptor antagonists or D1 receptor knockout mice, subjects fail to make the association 

between US and CS, further supporting dopamine’s role in positive reinforcement and 

reward learning26. Conversely, optogenetic stimulation of dopaminergic neurons in the VTA 

increases reward learning when a rewarding stimulus is present27. Additional evidence for 

this is illustrated using fast scan cyclic voltammetry in vivo, which uses electrodes to 

measure phasic dopamine in VTA projection areas during behavior. Rats, when trained on a 

Pavlovian conditioning paradigm, separate into two groups. The first are goal trackers; 
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these rats engage primarily with the area where the reward will appear. The second are sign 

trackers; these rats engage with the cue that predicts the upcoming reward. Similar to data 

showing dopamine neuron firing, there is an increase in dopamine release to the US in the 

beginning of the subjects’ training. However, over time this signal shifts to show an increase 

in response to the CS presentation. Importantly, this is only demonstrated in rats that are 

sign trackers28. Together, these findings demonstrate that dopamine is important for 

reinforcement of reward-cue associations.  

On a molecular level, an increase in phasic firing, which underlies the association 

between cues and rewarding stimuli, is dependent on the D1 receptor (which we now know 

mediates phasic dopamine signals), and excitatory inputs. Stimulation of glutamatergic 

inputs, as well as application of glutamate has been shown to increase burst firing. 

Additionally, manipulation of the primary glutamate receptor, NMDA receptor, has been 

shown to affect phasic firing6. More specifically, genetic manipulation resulting in 

inactivation of the NR1 subunit of the NMDA receptor in dopamine neurons has been shown 

to decrease burst firing and disrupt drug-seeking, fear, and some cue-dependent learning 

behaviors29,30.  

One of the origins of this glutamatergic input lies in the dorsal raphe (DRN) of the 

hindbrain. The DRN is primarily known as the main nucleus containing serotonin (5-HT) 

neurons. Early studies showed that stimulation of the DRN itself proved rewarding31,32. 

Optogenetic stimulation of 5-HT neurons in the DRN also has a reinforcing effect in reward 

behaviors such as sucrose preference, open field, and operant conditioning. These findings 

were further supported by electrophysiology in vivo that revealed and increase in 5-HT 

neuron firing leading up to and during a reward-predictive cue. However, it seems that 5-HT 

is not the sole neurotransmitter responsible for this effect. Glutamate was also found to co-

localize with 5-HT in the DRN, as well as contribute to reward signaling33. It wasn’t until 

recently that a reward link between the DRN and VTA was established. Activation of 

VGluT3–expressing neurons in the DRN results in increased dopamine release in the nucleus 
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accumbens, a well-known target of VTA dopamine neurons. Additionally, activation of these 

neurons also reinforces conditioned place preference, which is reversed by an AMPA 

receptor antagonist, while a 5-HT antagonist has no effect34. Another study, however, 

showed that activation of 5-HT neurons in the DRN not only has no reward effect, but 

stimulation of non-5-HT neurons are the key to reinforcing this behavior35. Based on these 

data, it is likely that indeed it is glutamate neurons synapsing onto VTA dopamine neurons 

that drive reward learning. 

Another VTA dopamine-projecting structure implicated in reward-seeking behaviors 

is the basolateral amygdala (BLA). Infusion of GABA antagonists into the BLA resulted in 

decreased dopamine release in the NAc and an inhibition of lever-approach behavior, 

although there was no change in the number of times animals would press the lever to 

receive the reward36. An additional VTA-projecting area, the laterodorsal tegmentum 

(LDTg), has been linked to reward. Optical stimulation of glutamatergic LDTg neurons 

projecting to the VTA increased conditioned place preference, and these neurons were 

shown to synapse primarily onto dopamine neurons37. 

The outputs of VTA dopamine neurons and their role in reward behavior are also 

important. The prefrontal cortex (PFC), caudate putamen (CPu), amygdala, and NAc have 

all been shown to mediate this behavior38–44. In the case of the NAc, this area can be further 

subdivided in its influence on various reward-related behaviors. Specifically, dopamine in 

the core of the NAc is responsible for Pavlovian conditioned approach and cocaine 

sensitization/preference, while the shell of the NAc plays no role. Both the shell and core 

mediate dopamine-dependent instrumental conditioning43–45. 

Drug Seeking 

The effects of drugs are often rewarding, contributing to their addictive nature. The 

signals from VTA dopamine neurons to the NAc are primarily responsible for this effect, 

although dopamine in the olfactory tubercle has also been implicated44,46–50. While many 

drugs may act in the VTA, cocaine is the most widely studied due to its direct blockade of 
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the DAT. When animals are allowed to perform a task in order to self-administer cocaine, 

performance of this task (such as lever pressing) can be used to determine drug-seeking 

behavior. When dopamine receptor antagonists are infused into the NAc, there is an 

attenuation of this behavior51–53. Studies have shown that it is the neurons of the VTA that 

project to the NAc shell that undergo a synaptic strengthening, demonstrated by an 

increase in AMPAR/NMDAR ratio. Projections from the SNc to dorsal striatum or VTA to PFC, 

however, show no change in this ratio47. It is also evident that glutamate signaling to 

dopamine neurons is critical for this drug-seeking behavior to occur. Repeated self-

administration of cocaine increases glutamate in the VTA, and perfusion of glutamate 

antagonists into the VTA decreases behavior. However, glutamate is also seen if animals 

received an unexpected saline infusion instead of the usual cocaine, suggesting that 

glutamate in the VTA is critical in reinforcement of drug-seeking and drug-related cues54. In 

addition to glutamate, acetylcholine (ACh) inputs onto VTA dopamine neurons may also 

influence cocaine behaviors. An increase of ACh in the VTA is seen in response to the cue 

predicting cocaine, as well as to cocaine itself. ACh, which increases DA release, may 

therefore influence both reward-association and reward effect55. 

The rewarding effects of many other drugs of abuse have been found to be mediated 

by the VTA and increase dopamine release. Self-administration of nicotine, alcohol, 

cannabinoids, opiates, and amphetamine is a robust behavior in murine models56–60. Much 

like cocaine, the primary dopamine release target area is the nucleus accumbens, and 

dopamine receptor antagonists reduce this behavior44,60–62. Together, these studies suggest 

the possibility of a common circuit underlying drug reward and drug-mediated 

associations63. 

Aversion 

The processing of fear and fear learning in response to aversive stimuli is performed 

primarily in the amygdala. Put simply, the basolateral nucleus of the amygdala (BLA) 

receives information about an aversive event from the prefrontal cortex, sensory cortex, 
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parabrachial nucleus, and thalamus64. The BLA projects to the central nucleus of the 

amygdala (CeA), which then relays response information to autonomic areas to formulate a 

reaction to the stimulus65,66. The lateral amygdala demonstrates an increase in firing when 

mice are subjected to a mild footshock67. An additional input to the BLA that is instrumental 

to fear learning is dopaminergic, originating from the VTA.  Early studies demonstrated that 

dopamine neurons themselves respond to aversive stimuli, such as a tail pinch, with a 

decrease in burst firing30,68. On the other hand, there is also data showing that a small 

population of dopamine neurons increase activity to aversive stimuli30,69,70. Additional 

evidence for this circuit revealed that application of dopamine to BLA neurons affected their 

firing differentially; BLA neurons with low baseline firing rates decrease activity in response 

to dopamine, while high firing neurons increase their activity65. Also, stimulation of BLA 

neurons through optogenetics increases anxiety behavior71. Administration of a D1 receptor 

agonist enhances fear responses, while a D2 receptor antagonist in the VTA inhibited fear 

expression72,73. Additionally, genetic knock-out models of the D1 receptor demonstrated 

that this receptor is necessary for fear learning74.  In a dopamine-deficient mouse model, 

mice were unable to exhibit fear-potentiated startle, which was rescued with L-Dopa 

administration75.  

The specific circuits responsible for processing aversive stimuli and fear learning 

have been further explored thanks to recent technological advances. Inputs exerting 

influence on the VTA dopamine neuron fear circuit primarily arise from glutamatergic cell 

bodies in the lateral habenula (LHb). Optogenetic activation of neurons in this area that 

project to the VTA result in conditioned place aversion, implicating this pathway in the 

expression of fear behavior37,76. In the VTA itself, dopamine neurons undergo plasticity in 

response to Pavlovian fear conditioning. Knock-out of the NR1 subunit of the NMDA receptor 

in dopamine neurons impairs the response to cued fear30. Furthermore, calcium imaging of 

dopamine neurons using a genetically encoded calcium indicator, GCaMP3, shows an 

increase in activity of these cells to a cue after multiple pairings with an aversive shock 
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stimulus77. This plasticity proves to be crucial to fear processing in the lateral amygdala 

(LA). Lack of NR1 specifically in dopamine neurons reduces activation of the LA to an 

unconditioned aversive stimulus and a conditioned stimulus, which results in an abnormal 

behavioral output reflecting this lack of plasticity67. So, similar to reward learning, dopamine 

neurons in the VTA undergo plasticity to regulate association learning of stimuli, and this 

plasticity is vital to the ability of the amygdala to regulate fear coding. 

While the amygdala is a key structure in the processing of fear, projections from VTA 

dopamine neurons to other areas have also been studied. Exposure to stress reveals an 

increase of dopamine release in the mPFC, as well as the role of dopamine receptors here in 

the expression of fear78–80. Additional evidence the role of the mPFC is shown by the 

discovery that neurons from the LHb that project to the VTA to mediate aversion do so 

preferentially onto dopamine neurons that synapse onto the mPFC. Furthermore, local 

infusion of a D1 receptor antagonist into the mPFC prior to stimulation of these LHb neurons 

prevents conditioned aversion37. One more VTA efferent area worth mentioning in relation 

to aversive stimuli is the NAc. The role of the NAc in fear behavior is unclear, due to its 

divergent subdivisions79. For example, infusion of a D1 receptor antagonist into the NAc 

shell impaired fear learning, while having no effect in the NAc core81. An increase of 

dopamine in the NAc has also been observed in response to a footshock, as well as a shock-

paired cue82. However, dopamine is higher in the NAc shell during a shock-paired tone, 

while this is only seen in the NAc core during a shock-paired context83. While the exact role 

of VTA dopaminergic innervation of the NAc in fear conditioning remains unclear, it does 

appear that dopamine is contributing to fear learning and expression. 

 

Dopaminergic Circuitry 

Inputs 

Studies describing VTA circuitry have been published going back some 60-odd years. 

As science technology advanced, so has our knowledge of this circuit. Beginning in the 
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1970s, scientists used a technique called autoradiography to examine projections. This 

method involves injecting a radioactive amino acid into an area in which you want to know 

its projections; brain sections are then imaged using x-ray. One of the first studies to do 

this injected radioactive leucine into the dorsal raphe (DRN) of cats and found a strong 

projection to the VTA84. Soon after this same method was used to look at projections of the 

bed nucleus of the stria terminalis (BNST) and horizontal limb of the diagonal band of Broca 

(HDB) in the rat, which also revealed fibers in the VTA. However, the septum did not show 

this same expression85. The first thorough characterization of projections to the VTA was 

made possible through the use of horseradish peroxidase (HRP) in female rats. HRP travels 

retrograde from the site of injection, enabling the identification of areas sending afferents to 

the VTA. This technique revealed that the PFC, NAc, amygdala, substantia innominata (SI), 

preoptic areas, lateral hypothalamus (LH), zona incerta (ZI), habenula, and parabrachial 

nucleus (PBN) provide strong inputs to the VTA. Additionally, the previous findings of the 

BNST, HDB and DRN were confirmed86. A comprehensive study combining both HRP and 

autoradiography in male rats was later published, which confirmed projections to the VTA 

from the DRN and habenula and noted the addition of the locus ceruleus (LC) to the list of 

VTA afferents87.  

A confounding factor in the use of these tools is the possibility of uptake by fibers of 

passage in addition to synaptic terminals. To avoid this problem, the retrograde tracer 

fluorogold can be used instead. In addition to the areas described previously, this method 

revealed additional areas in male rats, including the dorsal peduncle (DP), ventral pallidum 

(VP), lateral septum (LS), periaqueductal gray (PAG), pedunculopontine nucleus (PPTg), and 

laterodorsal tegmental nucleus (LDTg). Most notably, it was observed that the VTA inputs 

were loosely organized into an “elongated formation” or continuous band descending from 

the forebrain down through the lateral hypothalamus88.  

It was not until many years later that a new technology became available allowing 

for cell-type specific circuit mapping, specifically the use of a modified rabies virus. This 
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technique involves the use of two viruses: one is a Cre-conditional rabies virus envelope 

glycoprotein. This protein is required for the rabies virus to be able to spread retrograde. 

The virus is injected into the VTA of a mouse expressing Cre in dopamine neurons (DAT-

Cre) where it will express in a cell-type specific manner. After a period of time, a second 

injection is performed into the VTA of a modified rabies virus with the essential glycoprotein 

replaced with a fluorescent marker. This viral approach allows for visualization of neurons 

projecting specifically to VTA dopamine neurons. Use of this strategy in male mice 

confirmed that many of the afferent areas previously identified did indeed synapse onto 

dopamine neurons. Areas exhibiting a high density of inputs include the DRN, NAc, VP, 

BNST, LH, and dorsal striatum. The septum and medial portion of the habenula (mHb) were 

not labeled as strongly as previous studies, implying that these areas project to non-

dopaminergic neurons89. An additional study replicating this technique also in mice found 

similar results90. Of note is the complete lack of data demonstrating whether there are any 

differences in the strength of these inputs to the VTA between males and females. 

As technology progressed, it became possible to explore what neurotransmitters 

were being released from these afferents and regulating dopamine output. The VTA receives 

input of primarily three types: glutamatergic, GABAergic, and cholinergic91,92.  As mentioned 

previously, functioning NMDA receptors and the plasticity they mediate are extremely 

important for the ability of the VTA dopamine neurons to function correctly and regulate 

aversive and reward behaviors. One of the primary sources of glutamatergic input to VTA 

dopamine neurons arises from the PFC; stimulation of the PFC results in a burst-like 

response from dopamine neurons and glutamate infusion into the PFC increases release of 

dopamine91,93,94.  Through retrograde tracers and in situ labeling of afferents, these neurons 

are found to express primarily the vesicular glutamate transporter VGluT195. Another source 

of glutamatergic input are the LDTg and PPTg, the majority of which are VGluT2-positive95–

98. Additional excitatory areas projecting to the VTA (although it is unknown whether these 



23 
 

are dopamine specific) include the claustrum (Cl), medial septum, VP, medial preoptic, LH, 

LHb, DRN, and BNST95.  

Inhibitory GABAergic input to the VTA likely arises from the dorsal striatum, NAc, 

RMTg, and globus pallidus (GP)91. However, the evidence for this is weak; while these 

afferents do project to the VTA dopamine neurons and contain populations of GABA 

neurons, there is little direct evidence showing that this neurotransmitter is acting on 

dopamine neurons. One study demonstrated through retrograde Fluorogold labeling and in 

situ hybridization, the presence of GABAergic neurons in the NAc and diagonal band of 

Broca that project to the VTA, although not in a dopamine-specific manner99. The lateral 

habenula has been studied in more detail, as stimulation of the LHb strongly inhibits 

spontaneous firing of dopamine neurons; bicuculline, a GABA receptor antagonist, decreases 

this effect100. Also, lesions of the LHb result in increased dopamine levels101,102. The VP has 

also been shown to produce increased dopamine release98. One other source of inhibition 

that should be noted is the VTA itself, where GABAergic interneurons synapse locally onto 

dopamine neurons103.  

While GABA and glutamate are the most common neurotransmitters in the brain, 

there are others of note that influence midbrain dopamine neurons. The dorsal raphe holds 

the primary population of 5-HT neurons in the brain. These neurons synapse onto 

dopaminergic VTA neurons and stimulation of these cells results in inhibition and less often 

excitation91,104–106. As mentioned previously, DRN neurons that express vGluT3 and 5-HT 

mediate a glutamate-driven reward signal to VTA dopamine neurons33,35. Neurons in the DR 

projecting specifically to dopamine neurons also express GAD 1/2 and vGluT 2/3, which may 

account for why DRN stimulation produces varying responses90.  

Another important neurotransmitter in the VTA is acetylcholine (ACh), which binds to 

nicotinic (nAChR) and muscarinic (mAChR) acetylcholine receptors. Cholinergic input 

originates primarily from the PPTg and LDTg, and stimulation of these neurons shows an 

increase in dopamine burst firing and release in the NAc, while inhibition of the LDTg 
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decreases firing and burst rate98,107–110. Likewise, receptor activation of all cholinergic 

receptors increases dopamine firing rate, while application of nicotine causes a 

depolarization and muscarine shortens the afterhyperpolarization, which leads to increased 

burst firing111–115. Conversely, muscarinic receptor antagonism decreases NAc dopamine 

levels116. The mechanisms of receptor action on dopamine neurons exhibit unique timing 

properties driven by the fast ionotropic nicotinic receptors and the slower metabotropic 

muscarinic receptors116,117. Behavioral effects of cholinergic input include modulation of 

reward learning and drug-seeking. Mice will self-administer nicotine into the VTA, and this 

behavior is blocked by a D1 receptor or nAChR antagonist62. Cocaine increases ACh in the 

VTA, while blockade of mAChRs in the VTA decreased self-administration of cocaine and 

food pellets118,119. Interestingly, lesioning of the PPTg alone has no effect on cocaine-seeking 

behaviors; on the other hand, inhibition of the LDTg decreases CPP for cocaine, as does 

inhibition of mAChRs and nAChRs120,121.  

Other types of afferents worth noting include noradrenergic inhibitory inputs from 

the LC and pons122,123. Also, excitatory neurotensin projections from the preoptic area, DRN, 

LS, PPTg, LDTg, BNST, NAc shell and lateral hypothalamus synapse in the VTA where 

neurotensin can decrease D2 receptor affinity in addition to opening nonselective cation 

channels7,124–128. There is also some evidence for cholecystokinin innervation of VTA 

dopamine neurons, as injection of CCK into the VTA increases dopamine release in the NAc 

and amygdala129.  

Put together, it is commonly thought that excitatory afferents onto the dopaminergic 

neurons drive burst firing in response to a stimulus. Under baseline conditions the neurons 

are under inhibitory influence that keeps them firing at a low tonic state91,130,131. However, 

there has been no direct comparison of the input density of the various neurotransmitters to 

VTA dopamine neurons. Furthermore, there has been no examination of the possibility of 

sex differences.  
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Outputs 

Many of the early studies examining dopaminergic VTA efferents used the same 

techniques described above to look at VTA afferents. The use of autoradiography in the VTA 

revealed VTA projections in the PFC, LS, BNST, NAc, amygdala, Cl, LHb, and DR87,132. 

Subsequent studies began to parse out a topographic map of these outputs, revealing that 

they group into distinct regions. Generally, dopamine neurons located medially tend to 

project to more medial forebrain areas (such as the olfactory tubercle and LHb), while 

lateral dopamine neurons project more laterally to structures like the amygdala91. There is 

also a strong dorsal-ventral pattern, where ventral neurons project to dorsal areas such as 

the LS, PFC, BNST, hippocampus, NAc and olfactory tubercle, while the dorsal dopamine 

neurons synapse onto the thalamus and LHb133,134. The NAc targets can be further 

subdivided, with the medial shell receiving dopamine fibers from the posteromedial VTA and 

the core and lateral shell receiving them from the lateral VTA44. A third region synapses in 

the hindbrain regions, including the LC and PAG135. Interestingly, these subdivisions also 

express different proteins; the dorsal VTA neurons express calbindin and lower levels of 

DAT, while the ventral neurons lack calbindin, instead expressing high DAT and GIRK136.  An 

additional level to this is the discovery of a group of fast-firing dopamine neurons projecting 

to the PFC, NAc core, medial NAc shell, and BLA that express low levels of DAT. 

Morphologically, these neurons are also smaller and have shorter dendrites. The more 

canonical dopamine cells project to the lateral NAc shell and dorsal striatum and express 

high DAT137. More recent technological advances have allowed for single-cell axon tracing of 

projections from the VTA. This method allows for even more finite projection pattern 

analysis of how dopamine neuron location may correspond to its target area. The neurons in 

the lateral-rostral area of the VTA project strongly to the NAc shell, dorsal striatum, lateral 

hypothalamus, and olfactory bulb. Medial-rostral neurons project to the NAc shell, motor 

cortex, and olfactory tubercle. Altogether, a profile of VTA projection neurons was created. 

The mesocorticolimbic neurons project to the substantia innominata, amygdala, and cortical 
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structures. The mesocortical cells project to the substantia innominata and somatosensory 

cortex. Mesolimbic cells synapse in the dorsal striatum, septum, NAc, VP, amygdala, and 

BNST. Mesostriatal neurons send projections only to the dorsal striatum, and the last subset 

send projections to the hypothalamus, thalamus, BNST, septum, and hindbrain138.  These 

data illustrate that a single dopaminergic neuron can send axons to multiple targets, which 

could provide insight into the functionality of these cell subsets in behavior. 

 

Dopamine-Dependent Diseases 

Dysregulation of the dopamine system has been implicated in many diseases 

including Parkinson’s disease (PD), as well as psychiatric disorders such as autism, 

schizophrenia, depression, and addiction139–150. Parkinson’s disease is perhaps the most 

well-characterized of these due to our knowledge of its mechanistic pathology.  In PD, there 

is a loss of dopaminergic neurons resulting in an abnormal formation of Lewy bodies and 

aggregation of α-synuclein primarily in the SNc. This decrease in dopaminergic innervation 

resulting from cell death is manifested in several physiological symptoms in patients, 

including general loss of motor control (including tremors and slower movement), 

depression, anxiety, and sleep problems. Generally, the loss of dopaminergic innervation of 

the striatum is considered the cause of most motor symptoms, due to the ability of 

dopamine to affect movement through the direct and indirect pathways151. This decrease in 

input results in impaired LTP and LTD, causing dysregulation of synaptic plasticity and 

resulting in many of the symptoms the PD patients experience152. However, as the VTA has 

largely not been implicated in this disease, I will not go into further specifics here; refer to 

148,151,153,154 for more details. 

Schizophrenia is a psychological disorder for which the cause is not well understood. 

While there are multiple genetic factors that are involved, environmental factors also play a 

role. The symptoms of schizophrenia are generally grouped into two categories: positive 

and negative. Positive symptoms include hallucinations, delusions, and abnormal behavior; 
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negative symptoms include apathy/affective flattening, anhedonia, and inability to 

concentrate155. D2 receptor blockade using atypical antipsychotics is a common treatment 

for schizophrenic patients; manipulations to increase dopamine, such as L-Dopa, 

amphetamine and methylphenidate exacerbate the symptoms of schizophrenia156. 

Dysfunctional dopaminergic signaling has been implicated in the positive symptoms of 

schizophrenia as well; an abnormally high level of dopamine in the forebrain is thought to 

underlie hallucinations139,146,157,158. Accordingly, a decrease in PFC activity, which would in 

turn lead to loss of inhibition onto dopamine neurons, could underlie this mechanism157,159. 

A more recent hypothesis postulates that it is actually a deficit in dopamine in schizophrenic 

patients that underlies symptoms; this deficit leads to an uncontrolled increase of dopamine 

release in an attempt to compensate160. However, an examination of a spontaneous 

mutation in a calcium-activated small conductance potassium channel, SK3, found in a 

schizophrenic patient, reveals that inhibition of SK3 channel function in mice allows for 

increased dopamine neuron burst firing, increased dopamine release in the NAc, and a 

behavioral phenotype exhibiting dysfunctional attention gating11. This impairment in 

attention is exhibited by some schizophrenic patients. 

The link between dopamine deficiency and depression is currently controversial. 

Many of the anti-depressant medications prescribed to patients with this disorder affect the 

dopamine system. Selective serotonin reuptake inhibitors (SSRIs), which are often used to 

treat depression, have been shown to decrease dopamine release in the NAc and 

striatum161. However, another study demonstrated a SSRI-stimulated increase in dopamine 

in the PFC in a 5-HT independent manner162. The link between dopamine and serotonin is, 

as alluded to previously, also complicated. While it may be tempting to believe that the 

increase in 5-HT caused by SSRIs may lead to an increase in dopamine release, there is 

contradicting evidence in this regard. Activation of 5-HT1 receptors increase dopamine 

release, while 5-HT2 agonists inhibit it; additionally, fluoxetine was shown to inhibit 

dopaminergic activity163,164. A lack of motivation is a common symptom in depression 
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patients, and is thought to be caused by a misregulation of reward circuitry involving the 

VTA-NAc dopaminergic circuit165. Human studies showed an increased response to a 

rewarding substance in depressed patients166. Previous studies show that in a forced swim 

test, which is a measure of depression and motivation in murine models, a D2 receptor 

antagonist decreased the amount of time spent immobile, indicating increased motivation 

presumably resulting from increased dopamine release167. Overall, while it seems that 

dopamine may play a role in depression and depression-related mental states, there is little 

direct evidence that abnormal dopamine release or signaling is directly responsible for the 

disease phenotype.  

Autism spectrum disorder is a wide-ranging, genetically linked mental disorder. 

Autistic patients can exhibit numerous symptoms including social difficulties/abnormal social 

interactions and repetitive motor movements. The role of dopamine in autism is 

demonstrated through multiple factors. Medications that increase dopamine levels, such as 

a dopamine reuptake inhibitor and a D2 receptor antagonist, relieve some of the symptoms 

of autism140,168. However, a study examining levels of dopamine transporter binding showed 

higher levels in the frontal cortex of autistic patients, suggesting that there is an overactive 

dopamine system in these subjects169. A search for genes related to dopamine pathway in 

autistic patients revealed several mutations in genes encoding for proteins related to 

dopamine synthesis, as well as in the D2 receptor140,170. Additionally, a rat model of autism 

exhibited increased fear generalization and fear conditioning, behaviors which are 

dopamine-dependent171. 

Post-traumatic stress disorder (PTSD) is a disease that often manifests after an 

individual experiences an extremely fearful event. PTSD may develop due to repeated 

exposure to trauma, after a particularly threatening event, or because an individual is not 

able to recover from exposure to such an experience. Symptoms may include generalization 

of fear to stimuli remotely related to the events, hypervigilance, anxiety, and repeated 

recall172. Treatment for PTSD primarily involves cognitive and exposure therapy, no drug 
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interventions have been effective. While the link between dopamine and PTSD has not been 

thoroughly explored, the role of dopamine in fear-association learning makes it a crucial 

factor for study of this disease. A study of plasma dopamine levels in PTSD patients found 

increased levels compared to controls; a complementary finding from the same lab revealed 

higher DBH levels in patients144,173. A follow-up to these experiments showed an increased 

prevalence of a D2 receptor polymorphism in PTSD individuals that corresponds with a 

decrease in dopamine binding to the receptor174,175. Accordingly, another human study 

demonstrated an increase in binding of the dopamine transporter in the striatum in patients, 

which could either be due to an overall increase in dopamine levels, or due to abnormal 

increased activity of DAT145. Examination of polymorphisms in the Slc6a3 revealed a higher 

occurrence of repeat alleles in PTSD patients, which may indicate a dysregulation of 

dopamine149. More functional studies showed the amygdala, which as described previously is 

involved in fear learning, is significantly more active when exposed to fearful stimuli176,177. 

Altogether, these data suggest that abnormal dopamine signaling may be involved in PTSD. 

Dopamine and its association with reward learning make it a logical factor in the 

development of drug addiction. In addition, many drugs such as amphetamine, nicotine and 

cocaine, act directly on the dopamine system and increase dopamine release in the 

NAc63,178. More specifically, drugs of abuse seem to preferentially increase dopamine and 

Fos levels in the NAc shell178–180. Phasic dopamine signaling, while not required for the 

motor effects of drugs, is necessary for drug-cue association and behavioral sensitization181. 

As the relation of dopamine, drug seeking, and reward learning has already been discussed, 

further detail about the nature of dopamine and addiction will not be covered further here. 

Dopamine is not only involved in the direct effects produced by drugs of abuse, but is also 

instrumental in forming memories of stimuli related to drug association150,182. This plasticity 

is a critical aspect of addiction. 
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Sex Differences in the Dopamine System 

The study of sex differences is one that is vital to our understanding of the brain and 

human body as a whole. However, current research is lacking and existing data are 

convoluted, not well-controlled, and contradictory. In 2014 the NIH announced its goal to 

make sex differences research a priority through increased funding and the implementation 

of policies in grant reviews. The hope is that encouragement of sex differences research will 

result in a better understanding of the effect of sex and the possible translational 

implications in disease treatment183. In April 2016 a PubMed search for dopamine results in 

144,686 articles; a search for sex differences gave 197,132 results; the terms sex 

differences AND dopamine produced only 1,424 articles. This demonstrates a need for sex 

differences research in the dopamine system, particularly in characterizing any distinctions 

at a baseline state without manipulation.  

Dopamine Neuron Function 

In cell culture, the examination of dopamine on hormone receptor gene transcription 

reveals that dopamine can increase transcription of progesterone and estrogen receptors, 

which is mediated through dopamine receptors184. Conversely, application of sex steroids on 

dopamine neurons in culture decrease DOPA synthesis, although another lab found that 

while this same effect was replicated in DAT levels with estrogen, the opposite effect was 

shown in TH protein levels185–188. Exploration of these effects in vivo revealed that 

administration of estrogen in ovariectomized (OVX) rats and intact male rats increased 

activity of one subset of SNc dopamine neurons, while decreasing the firing rate of a second 

group189. This biphasic response is further supported through counts of TH+ neurons in the 

SNc and VTA of OVX rats and found a reduction of the cells of the SNc and medial VTA but 

not the lateral, suggesting that estrogen may differentially affect individual populations of 

dopamine neurons190. Additionally, injection of estrogen into castrated (CAST) or OVX rats 

had variable effects; acutely, females showed a decrease in D2 receptor affinity, which was 

also seen after 4 hours in males191. These data indicate that hormones can act on dopamine 
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neurons, implying the presence of hormone receptors in dopamine neurons. Indeed, 

estrogen receptors (ERs) were found in the VTA (but absent from the SNc) of both intact 

male and female rats. In males, over 80% of ER+ neurons were also TH+, while around 

50% of TH neurons were also ER+. However, in females only about 10% of TH neurons 

contained ERs192. Examination of androgen receptors (ARs) in TH+ neurons projecting to the 

PFC revealed that less than 5% of these were AR+ in females, while about 25% were also 

AR+ in males193. Together, this evidence indicates that sex steroids, particularly estrogen, 

may have an effect on the dopamine neurons of the VTA, although it is unclear whether it is 

mediated through hormone receptors or dopamine receptors. 

There are many more studies looking at the effect of hormones on dopaminergic 

innervation and release in target areas. The presence of TH+ fibers in the cingulate and 

insular cortex showed sensitivity to the presence of hormones in male rats. CAST resulted in 

a large decrease in TH innervation, which interestingly rebounded to above-baseline levels 

after 28 days; CAST rats supplemented with testosterone do not demonstrate these 

changes194,195. This finding was further characterized in the PFC with similar results196. 

However, gonadectomy followed by hormone replacement in male rats shows an increase 

and decrease, respectively, in PFC dopamine levels while estrogen produced no effect197. 

Stimulation of dopamine release using amphetamine seems to vary across sexes and be 

dependent on hormone levels. For example, dopamine levels in the striatum in OVX females 

are greatly decreased over intact females and are restored to baseline levels with 

estrogen+progesterone treatment. Intact male rats have similar dopamine levels to 

diestrus/estrus females (when estrogen, leutenizing hormone, and follicle stimulating 

hormone levels are lower) and gonadectomy has no effect, although a separate study 

demonstrated that estrogen+progesterone treatment in CAST males increases 

amphetamine-stimulated dopamine release198,199. These findings suggest that ovarian 

hormones can affect dopamine release, while testicular hormones have no effect. Follow-up 

studies showed that OVX rats with lower baseline striatal dopamine compared to CAST rats. 
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Estrogen treatment increased stimulated dopamine release in OVX but not CAST subjects200. 

Additional findings from the same lab showed that, again, striatal dopamine was unaffected 

by hormone levels in male rats, but OVX/diestrus dopamine was significantly lower than 

proestrus/estrus levels201. However, a comparison of dorsal and ventral striatum dopamine 

release in intact male rats showed that both areas demonstrated a rise in dopamine after 

testosterone administration202.  

The prevailing mechanistic model behind these data was that estrogen 

downregulates D2 receptors, increasing dopaminergic release; it may act directly on post-

synaptic GABAergic neurons in the striatum, inhibiting their activity and thereby allowing for 

increased dopamine neuron activity203. An examination of dopamine receptor mRNA and 

ligand binding in the striatum and NAc of male rats showed a decrease in Drd2 mRNA after 

estrogen administration using in situ hybridization; however, this did not correspond to a 

decrease in binding204. At odds with this finding are other results indicating an increase in 

density of striatal dopamine receptors after application of estrogen205. However, the 

possibility of post-translational mechanisms to explain these conflicting reports has not been 

sussed out. 

The first study to use fast-scan cyclic voltammetry to interrogate sex differences in 

striatal dopamine release showed much higher stimulated release in female rats, which is at 

odds with previous findings using microdialysis; however, the methods of stimulation were 

not the same, which could account for this discrepancy206. A human study looking at 

amphetamine-stimulated dopamine release revealed a significantly larger dopamine release 

in males in the striatum, as well as the putamen and caudate nucleus207. Another human 

study reporting a higher uptake of striatal fluorodopa (a radiolabeled dopamine precursor) 

in women than men208. Dopamine release in areas other than the striatum has also been 

explored. For example, dopamine levels in the BLA at baseline are much higher in intact 

male versus female rats, although restraint stress evokes a much higher dopaminergic 

response in females209. Nonetheless, it is evident that there are a great deal of contradictory 
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findings surrounding dopamine innervation and release from the VTA to the forebrain, and 

no mechanism that explains any sex differences has been rigorously tested. 

Data from examination of sex differences in dopamine neuronal firing properties is 

extremely scarce. In fact, only one such study exists in rats and none exist in mice. Zhang 

et al found in anesthetized intact female rats that the firing and burst rate of VTA dopamine 

neurons were significantly increased during estrus and diestrus as compared to proestrus210. 

This is contradictory to studies looking at the hormonal effect of dopamine release, where 

estrogen administration increases dopamine levels in the OVX striatum, but in line with 

measurements of dopamine in the PFC during the estrous cycle, implying that some 

compensatory mechanisms may occur after OVX198–200,211. Indeed, when dopaminergic firing 

properties of OVX rats were measured, the replacement of estradiol or progesterone had a 

positive effect on firing and burst rate210. Additionally, cocaine had no effect on the firing 

rate or locomotor activity in OVX rats, but hormone replacement rescued this210,212,213. 

 

Dopamine-Dependent Behaviors 

Aversion 

As might be expected in light of the conflicting reports of sex differences in dopamine 

neuron function and release, sex differences in behavioral tests also produced mixed 

results. In humans, males and females often exhibit different preferences for learning 

strategies214. Hormones may play a role in modulating the ability of each sex to perform 

various tasks. Examination of intact female and male rats in fear conditioning shows that 

males exhibit more freezing to a shock-paired context, while there is no sex difference in 

cued fear conditioning215. In fear conditioning where there are two cues, one that predicts a 

shock (CS+) and a second that indicates safety (CS-), estrogen seems to disrupt the ability 

of female rats to learn the difference between these cues. Gonadectomized male and female 

rats, along with estrogen-administered CAST rats are able to recognize a safety cue, while 

estrogen-administered OVX rats show more generalized fear. However, in a fear 
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conditioning paradigm with a single shock-paired cue and no CS- these rats were able to 

form this association, implying that estrogen inhibits the ability of female rats to decrease 

their fear when the safe CS- was presented216. However, in another study testing single-cue 

fear conditioning, estrogen-treated OVX mice demonstrated increased freezing over controls 

during the CS217.  In addition, estrogen treatment of intact female mice also increases both 

contextual and cued fear learning218. 

Extinction of fear is an important part of learning. When a previously fear-predicting 

cue is encountered multiple times without the previously paired aversive stimulus, 

expression of fear to the cue should decrease. Fear recall tests the ability of a subject to re-

learn the fear-cue association following extinction. Extinction during the proestrus phase of 

the estrous cycle when hormone levels are high, was facilitated, indicating that hormones 

increase extinction learning. To support this observation, female mice in metestrus, when 

hormone levels are low, were injected with estrogen and progesterone, resulting in 

facilitated extinction219. Another study demonstrated increased extinction in intact females 

as compared to intact males and OVX females; estrogen treatment also facilitated extinction 

in OVX females as compared to vehicle injected OVX females220. While data on fear 

conditioning seems conflicting, the results are relatively consistent in regards to fear 

extinction. Estrogen levels modulate the ability of murine models to extinguish fear 

learning, although the ability of estrogen to do this in males remains unexplored. 

Reward 

A common paradigm used to measure reward learning is operant conditioning, where 

subjects have to perform a task, such as press a lever, to receive a reward. Often this is in 

the form of an appetitive food pellet. Although females are more active in general, males 

show a tendency to contact the lever more often. As a result, males perform better in 

instrumental conditioning tasks221,222. After gonadectomization, female performance 

decreases dramatically, but male performance is largely unaffected223. Studies conflict in 

their results of hormone manipulations, as others find no difference with OVX or hormone 
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replacement and others still find no sex difference at all224,225. However, in a version of this 

task where subjects are required to press a lever an exponentially increasing number of 

times to receive a reward, females exceed males, implying greater motivation to work for 

the reward; additionally, male performance is worsened by CAST214,226. Again, results are 

conflicted, as another study reported no sex differences in the progressive-ratio task, and 

no effect of gonadectomy227. Data for this particular behavior are difficult to compare, as the 

required lever presses increases at a rate that varies across studies. In a Pavlovian 

conditioning task, where learning is measured by the number of times the subject puts their 

head in the food receptacle during a CS+ that predicts food delivery, females learn this cue-

reward association faster, although this sex difference disappears by day 5 of training228,229. 

Furthermore, estrous cycle does not affect this behavior229. Overall, the presence of sex 

differences and the effect of sex hormones in dopamine-dependent behaviors are unclear, 

as many studies report conflicting data.  

Dopamine-Dependent Diseases 

There is a large disparity in the prevalence of Parkinson’s disease between men and 

women, with a ratio of 1.6:1, respectively230. Besides the overt prevalence of PD, there are 

also sex differences in the symptoms presented in patients. For example, the age of onset is 

later in women and they have an overall milder presentation of the disease, indicating that 

the disease progression is slower for females231. However, some symptoms are more 

common in women, including tremor, dyskinesia, and depression232,233. The factors 

contributing to this cover both physiological and environmental aspects.  

The role of hormones in PD has garnered a great deal of interest. A correlation study 

examining the possibility of a link between female hormones and PD development 

suggested that estrogen may contribute to the delayed/milder PD presentation in women233. 

In the MPTP mouse model of Parkinson’s, which itself displays a more toxic effect in males, 

male mice show a greater dopaminergic loss, as well as an increased response to 

methamphetamine than females. This was confirmed in lower levels of DOPAC, HVA, and 
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DAT binding as well. β-estradiol treatment at doses similar to physiological levels proves to 

have neuroprotective effects in both male and female MPTP mice, but cannot reverse the 

damage already done. Additionally, administration of testosterone does not produce the 

same protective effect234.  In humans, preliminary evidence demonstrates this hormone 

influence as well. Estrogen hormone replacement has shown some relief of PD symptoms, 

as well as a decreased risk of disease development232. The mechanism by which this 

interaction occurs is theorized to be mediated through ERα, as agonists of this receptor, but 

not ERβ are protective against dopaminergic loss. Furthermore, ERα knockout mice exhibit a 

worsening of dopamine loss, while ERβ knockout mice do not234,235.  Additional proposed 

mechanisms involve signaling pathways that affect cell survival, including activation of the 

PI3K/Akt pathway leading to inhibition of pro-apoptotic GSK3β, as well as expression of the 

Y-linked gene SRY232,234,236.     

Schizophrenia is another dopamine-dependent disease exhibiting sex differences with 

the prevalence in men ranging from 40-50% more than women237,238. Additionally, men 

experience an earlier age of onset, a decreased responsivity to treatment, and more severe 

symptom presentation, in particular negative symptoms239–243. Interestingly, this disparity is  

sustained over time244. Contributing factors to these differences include increased likelihood 

of brain structure abnormalities in men, where men have significantly larger ventricles than 

women in addition to other brain volume abnormalities in areas including the temporal 

lobe242,245. A natural result of these reported sex differences is the exploration of the role of 

hormones. The use of estrogen as a therapeutic agent in treating schizophrenia produces 

mixed results, although comparison across the estrous cycle, as well as pre- versus post-

menopausal suggests that estrogen may be protective in females with schizophrenia237,239. 

In a mouse model of schizophrenia, induced by administration of haloperidol and 

apomorphine, β-estradiol injection in female rats decreases symptoms, implying that 

estrogen inhibits dopamine activity, as the current mechanistic theory of schizophrenia 

asserts that it is caused by excess dopamine246. However, other studies in mice 
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demonstrated that estrogen increases stimulated dopamine firing and release, which is at 

odds with these findings. It is clear that much needs to be clarified in the cause of sex 

differences in schizophrenia; it is likely that it can be attributed to multiple factors, including 

but not limited to sex hormones.  

Unlike schizophrenia and PD, depression is far more prevalent in women247. The 

cause for this has been theorized to be explained by genetic predispositions, environmental 

factors or biological differences primarily explained by changes in hormone levels. Evidence 

for the latter is the existence of postpartum depression, an increase in depression rates at 

mid-puberty, as well as premenstrual depression248. During these periods, ovarian 

hormones are low, leading some to believe that these decreased levels of estrogen and 

progesterone may be linked to the incidence of depression249. If one takes into 

consideration the influence of these hormones on dopamine, and the fact that there is 

believed to be a low level of dopamine in depression patients, this association may be real. 

However, the mechanisms behind this theory have yet to be explored.  

The gap between men and women in the incidence of autism is one of the most 

extreme; men are four times more likely to be diagnosed250. It is notable that despite this 

large sex difference, dopamine’s proposed role in autism and the link between hormone 

levels and dopamine, little to no research has been done into whether hormone 

manipulations might relieve autistic symptoms. Finally, PTSD is another dopamine-

dependent disease that shows higher incidence in women. This can be at least partially 

explained by the differences in the types of trauma that each sex is exposed to; women are 

more likely to experience emotional or sexual trauma, while men are more likely to 

experience combat and disaster situations. However, even within groups of mixed sex 

experiencing the same type of trauma, women were more likely to develop PTSD. 

Therefore, other factors may be involved251. As detailed previously, fear learning and 

extinction are heavily influenced by dopamine signaling. While the effects of sex hormones 

have not been well-explored in PTSD patients, there is some evidence that women taking 
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oral contraceptives, and therefore maintaining a low level of estrogen and progesterone, 

show an elevated response to the CS+ in the extinction of a fear conditioning paradigm, 

indicating that hormones facilitate extinction252. Animal models of fear have examined this 

and show similar effects; compared to males, females have a slightly elevated increase in 

extinction, and administration of estrogen, progesterone, or both, increase the ability of 

female rats to extinguish fear, although the effect of hormones in males was not 

explored219. Still, these data are contrary to the larger prevalence of PTSD in women. More 

research must be done to determine how the experiences, processing, and neurobiology of 

women may underlie these differences.  

Overall, this review of current literature demonstrates that dopamine is an important 

neurotransmitter in many behaviors, including aversion and reward. Dopamine receives 

input via multiple neurotransmitters, including glutamate, GABA, neurotensin, and 

serotonin; however, comparison of the density of these inputs has never been done. These 

inputs project to the midbrain from many areas that facilitate the ability of the brain to 

process environmental stimuli and promote learning. Dopaminergic neurons then transmit 

outputs to multiple areas that can then formulate an appropriate response. Additionally, 

dopamine is involved in multiple diseases, many of which exhibit strong sex differences in 

their prevalence. The findings reported surrounding sex differences are highly variable and 

often contradictory.  

Our goal was to thoroughly characterize the VTA dopaminergic system at a baseline 

state. To accomplish this, we mapped the inputs of the major neurotransmitters synapsing 

onto the VTA; the outputs of the VTA dopamine neurons were also explored. In addition, we 

examined the expression of mRNA transcripts in VTA dopamine neurons, analyzing how the 

expression levels of many receptors mirror our input findings. Basic electrophysiology 

properties were also tested, both in vivo and in slice. Finally, we tested mice in multiple 

dopamine-dependent behaviors. To add to these data, all experiments were performed in 

male and female and analyzed for sex differences. This comprehensive description of the 
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dopamine system and the examination of sex will facilitate our understanding of diseases 

involving dopamine, as well as the presentation of sex differences in these diseases. Our 

hope is that these data will further our understanding of the dopamine system as a whole 

and perhaps lead to treatments that might be tailored based on sex; without this 

understanding we cannot hope to comprehend the underlying baseline state of the brain or 

the cause of sex differences in a disease state. 
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CHAPTER 2 

 

VTA CIRCUITRY 

 

 

 

 

 

 

 

 

 

 

 

 

VTA Afferents 

  

 The VTA is composed primarily of either dopaminergic or GABAergic neurons. 

Dopamine neurons comprise somewhere from 55-70% of the VTA, while the rest of the 

population is primarily local inhibitory interneurons, with a small percentage also expressing 

glutamate253,254. A population of dopamine neurons co-release glutamate or GABA, while 

non-dopaminergic neurons in the medial VTA release exclusively glutamate255–257. Therefore, 

we sought to examine the inputs to the VTA by using a viral tracing approach.  Although 

many studies have detailed the areas projecting to the VTA using techniques such as 

horseradish peroxidase and fluorogold, we utilized the retrograde virus CAV2-Cre in 

conjunction with a mouse reporter line, Rosa26-fs-TdTomato. Following injection into the 

VTA, this vector is taken up by cell bodies and terminals in the injection site and travels 

retrograde to neuronal bodies. There, it turns on the TdTomato reporter, allowing for 

fluorescent expression in the cell bodies of VTA afferents (Fig 1A-D). 
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Existing literature primarily uses male subjects, disregarding the possibility of sex 

differences. I used both male and female cohorts with the purpose of uncovering any sex 

differences in VTA afferents. Whole brains were sectioned and approximately every third 

section was imaged. Fluorescent cells were counted in all areas, summed for each animal, 

and averaged across sexes. The total number of fluorescent cells in each brain was not 

different between males and females (Fig 1E). A correlation between the number of cells 

counted in each area and their position in the rostral-caudal axis revealed a significantly 

positive relationship in males and females, indicating a higher density of inputs to the VTA 

in the posterior area of the brain (Fig 1F). Several areas exhibited fluorescent expression; 

areas of high projection strength include the prefrontal cortex (PFC), dorsal striatum (Dstr), 

cingulate cortex (Cg), lateral hypothalamus (LH), medial habenula (MHb), and dorsal raphe 

(DRN). These afferents match closely with previously reported results86–88. An examination 

of the number of input neurons in each area reveals no sex differences in the total afferents 

Figure 1. Viral approach for mapping VTA afferents. A) Schematic of VTA targeting by 
CAV2-Cre in Rosa26-fs-TdTomato mouse line. B) Schematic of CAV2-Cre viral vector. C) 
Representation of CAV2-Cre retrograde movement. D) Immunohistochemistry of coronal 
VTA slices from Rosa26-fs-TdTomato mice injected with CAV2-Cre. Left: anti-TH, a marker 
of dopamine neurons. Right: anti-dsRed. E) Total average number of cells counted per 
brain shows no sex difference. Unpaired t-test, n=5 males, 5 females. F) Positive 
correlation between number of cells counted and each brain region from rostral to caudal. 
p<0.0001. All values are shown as mean ± SEM.  
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Figure 2. Mapping of inputs to VTA neurons. A) The number of afferent neurons in each 
area, normalized to total number of input neurons/10,000, reveals no sex differences. Two-way 
ANOVA with Bonferroni post-hoc multiple comparisons. B) Representative images of input 
neurons in male and female mice in the medial habenula (MHb), lateral hypothalamus (LH), 
dorsal raphe (DRN), cingulate cortex (Cg1/2), and dorsal striatum (DStr) from top to bottom. All 
values are shown as mean ± SEM. 

 

per area (Fig 2). These novel results show that there are no sex differences in the number 

of neurons per afferent area projecting to the VTA. 

 

Next, I investigated the inputs to the VTA in a cell-type specific manner; in 

particular, the afferents of the VTA dopaminergic neurons, which comprise the majority of 

cells in the VTA. To accomplish this I utilized a modified rabies virus approach. First, male 

and female Slc6a3Cre/+ mice were injected into the VTA with a Cre-dependent virus 

expressing the rabies virus glycoprotein in addition to the fluorescent tag GFP (AAV1-EF1α-
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Figure 3. Viral approach for mapping afferents of VTA dopamine neurons. A) 
Schematic of VTA viral targeting by a Cre-conditional glycoprotein-GFP followed by  
modified rabies-mCherry in Slc6a3Cre/+ mice. B) Schematic of AAV1-EF1α-FLEX-GFP and 
(EnvA)-SADΔG-mCherry viral vectors. C) Representation of dopaminergic glycoprotein 
expression and retrograde rabies virus transynaptic spread. D) Immunohistochemistry of 
coronal VTA slices from Slc6a3Cre/+ mice injected with glycoprotein and modified rabies 
viruses. Left: anti-TH, a marker of dopamine neurons. Middle: anti-GFP. Right: anti-
dsRed. E) Positive correlation between number of cells counted and each brain region 
from rostral to caudal. p<0.0001, n=5 males, 7 females.  

 

FLEX-GFP). This resulted in expression of the rabies glycoprotein and GFP exclusively in 

dopaminergic neurons of the VTA. After two weeks a modified rabies virus, (EnvA)-SADΔG-

mCherry, was also injected into the VTA. Here, the glycoprotein required for transynaptic 

spread was removed and the fluorescent marker mCherry was added. Therefore, the rabies 

virus will infect all neurons, but only express in and spread in a retrograde manner 

transsynaptically from dopamine neurons containing the glycoprotein virus (Fig 3A-D). 

mCherry-positive neurons can then be quantified across the entire brain in males and 

females the same way as  described in the previous CAV-Cre experiment. Here, the positive 

correlation between number of cells and position on the rostral-caudal axis was also highly 

significant in both males and females (Fig 3E).  
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Figure 4. Quantification of viral efficiency and specificity showed no sex 

sex differences. A) Number of GFP+ neurons in across the entire VTA based 

on the Paxinos and Franklin Atlas. Two-way ANOVA. B) Percent of TH+ neurons 

that also expressed mCherry or GFP, in addition to the percent of GFP+ 

neurons that are dopaminergic. Unpaired T-test. All values are shown as mean 

± SEM.  

To control for any possible sex differences in viral injection or efficiency, I quantified 

the number of GFP cells across the entire VTA (Fig 4A). I also counted the percent of TH+ 

neurons that showed overlap with mCherry+ or GFP+ to demonstrate viral efficiency, in 

addition to the percent of GFP cells that were co-labeled for TH as a measure of viral 

specificity (Fig 4B). Importantly, viral expression exhibited sex differences. A quantification 

of inputs to VTA dopamine neurons also revealed similar results to previously published 

literature89,90. Areas with high projection strength included the NAc, BNST, LH, PPTg, and 

DRN. An analysis of sex differences showed that, again, the number of dopamine-projecting 

cells in each area was not different between males and females (Fig 5). Mapping of the 

afferents of the VTA in a nonspecific manner showed high congruency with previously 

published results. Mapping of inputs to dopamine neurons of the VTA also mirrored existing 

literature. However, the possibility of sex differences in these inputs had not been 

examined. I show new data indicating that there is no difference in VTA afferent projection 

strength between male and female mice, both in a nonspecific and dopamine-specific 

manner.   
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Figure 5. Mapping of inputs to VTA dopamine neurons. A) The number of afferent 

neurons in each area, normalized to total number of GFP+ neurons/1,000, reveals no sex 

differences. Two-way ANOVA . B) Representative images of input neurons in male and female 

mice in the DRN, LH, pedunculopontine tegmental nucleus (PPTg), nucleus accumbens core 

(NAc), and bed nucleus of the stria terminalis (BNST) from top to bottom. Data are shown as 

mean ± SEM. 

 

 

Mapping Neurotransmitter-specific VTA Inputs 

While several of the inputs to the VTA have been well-characterized individually in 

terms of neurotransmitter release and consequent effect on VTA-driven behavior, the 

strength of these afferents has never been compared across areas expressing various 

signaling molecules. I quantified the inputs to the VTA in areas expressing markers for 

GABA, glutamate, serotonin, and acetylcholine. Each of these neurotransmitters have been 

reported to synapse onto VTA neurons. To accomplish this goal, I utilized a conditional 

retrograde virus, CAV-FLEX-ZsGreen. Similar to CAV2-Cre, this virus is taken up by 

terminals in the injection area and travels in a retrograde manner. I used this approach in 

combination with a variety of genetic mouse lines expressing Cre in neuronal subtypes 
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expressing the aforementioned neurotransmitters. Here, loxP sites undergo recombination 

with Cre and allow for expression of ZsGreen.  

 

 

 

 

GABA 

First, I injected CAV2-FLEX-ZsGreen into the VTA of Slc32a1Cre/+ mice. This resulted 

in fluorescent expression in GABAergic neurons projecting to the VTA (Fig 6A-C). An 

examination of afferents providing inhibitory input to the VTA revealed multiple areas 

overlapping with structures seen using CAV2-Cre. Notably, areas of high expression 

included the DStr, NAc core, VP, BNST, medial preoptic area (MPA), lateral preoptic area 

(LPO), LH, retrorubral field (RRF), DRN, and LDTg. Regions where I saw no fluorescent 

expression in, but have been previously reported as those releasing GABA in the VTA 

include the RMTg, GP, and Broca’s diagonal band. I provide novel areas of GABAergic input 

Figure 6. Viral approach for mapping GABAergic afferents of VTA neurons. A) Schematic 

of VTA viral targeting by CAV2-FLEX-zsGreen in Slc32a1Cre/+ mice. B) Schematic of AAV1-EF1α-

FLEX-ZsGreen viral vector. C) Representative image of ZsGreen expression in the VTA of a 

Slc32a1Cre/+ mouse at the injection site. D) Total average number of cells counted per brain 

shows no sex difference. Unpaired t-test. E) Representative image of ZsGreen expression in the 

VTA of a Slc17a6Cre/+ mouse at the injection site. . F) Total average number of cells counted per 

brain shows no sex difference. Unpaired t-test. Data are shown as mean ± SEM. 
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including the medial amygdala and RRF. An analysis of sex differences revealed no 

difference in total number of input neurons, as well as similar projection strength in all 

areas between males and females (Fig 6D,7).  

 

Glutamate 

Use of the same viral strategy in Slc17a6Cre/+ mice allowed for visualization of 

glutamatergic inputs to the VTA (Fig 6E). Areas that displayed ZsGreen expression included 

the NAc, LH, DRN, PPTg, LDTg, and LC (Fig 8). Again, we saw no sex difference in the 

number of cells per afferent area. Surprisingly, when I compared total glutamatergic and 

Figure 7. Mapping of GABAergic inputs to VTA neurons. A) The number of afferent neurons 

in each area, normalized to total number of input neurons/1,000, reveals no sex differences. Two-

way ANOVA, n=5 males, 6 females. B) Representative images of input neurons in male and 

female mice in the dorsal striatum, NAc core, ventral pallidum, bed nucleus of the stria terminalis, 

and lateral hypothalamus, from top to bottom. Data are shown as mean ± SEM. 
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GABAergic cell counts, I found there were significantly more GABAergic VTA afferents (Fig 

9).  This finding indicates that similar to the SNc, the VTA remains largely under the 

influence of inhibitory tone130. Previous studies have detailed the extensive GABAergic input 

to the SNc. Between 50-70% of the synapses in the SNc express GABA, primarily 

originating in the globus pallidus, striatum, and the SNc itself258. The influence of this input 

on SNc dopamine activity and behavior has been detailed in multiple studies130,258–261. 

However, whether or not the VTA also operates under a similar inhibitory influence has not 

been explored, making this a novel finding.   

 

Figure 8. Mapping of glutamatergic inputs to  VTA neurons. A) The number of afferent 

neurons in each area, normalized to total number of input neurons/200, revealed no sex 

differences. Two-way ANOVA, n=4M, 6F B) Representative images of input neurons in male 

and female mice in the pedunculopontine tegmental nucleus, dorsal raphe nucleus, 

laterodorsal tegmental nucleus, and locus ceruleus, from top to bottom. Data are shown as 

mean ± SEM. 
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Figure 9. Comparison of total 

neurotransmitter-specific inputs to 

the VTA. The total number of GABAergic 

neurons projecting to the VTA was 

significantly higher when compared to 

glutamatergic and serotonergic inputs. 

One-way ANOVA, F(2,31)=103.4.  

****p<0.0001, Bonferroni’s multiple 

comparison test. Data are shown as mean 

± SEM. 

 

Figure 10. Dopamine neurons displayed 

elevated mIPSC amplitude and frequency. 

A-B) mEPSC frequency (A) and amplitude (B) 

show no sex difference. Unpaired t-test, n=12 

male, 10 female cells. C-D) mIPSC frequency 

(C) and amplitude (D) are not different 

between males and females. Unpaired t-test, 

n=10 cells per group. E-F) Dopamine neurons 

show a significantly higher frequency (E) and 

amplitude (F) of mIPSCs relative to mEPSCs. 

Unpaired t-test, ****p<0.0001. Data are 

shown as mean ± SEM. 
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Our mapping studies demonstrate no sex difference in excitatory or inhibitory inputs. 

To confirm these observations, we recorded mIPSCs and mEPSCs from VTA dopamine 

neurons. Consistent with our mapping results, an examination of spontaneous mIPSCs and 

mEPSCs revealed no sex differences in the amplitude or frequency, indicating the pre- and 

postsynaptic activity is not sex-dependent (Fig 10A-D). Interestingly, we observed an 

approximately 10-fold higher amplitude and frequency in mIPSCs, indicating increased 

inhibitory synaptic transmission in dopamine neurons, as compared to excitatory synaptic 

activity (Fig 10E-F). This difference is proportional to the difference we observed in our 

mapping study.  

 However, a lack of differences in mIPSCs and mEPSCs does not exclude potential 

differences in neuronal excitability between males and females. To address this, we next 

examined the electrophysiological properties of dopamine neurons in slice. Dopamine 

neurons were identified by fluorescent expression either genetically in a Slc6a3Cre/+; 

Rosa26-fs-TdTomato line or through injection of AAV1-DIO-GCaMP into the VTA of 

Slc6a3Cre/+ mice. Dopamine neurons are often identified in slice through the presence of an 

Ih current, which is mediated by HCN channels262,263. We found no difference in the Ih 

current of dopamine neurons (Fig 11A). Although dopamine neurons do not burst fire in 

slice, we recorded spontaneous firing activity and observed no difference between males 

and females (Fig 11B). We also found no difference in the membrane capacitance, indicating 

the size of dopamine neurons are unaffected by sex (Fig 11C). SK3 channels are calcium-

activated small conductance potassium channels that mediate the afterhyperpolarization 

and regulate the burst properties of dopamine neurons11. Here, we also observed no sex 

differences (Fig 11D). Membrane resistance was also the same in males and females (Fig 

11E).  
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Serotonin 

We again employed CAV2-DIO-ZsGreen into the VTA, this time to examine the 

serotonergic afferents of the VTA in ePet1Cre/+ mice. Confirmation of the specificity of the 

virus was performed using immunohistochemistry for ZsGreen and tryptophan hydroxylase 

(TPH2), the rate-limiting enzyme involved in the synthesis of serotonin(Fig 12C)264. The 

primary serotonergic input to the VTA, the dorsal raphe nucleus, indicated no difference 

between males and females in the strength of these inputs (Fig 12A-B)105,265,266.  

My results describe a comprehensive analysis of the afferents to VTA dopamine 

neurons.  In addition, a thorough investigation of the areas of major types of 

neuromodulatory VTA inputs was done, including quantification of GABA, glutamate, and 

serotonin neurons. I saw a striking difference in the number of GABAergic neurons 

projecting to the VTA in comparison to all other neurotransmitters, suggesting a powerful 

inhibitory tone in the VTA. This was further confirmed using slice electrophysiology, which 

demonstrated an elevated frequency and amplitude of mIPSCs in dopamine neurons, 

implying elevated inhibitory activity at these synapses. Importantly, I saw no signs of  

Figure 11. Baseline electrophysiology 

properties of dopamine neurons showed no sex 

difference in slice. A) HCN-mediated Ih currents 

are the same between males and females. Two-way 

ANOVA, n=14 male, 18 female cells. B-D) No sex 

difference was observed in the firing rate (B), 

capacitance (C), SK3-mediated current (D), or 

membrane resistance (E) in dopamine neurons. 

Unpaired t-test, n=20 male, 21 female cells except 

for membrane resistance, n=8 per group. Data are 

shown as mean ± SEM. 
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sexual dimorphism in any VTA afferents, indicating that any sex differences in the dopamine 

system are likely not due to a disparity in afferent projection strength. Further evidence for 

this notion is shown in a lack of sex differences in multiple electrophysiological properties of 

dopamine neurons.  Consequently, I examined the possibility of a sex difference in the 

strength of dopaminergic VTA outputs. 

VTA Efferents 

Injection of AAV1-hM3Dq-FLEX-eYFP into the VTA of Slc6a3Cre/+mice allowed for 

visualization of dopamine projections following injection of CNO267. Inspection of Fos, a 

marker of neuronal activity, in areas known to receive dopaminergic input revealed high 

activation in the Cg, NAc, DStr, LSD, and LH, among other areas268. Here, an analysis of sex 

differences revealed no sex difference in the total Fos or the amount of Fos in each efferent 

area, indicating VTA dopamine neurons do not send differential projections to any areas in 

males or females (Fig 13).  

 

 Figure 12. Mapping of serotonergic 

inputs to VTA neurons. A) 

Representative images of ZsGreen-

positive neurons in the DRN of male and 

female ePetCre/+ mice. B) Quantification of 

ZsGreen neurons across the rostral-

caudal axis of the DRN. Two-way ANOVA, 

n=7 males, 6 females. Inset: Total 

average number of DRN ZsGreen neurons 

between males and females shows no sex 

differences. Unpaired t-test. C) 

Immunohistochemistry of coronal DRN 

slices from ePet1Cre/+ mice injected with 

CAV2-DIO-ZsGreen. Left: anti-TPH2, 

middle: anti-ZsGreen. Data are shown as 

mean ± SEM. 
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Figure 13. Mapping of VTA dopamine output areas. A) Representative image of YFP 

expression in the VTA of a Slc6a3Cre/+mouse. B) Average total amount of cfos was not different 

between males and females. Unpaired t-test, n=5 males, 4 females. C) Quantification of cfos in 

VTA efferent areas. Two-way ANOVA. Data are shown as mean ± SEM. 
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CHAPTER 3 

 

DOPAMINE TRANSLATOME 

 

 

 

  

 While examination of gene expression in dopamine neurons has been performed 

using both in situ hybridization and microarray analysis, these studies investigated 

differences in the molecular characterization between various dopaminergic populations and 

none assessed enriched genes of dopamine neurons as a whole compared to non-dopamine 

neurons20–24. Here, I examined the gene expression profiles of dopamine neurons in male 

and female mice and compare the VTA dopaminergic population to non-dopamine neurons 

in the VTA. In addition, I draw attention to the possible relationship between the expression 

of neurotransmitter receptor transcripts in dopamine neurons and the VTA afferent input of 

neurons expressing these neurotransmitters.  

 In order to isolate the ribosome-associated mRNA of dopamine neurons, I utilized a 

viral RiboTag strategy269. Injection of a Cre-dependent AAV1-FLEX-Rpl22HA into the VTA of 

a Slc6a3Cre/+ mouse allows for replacement of WT exon 4 of the ribosomal protein Rpl22 

with an exon 4 that contains a HA tag, specifically in dopamine neurons (Fig 14). I then 

Figure 14. Viral approach for isolation of VTA dopamine neuron mRNA. A) 

Schematic of VTA viral targeting by a Cre-conditional HA-tagged ribosomal protein, 

Rpl22, in Slc6a3Cre/+ mice. B) Immunohistochemistry of coronal VTA slices from 

Slc6a3Cre/+ mice injected with AAV1-FLEX-Rpl22HA. Left: anti-TH, middle: anti-HA.. 
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isolated these HA-tagged polyribosomes through immunoprecipitation (IP) of VTA 

polysomes. The RNA obtained was then amplified, purified, analyzed using microarray, and 

confirmed with qRT-PCR. To confirm the isolation and identity of dopamine neuron-

associated mRNA in the IP, I first verified the enrichment of dopaminergic mRNAs. These 

included Th, Ddc, Slc6a3 (Dat), vesicular monoamine transporter 2 Slc18a2 (Vmat2), and 

Drd2. Both in the samples used for the microarray and those used for qRT-PCR, I saw high 

enrichment for all of these transcripts (Fig 15). qRT-PCR revealed no effect of sex or 

hormone on the degree of enrichment (Fig 15B).  

 

To establish a baseline for looking at enriched genes, I chose the minimum 

enrichment value for dopaminergic markers. Therefore, I filtered the data to show the genes 

that had a signal at least four times more in IP than total mRNA input, eliminating genes 

with weak expression (Fig 16A). The results further validate our isolation of dopamine 

neurons with enriched mRNAs including cholinergic receptors (Chrna6, Chrna4, Chrnb3.1), 

cholecystokinin (Cck), and transcription factor engrailed homeobox protein 1 (En1)24. I 

chose several of these mRNAs to be confirmed with qRT-PCR, which affirmed their 

Figure 15. RNA of immunoprecipitated VTA tissue showed enrichment for dopamine 

markers. A) Microarray of male and female samples was enriched for Th, Ddc, Dat, Vmat2, and 

Drd2. There were no sex differences in the level of enrichment. Two-way ANOVA, n=4 males, 3 

females. B) qRT-PCR of intact and gonadectomized tissue showed enrichment for dopamine 

markers. There was no effect of sex or hormone in the level of enrichment. Two-way ANOVA, n=4 

intact males, 5 intact females, 3 CAST males, 4 OVX females. Data are shown as mean ± SEM. 



56 
 

enrichment in dopamine neurons (Fig 16B). Gapdh was chosen as a housekeeping gene and 

showed no enrichment. I saw no sex difference or effect of hormone on the enrichment level 

of these genes. 

 Surprisingly, analysis of sex differences in IP samples revealed only two genes, both 

of which are chromosomally linked. Xist, which is X-linked and expressed only in females, is 

responsible for a gene dosing effect. In females, which express two X chromosomes, Xist 

Figure 16. Genes enriched in dopamine neurons. 

A) Microarray results of genes showing at least a 4x 

enrichment in IP over input. Males and females were 

pooled. B) qRT-PCR validation of several genes showing 

4x enrichment from microarray results. Gapdh is used 

as a housekeeping gene. Two-way ANOVA, Data are 

shown as mean ± SEM. 
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Figure 17. Two genes expressed in 

dopamine neurons showed a sex 

difference. A) Microarray analysis of 

transcripts in IP samples showed higher 

expression of Eif2s3y in males. 

Unpaired t-test, **p<0.01. B) 

Microarray results showed higher levels 

of Xist in female IP samples. Unpaired 

t-test. ****p<0.0001. C) qRT-PCR 

confirmed enrichment of Eif2s3y in 

both intact and CAST males as 

compared to females. Unpaired t-test. 

D) Confirmation of Xist enrichment in 

intact and OVX females compared to 

males. Unpaired t-test. Data are shown 

as mean ± SEM. 

 

 

acts on the inactive X chromosome by coating it and effectively silencing it270. I found 

significantly higher expression of Xist in female IP samples (Fig 17B). The second gene, Eif2s3y, 

is expressed on the Y chromosome and is essential for spermatogenesis. Accordingly, I find 

enrichment of Eif2s3y in the IP of males versus females (Fig 17A). However, this gene is not 

present in humans. It should be noted that neither Xist nor Eif2s3y were expressed at a 

higher level in IP than input, and the sex difference seen was maintained in the input 

samples. Therefore, I found no genes that were enriched in IP over total mRNA and also 

exhibited a sex difference. Additionally, Xist and Eif2s3y showed no change in enrichment 

after gonadectomy, demonstrating that the expression of these transcripts is not hormone-

dependent (Fig 17C-D). 
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 Our investigation of dopaminergic circuitry and physiology led to our finding of a 

strong afferent input from GABAergic neurons. I also observed inputs from areas expressing 

glutamate and serotonin. Therefore, I examined the expression of receptors associated with 

these neurotransmitters and others known to be expressed in the VTA. Microarray analysis 

revealed gene expression of several classes of receptors in the dopaminergic IP including 

GABA, glycine, acetylcholine, norepinephrine, serotonin, neurotensin, cholecystokinin, 

neurokinin B, ghrelin, glutamate, corticotropin releasing hormone, and opioid receptors (Fig 

18A). Enrichment of several of these receptor transcripts in the IP relative to input is also 

seen, including GABA, cholinergic, glycinergic, ghrelin, and neurokinin B. There is also 

reduced enrichment of the mRNAs encoding for the adrenergic receptor Adra2a, as well as 

the neurotensin receptor Ntsr2. Interestingly, the metabotropic glutamate receptor mGluR3 

(encoded by the gene Grm3), is also highly de-enriched (Fig 18B). Further analysis 

averaging enrichment across each neurotransmitter receptor type demonstrates the 

possible selectivity of those neurotransmitters for dopamine neurons over other neurons in 

the VTA (Fig 18C). Receptors binding norepinephrine are selective for non-dopamine 

neurons, whereas glutamate receptors are non-selective.  In contrast, receptors mediating 

acetylcholine, GABA, glycine, serotonin, neurotensin, neurokinin B, and ghrelin signaling are 

highly selectively expressed in dopamine neurons. This finding mirrors our observation of 

dopaminergic circuitry, which shows relatively robust projections from serotonergic and 

GABAergic afferents, but fewer glutamatergic inputs. These data, along with physiological 

evidence of stronger presynaptic inhibitory influence, support an overall larger inhibitory 

tone onto VTA dopamine neurons. 
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Figure 18. Gene expression profile of neurotransmitter receptor subtypes in 

IP. A) Microarray analysis showed expression of several receptor types in dopamine 

neurons (IP), including GABA, glutamate, glycine, acetylcholine, norepinephrine, 

serotonin, neurotensin, cholecystokinin, corticotropin-releasing hormone, nociception, 

neurokinin B, and ghrelin. B) Enrichment and de-enrichment of several receptors in 

dopamine neurons relative to total mRNA. C) Selectivity of receptor subtypes is shown 

by average IP expression of all receptors within a classification relative to average 

expression of those receptors in input. Data are shown as mean ± SEM. 
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CHAPTER 4 

 

DOPAMINE-DEPENDENT BEHAVIOR 

 

 

 

 Thus far, I have determined that there are few differences between males and 

females in terms of gene expression and circuitry of the VTA dopamine neurons. Dopamine 

is important in behaviors including stimulus-response reward learning and 

motivation10,29,32,271. As existing literature on sex differences in these behaviors are largely 

done in rats and produce conflicting results, I tested both intact and gonadectomized mice 

in a variety of appetitive- reward tasks. Mice were food restricted and trained in a Pavlovian 

appetitive conditioning task where a 10-second cue presentation of levers preceded delivery 

of a food pellet. Learning was measured by an increase in the number of head entries 

performed during the cue over time versus during the intertrial interval. I observed no overt 

difference of sex-specific learning during this task, although a two-way ANOVA revealed a 

small but significant interaction (Fig 19A-B). Likewise, gonadectomized female and male 

mice learned this association to a similar degree (Fig 19C-D). Further examination of 

activity patterns during the cue showed that intact mice are, as previously reported, largely 

goal trackers, and males and females exhibit similar behavior while the lever is 

presented43,272,273 (Fig 19E-F).  
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Following Pavlovian conditioning, mice were trained on a FR1 instrumental 

conditioning task where one lever press resulted in delivery of a food pellet. There was a 

slight effect of hormone in females, with OVX females pressing the levers at a significantly 

higher rate than intact females on the first day of training. However, this disparity was no 

longer significant by the fourth day of training (Fig 20A-B). I observed no effect of sex or 

male hormone level. Assessment of motivation through a progressive ratio task, where the 

number of times mice are required to press the lever increases exponentially, showed no 

difference between intact or gonadectomized males and females (Fig 20C). These results 

Figure 19. Pavlovian 

appetitive conditioning 

task revealed no sex 

differences. A) Intact males 

and females show a similar 

increase in head entries 

during the CS+ over training 

days. Two-way ANOVA, n=22 

intact males, 22 intact 

females sex x day, 

F(1,6)=3.85, **p<0.01. B) 

Intact males and females 

maintain a similarly low rate 

of head entries during the 

CS- over training days. Two-

way ANOVA, F(1,6)=6.13, 

****p<0.0001. C) 

Gonadectomized males and 

females show a similar 

increase in head entries 

during the CS+ over training 

days. Two-way ANOVA, n=12 

intact males, 12 intact 

females. D) Gonadectomized 

males and females maintain a 

low level of head entries 

during the CS- over training 

days. E) Manual analysis of 

behavior during the cue 

revealed no sex difference in 

intact animals. Two-way 

ANOVA. F) Ethovision analysis 

of behavior during the cue 

also showed no sex 

difference. Two-way ANOVA. 

Data are shown as mean ± 

SEM. 
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suggest there is no sex difference in the performance of male and female mice in reward 

learning or motivation.  

 

Cocaine acts at the dopamine transporter by blocking it and thereby inhibiting the 

reuptake of dopamine into the presynaptic terminal. This results in increased dopamine in 

the synapse and an inhibition of dopamine neuron firing. Repeated administration of cocaine 

typically results in behavioral sensitization, which can be measured as an increase in 

locomotor activity over days. Following 5 days of cocaine injections, both intact males and 

females sensitized as expected, with no sex difference (Fig 21A-C). However, neither OVX 

females nor CAST males exhibited a robust locomotor response when compared to their 

intact counterparts (Fig 21D-I). This effect was more pronounced in males. Hormone 

Figure 20. Instrumental conditioning and 

progressive ratio paradigms. A) Rate of lever 

pressing on day 1 of instrumental conditioning. One-

way ANOVA. n=14 intact males, 14 intact females, 12 

CAST males, 12 OVX females, F(3,48)=2.86, *p<0.05, 

Bonferroni’s Multiple-Comparison Test, *p<0.05. B) 

Rate of lever pressing on day 4 of instrumental 

conditioning. One-way ANOVA. C) Break point in 

progressive ratio task shows no effect of sex or 

hormone. One-way ANOVA. Data are shown as mean 

± SEM. 
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replacement with either estrogen or testosterone in females and males, respectively, 

rescued locomotor sensitization (Fig 21J-O).  

Overall, these data indicate that in dopamine-dependent behaviors, mice showed no 

obvious sex or hormone effect in appetitive-reward paradigms, including instrumental 

appetitive conditioning, Pavlovian conditioning, and progressive ratio. However, both males 

and females display sensitivity to hormone levels as measured by locomotor cocaine 

sensitization.  

 

  

Figure 21. Locomotor sensitization to cocaine showed no sex difference, but revealed effect of 

hormones. A-C) Locomotor response to cocaine injection on day 1 (A), day 3 (B), and day 5 (C) revealed no 

sex difference between intact males and females. Two-way RM ANOVA, n=14 intact males, 14 intact females. 

D) Locomotor response to cocaine injection on day 1 between intact and CAST males revealed an effect of 

hormone. Two-way RM ANOVA, condition x time, F(35,35)=1.76, **p<0.01, n=14 intact males, 11 CAST males. 

E) Locomotor response to cocaine injection on day 3 between intact and CAST males revealed an effect of 

hormone. Two-way RM ANOVA, condition x time, F(35,35)=4.70, ****p<0.0001. Bonferroni’s multiple-

comparison test, **p<0.01. F) Locomotor response to cocaine injection on day 5 between intact and CAST 

males revealed an effect of hormone. Two-way RM ANOVA, condition x time, F(35,35)=9.77, ****p<0.0001. 

Bonferroni’s multiple-comparison test, ***p<0.001. G-H) Locomotor response to cocaine injection on day 1 

and day 3 between intact and OVX females revealed no effect of hormone. Two-way RM ANOVA, n=14 intact 

females, 12 OVX females. F) Locomotor response to cocaine injection on day 5 between intact and OVX 

females revealed an effect of hormone. Two-way RM ANOVA, condition x time, F(35,35)=2.37, ****p<0.0001. 

Bonferroni’s multiple-comparison test, *p<0.05. J) Locomotor response to cocaine injection on day 1 

between CAST males and CAST males with testosterone replacement revealed an effect of hormone. Two-

way RM ANOVA, condition x time, F(35,35)=5.76, ****p<0.0001. Bonferroni’s multiple-comparison test, 

**p<0.01. K) Locomotor response to cocaine injection on day 3 between CAST males and CAST males with 

testosterone replacement revealed an effect of hormone. Two-way RM ANOVA, condition x time, F(35,35)=2.79, 

****p<0.0001. Bonferroni’s multiple-comparison test, **p<0.01.  L) Locomotor response to cocaine 

injection on day 5 between CAST males and CAST males with testosterone replacement revealed an effect of 

hormone. Two-way RM ANOVA, condition x time, F(35,35)=3.37, ****p<0.0001. Bonferroni’s multiple-

comparison test, **p<0.01. M) Locomotor response to cocaine injection on day 1 between OVX females and 

OVX females with estrogen replacement revealed an effect of hormone. Two-way RM ANOVA, condition x 

time, F(35,35)=2.61, ****p<0.0001. Bonferroni’s multiple-comparison test, *p<0.05. N) Locomotor response 

to cocaine injection on day 3 between OVX females and OVX females with estrogen replacement revealed an 

effect of hormone. Two-way RM ANOVA, condition x time, F(35,35)=2.94, ****p<0.0001. Bonferroni’s multiple-

comparison test, **p<0.01. O) Locomotor response to cocaine injection on day 5 between OVX females and 

OVX females with estrogen replacement revealed an effect of hormone. Two-way RM ANOVA, condition x 

time, F(35,35)=3.24, ****p<0.0001. Bonferroni’s multiple-comparison test, **p<0.01. Data are shown as 

mean ± SEM. 
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CHAPTER 5 

 

DISCUSSION, CONCLUSIONS, AND FUTURE DIRECTIONS 

 

 

  

 

 This study presents a comprehensive collection of findings analyzing the midbrain 

dopamine system by investigating circuitry, gene expression, and behavior. Through 

extensive circuit mapping of the midbrain, I show that while there is no sexual dimorphism 

in the VTA afferents, there is a prominent inhibitory input that is mirrored in the 

electrophysiological synaptic properties of dopamine neurons in slice preparation. 

Examination of the VTA dopaminergic outputs revealed an enhanced projection in females to 

the dorsal striatum. Microarray analysis of dopamine neurons resulted in only two sexually 

dimorphic genes, both of which were sex chromosome-linked. However, further analysis 

also revealed an enhanced expression and selectivity of certain neurotransmitter receptor 

subtypes, again supporting our circuit-mapping results. Finally, while appetitive dopamine-

dependent behaviors and locomotor cocaine sensitization showed minimal sex differences, I 

observed a striking effect of hormone on the locomotor response to repeated cocaine 

administration.  

 

Dopamine Circuitry 

 Previous studies detailed midbrain dopamine circuitry using a variety of techniques, 

including fluorogold, horseradish peroxidase, and modified rabies virus86–90. However, none 

of these studies explored the possibility of sex differences. Using CAV2-Cre and a modified 
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rabies virus approach, I was able to look at the inputs to the VTA in a dopamine 

independent and dependent manner. Our findings matched with what has been previously 

reported, with the highest density of VTA projections originating in the DRN, BNST, NAc, 

PPTg, and LH. A large number of neurons from the cingulate cortex, motor cortex, and MHb, 

were also found to project to the VTA, although these were not seen in projections 

specifically to dopamine neurons. Comparison of male and female subjects revealed no sex 

differences in the number of cells in VTA afferents.  

 Following these findings, I explored the possibility of sexual dimorphism within the 

major neurotransmitter VTA afferents. Employing CAV-DIO-ZsGreen with several Cre driver 

mouse lines allowed us to visualize VTA-projecting neurons expressing GABA, glutamate, 

and serotonin. While I did not observe any differences between males and females, I did 

note a relatively low number of glutamatergic inputs to the VTA. However, GABAergic 

afferents displayed a much higher projection strength. In order to see if this striking 

difference translated to a synaptic effect, we examined the properties of VTA dopamine 

neurons in slice preparation. Here, we also saw no sex differences in spontaneous firing 

rate, Ih current, SK3 current, capacitance, membrane resistance, or mIPSC and mEPSC 

amplitude and frequency. However, analysis of mIPSC and mEPSC amplitude and frequency 

revealed a highly significant difference. Both amplitude and frequency of mIPSCs was 

substantially higher in dopamine neurons, indicating higher inhibitory activity both at the 

pre- and post-synaptic level. Increased mIPSC frequency is associated with higher vesicular 

release from the presynapse, while increased mIPSC amplitude implies greater activation of 

postsynaptic receptors. While a strong GABAergic presence has been previously 

characterized in the SNc, I am the first to provide substantial circuitry and physiological 

evidence that the VTA is largely innervated by GABAergic inputs outside of local 

interneurons, as compared to glutamatergic input7,130,258–261,274. Most of the GABAergic 

inputs to the SNc originate in the globus pallidus, striatum, and from within the SNc itself130. 

A comprehensive map of GABA afferents to the VTA, surprisingly, has never been 
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performed, and we show that these same areas also provide strong inhibitory input to the 

VTA, along with the lateral septum, bed nucleus, lateral hypothalamus, and preoptic areas, 

among others.  

 By expressing DREADDs in dopamine neurons of the VTA, I was able to visualize 

dopamine projection strength by looking for cfos, a marker of neuronal activity. I observed 

high levels of cfos in areas known to receive dopaminergic input, including the cingulate 

cortex, NAc, DStr, LH, and septum. However, no difference between males and females was 

seen in efferent VTA areas. 

 

Dopamine Translatome 

 To examine gene expression in isolated dopamine neurons, I used a viral RiboTag 

technique. Immunoprecipitation and microarray analysis of HA-tagged polyribosomes 

allowed for examination of transcripts in dopamine neurons. Consequently, I was able to 

characterize the dopamine transcriptome. While comparison of gene expression between 

various dopaminergic populations had been performed, our study was the first to look for 

sex differences20–24. I found no sex differences in genes that were preferentially upregulated 

in dopamine neurons. However, our analysis revealed two sexually dimorphic genes: Xist 

and Eif2s3y. Xist is a X-linked gene whose purpose is to silence the second inactive X 

chromosome in females, allowing for gene dosage in an effort to minimize differences in 

levels of X chromosome gene expression between males and females270. Accordingly, I 

observed significantly higher expression of Xist in female dopamine neurons as compared to 

males. However, this sex difference was also seen in the total mRNA input, and therefore is 

not unique to dopamine neurons. Eif2s3y is a Y-linked gene that is vital for 

spermatogenesis275,276. As would be expected, I found significantly higher levels of this 

transcript in male dopamine neurons. Also like Xist this sex difference was not limited to 

only dopamine neurons. Expression of neither Xist nor Eif2s3y was affected by 

gonadectomy, demonstrating that these genes are not regulated by hormone levels. I also 
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saw no difference in gene expression of any dopaminergic transcripts with gonadectomy, 

including those encoding for Th, Dat, Vmat, D2 receptor, or Ddc. 

 After discovering a novel predominant inhibitory tone in VTA dopamine neurons, I 

was curious if this was also reflected in the gene expression of neurotransmitter receptors. 

Analysis of microarray results showed that dopamine neurons express transcripts for a 

variety of neurotransmitter receptors, including GABAergic, glutamatergic, cholinergic, 

serotonergic, and adrenergic receptors. There was little to no enrichment of ionotropic or 

metabotropic glutamatergic receptors in dopamine neurons compared to total input. Other 

de-enriched receptor transcripts include the neurotensin receptor Ntsr2 and the adrenergic 

receptor Adra2a. On the other hand, several receptors were enriched, including cholinergic, 

glycinergic, ghrelin, and neurotensin receptors. Importantly, I see an enrichment in 

dopamine neurons for GABAergic receptors. This enrichment, along with a de-enrichment of 

glutamatergic receptors, further supports our findings of strong inhibitory tone onto 

dopamine neurons of the VTA.  

 Additional analysis explored the selective expression of receptor types in dopamine 

neurons. Here, the average enrichment for all receptors of a subtype (e.g. glutamate, 

GABA, etc.) was averaged, to illustrate the specificity of that neurotransmitter for dopamine 

neurons over all other neurons of the VTA. This reveals a high selectivity of acetylcholine, 

glycine, neurokinin B, and ghrelin for dopamine neurons. GABA shows a slight selectivity for 

dopamine neurons, while glutamate shows none, again contributing to our evidence of 

strong inhibitory input to VTA dopamine neurons, as compared to excitatory. 

 

Dopamine-Dependent Behavior 

 It is well established that dopamine is required for reward learning. Dopamine in the 

striatum, in particular, is necessary for motivated reward learning75. While I found few sex 

differences in VTA connectivity and gene expression, I could not rule out the possibility of 

other sexually dimorphic factors that could result in an observable difference in behavioral 



69 
 

output. Therefore, I tested mice in a variety of appetitive learning tasks, including Pavlovian 

conditioning, instrumental conditioning, and progressive ratio. In all three paradigms, I saw 

few differences between males and females. Pavlovian conditioning revealed no sex 

difference, and gonadectomized mice performed equally well in this task. I also observed no 

difference in their conditioned approach behavior, as defined by goal or sign tracking. 

Instrumental conditioning also showed no sex difference or effect of hormone, except on 

day 1 of training where OVX females exhibit a small but significantly higher lever press rate. 

This effect is gone by the last day of training. As dopamine in the striatum is necessary for 

food motivation and learning, and I observed higher female dopaminergic input in this area, 

I tested animals in a progressive ratio task75. However, I also saw no effect of sex or 

hormone in this paradigm.  

  Finally, I examined the locomotor sensitization of mice to repeated injections of 

cocaine. Current literature reporting sex differences in cocaine sensitization is extremely 

convoluted, contradictory, and primarily performed in rats. Most studies agree that female 

rats have a greater locomotor response to chronic cocaine than males277–279. Some studies 

observe that CAST and testosterone decrease and restore sensitization, respectively, while 

others see no change with CAST280–282. OVX females reported show a decreased locomotor 

response to cocaine, while estrogen seems to restore this210,277,282. Chronic administration of 

cocaine over 5 days to intact male and female mice revealed an equal locomotor 

sensitization. Gonadectomy greatly reduced this behavioral response and hormone 

replacement restored it. While our results largely mirror what is seen with hormone 

manipulation, I see no sex difference; this may be due to our use of a mouse model instead 

of rats.  

 

Conclusions 

 This study demonstrates that overall, the midbrain dopaminergic system of male and 

female mice is largely very similar. Examination of inputs to the VTA both in a nonspecific 
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and dopamine-specific manner revealed no sexual dimorphism in the strength of inputs 

from multiple afferent areas. Additionally, the neurotransmitter makeup of these afferents 

showed no sex difference. The basic electrophysiological properties of the dopamine neuron 

are also the same between males and females. Dopamine-dependent appetitive behaviors 

showed similar performance between sexes as well. Some small differences were seen, 

however. The dorsal striatum receives more input from dopamine neurons in females. Also, 

microarray analysis of ribosome-associated transcripts showed a sex difference in two 

genes, Xist and Eif2s3y, both of which are X- and Y-linked, respectively. However, neither of 

these genes is known to affect the dopamine system. The most striking effect I observed 

was not one of sex, but rather of hormone on locomotor cocaine sensitization. In both male 

and female mice, gonadectomy and hormone replacement decreased and increased, 

respectively, this behavioral response.  

 What is the most intriguing result of this study is the finding that dopaminergic 

neurons are under a largely inhibitory input. This is shown not only by the relatively large 

number of GABAergic neurons projecting to the VTA in comparison to other major 

neurotransmitters, but also in the synaptic properties. Recording mEPSCs and mIPSCs from 

dopamine neurons in slice demonstrates a significantly higher amplitude and frequency of 

mIPSCs. This evidence suggests that both at the pre- and postsynapse of dopamine 

neurons, there is greater inhibitory activity, which is a novel and exciting finding. This, 

along with our comprehensive mapping of VTA afferent areas expressing GABA, provides a 

plethora of inhibitory sources that could be influencing behavior. How these areas and their 

inhibitory input contribute to behaviors could reveal important information about VTA 

function. 

 

Future Directions 

 Characterization of afferent VTA circuitry from neurons expressing neurotransmitters 

other than those I detailed would provide an exhaustive picture of midbrain inputs. Other 
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studies suggest that neurons expressing neurotensin, cholecystokinin, dynorphin, glycine, 

substance P, ghrelin, and enkephalin may synapse and influence VTA dopamine 

neurons7,124,125,128. The use of our CAV-DIO-zsGreen virus along with various Cre mouse 

lines would provide a means to complete this characterization. 

 Our microarray results also show that some of these neurotransmitters may 

selectively synapse onto dopamine neurons versus other neuron types in the VTA, implying 

a functional role. Identification of the influence of each of these neurotransmitters in 

regulating dopamine neuron physiological properties and dopamine-dependent behavior 

would also add to our knowledge of how the dopamine system is regulated. This could be 

accomplished through the simultaneous injection of Cre-conditional tetanus toxin into 

afferent areas with strong ZsGreen expression and CAV-Cre into the VTA of various Cre 

lines. The result would be neuronal inactivation of VTA-projecting cells expressing a specific 

neurotransmitter, after which behavioral effects could be tested. Electrophysiology effects 

could be explored through expression of a Cre-conditional channelrhodopsin in the afferents 

of these same mouse lines, after which slice recordings of dopamine neurons could be 

performed to observe the influence of terminal photostimulation.   

 As cocaine sensitization demonstrated an effect of hormone in males and females, 

exploration of this mechanism would be interesting. Others have speculated on the role of 

hormones in regulating D2 receptor binding, but whether this is the mechanism responsible 

for the effect I see in cocaine locomotor response is unclear191,210,213.   
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METHODS 

 

 

Chapter 2 

 

Animals 

All methods and experiments were approved by the University of Washington 

Institutional Animal Care and Use Committee. Ai14:426(Sor)tdTom mice aged 10 weeks 

were used for all CAV-Cre experiments. Slc6a3Cre/+mice aged 10 weeks were used for all 

rabies virus experiments. Slc32a1Cre/+, Slc17a6Cre/+, and ePet1Cre/+ mice aged 10 

weeks were used for all CAV-DIO-zsGreen experiments. Both male and female mice were 

used in these experiments.  

 

Surgery 

All mice were anesthetized using isoflurane and stereotaxically injected bilaterally 

with viral vector (0.5 uL/side) into the VTA. Stereotaxic injection coordinates from bregma 

in mm, A-P: -3.25*x, M-L: ±0.5, D-V: -4.5 (x=lambda:bregma distance/4.21) for the VTA. 

Stereotaxic injection coordinates from bregma in mm, A-P: -4.7*x, M-L: ±0.5, D-V: -3.25 

(x=lambda:bregma distance/4.21) for the DRN. Mice were allowed to recover for two weeks 

before sacrifice.  

 

Histology 

Mice were anesthetized with 50 mg/kg of Beuthenasia and perfused with phosphate-

buffered saline (PBS) and 4% paraformaldehyde. Whole brains were dissected and fixed 

overnight in paraformaldehyde, followed by immersion in a 30% sucrose solution for at least 

48 hours. Brains were frozen in OCT at -20 degrees Celsius and immediately sectioned 
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coronally on a cryostat in 30um sections. Sections were then stored in PBS and 0.1% 

sodium azide until immunostaining and/or mounting onto slides for imaging.  

 

Immunostaining 

cfos: Every other section from the entire brain was washed in 1x tris buffered 

solution (TBS) + 0.3% TritonX 100 (TBST) with 3% donkey serum  for 30 minutes. Sections 

were then incubated overnight at 4 degrees Celsius or for 4 hours at room temperature in 

primary antibody (rabbit anti cfos, 1:2000, CalBiochem). This was followed by a 3x wash in 

TBS for 10 minutes and a 1 hour incubation at room temperature in secondary antibody 

conjugated to Cy3 or AF-488 at a 1:200 dilution. Finally, sections were washed in 1x TBS 3 

more times before mounting onto slides.  

TPH: Sections from the dorsal raphe were selected and processed in the same was 

as described above. Primary antibody used was rabbit anti TPH2 at a 1:500 dilution 

(Millipore).  

 

Image Analysis 

Whole sections were imaged based on corresponding atlas reference figures (Mouse 

Brain Atlas, Franklin and Paxinos). Cells were then counted manually with the exception of 

cfos, which was counted using ImageJ software.  

 

Statistical Analysis 

All statistical analysis was done using Prism (GraphPad).  
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Chapter 3 

Animals 

All methods and experiments were approved by the University of Washington 

Institutional Animal Care and Use Committee. Slc6a3Cre/+mice aged 10 weeks were used for 

all RiboTag experiments. Both male and female mice were used in these experiments. 

  

Surgery 

All mice were anesthetized using isoflurane and stereotaxically injected bilaterally 

with AAV1-DIO-Rpl22-HA (0.5 uL/side) into the VTA. Stereotaxic injection coordinates from 

bregma in mm, A-P: -3.25*x, M-L: ±0.5, D-V: -4.5 (x=lambda:bregma distance/4.21). 

Mice were allowed to recover for four weeks before sacrifice.  

For gonadectomy (CAST or OVX), the gonads were removed from mice anesthetized 

using isoflurane. Vasculature to the gonad was sutured and sutures were used to seal the 

incision.  

 

RiboTag 

Brain tissue from the VTA area was collected using a tissue punch and homogenized, 

as previously described269. Tissue was then incubated with 5 ul of anti-HA primary antibody 

(Covance) for four hours at 4 degrees Celsius, followed by overnight incubation with 200 ul 

of magnetic beads (Pierce). Next, RNA-conjugated beads were washed using a high salt 

buffer and the RNA was extracted from the magnetic beads. RNA was then purified using a 

RNeasy Plus Micro kit (Qiagen). 

For samples intended for qRT-PCR analysis, RNA was quantified using a Ribogreen 

RNA kit (Invitrogen) and converted to cDNA using Superscript IV and oligo dT primers 

(Invitrogen). TaqMan primers (Applied Biosystems) for chosen genes of interest were used 

to measure gene expression. Expression was quantified using the Ct values normalized to 

Actb (ΔCt). Fold enrichment of IP over input was calculated for figures 15 and 16 using 2-ΔΔCt. 
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Fold enrichment for figure 17 was calculated as 2-ΔΔCt with ΔΔCt = (Male IP ΔCt – Avg Female 

ΔCt) for each gene, in order to show sex differences in enrichment.  

For samples intended for microarray analysis, following purification using the RNeasy 

kit, confirmation of enrichment for dopamine markers was performed using TaqMan 

primers. After this, RNA was amplified (Ovation PicoSL WTA RNA Amplification System), 

purified (Qiagen MinElute Reaction Cleanup Kit), and the quantity was measured again using 

a nanodrop machine. Confirmation of dopamine marker enrichment was again performed 

using TaqMan primers, after which biotinylation (Encore BiotinIL) and purification (Qiagen) 

was done. Samples were then checked for quality (Agilent RNA 6000 Nano) and hybridized 

to the microarray chip (Illumina Mouse 8 Channel V2). Finally, the chips were read and 

analyzed (Illumina iScan, GenomeStudio). 

 

Slice Electrophysiology 

Whole-cell recordings were made using an Axopatch 700B amplifier (Molecular 

Devices) with filtering at 1 KHz using 4-6 MΩ electrodes filled with an internal solution 

containing (in mM): 130 K-gluconate, 10 HEPES, 5 NaCl, 1 EGTA, 5 Mg-ATP, 0.5 Na-GTP, 

pH 7.3, 280 mOsm.. Horizontal brain slices (200 μm) were prepared from 8 week old mice 

in an ice slush solution containing (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 

20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgSO4, 

pH 7.3-7283. Slices recovered for ~12 min in the same solution at 32 degrees Celsius and 

then were transferred to a room temperature solution including (in mM): 92 NaCl, 2.5 KCl, 

1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiouria, 5 Na-ascorbate, 3 Na-

pyruvate, 2 CaCl2, 2 MgSO4. Slices recovered for an additional 60 min. All solutions were 

continually bubbled with O2/CO2, and all recordings were made in ACSF at 32 degrees 

Celsius continually perfused over slices at a rate of ~2 ml/min. Ih currents were induced by 

2-s hyperpolarizing voltage steps from -70 mV to -120 mV. SK currents were induced by 
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depolarizing voltage steps from -70 to 0 mV. Capacitance measurements were calculated by 

software using 5 mV hyperpolarizing steps (Clampex).  

For recording miniature excitatory postsynaptic currents, electrodes were filled with 

an internal solution containing (in mM): 130 K-gluconate, 10 HEPES, 5 NaCl, 1 EGTA, 5 Mg-

ATP, 0.5 Na-GTP, pH 7.3, 280 mOsm and 200mM picrotoxin was bath applied through the 

ACSF to block inhibit GABAA receptor-mediated events. For recording spontaneous 

excitatory postsynaptic currents, electrodes were filled with an internal solution containing 

(in mM): 135 KCl, 12 NaCl, 0.05 EGTA, 100 HEPES, 0.2 Mg-ATP, 0.02, Na-GTP 2mM 

kynurenic acid was bath applied through the ACSF to block inhibit AMPA and NMDA events.   

For all miniature current recordings, cells were clamped at a holding potential of -60 mV for 

a minimum of 5 minutes and were recorded in the presence of 1mM tetrodoxin (TTX) to 

block action potentials. Access resistance was monitored throughout all experiments. 

 

Histology 

Histology was performed as described in the previous chapter in order to check for 

viral specificity and spread. 

 

Immunohistochemistry 

Coronal brain sections were processed as described in the previous chapter using 

primary antibodies of mouse anti-HA (1:1000, ABM) and rabbit anti-TH (1:1000, Millipore). 

 

Statistical Analysis 

All statistical analysis was done using Prism (GraphPad).  
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Chapter 4 

Animals 

All methods and experiments were approved by the University of Washington 

Institutional Animal Care and Use Committee. WT mice aged 10 weeks were used for all 

RiboTag experiments. Both male and female mice were used in these experiments.  

 

Surgery 

Gonadectomy was performed as described in chapter 3.  

 

Pavlovian Conditioning 

After mice were food restricted to 85% of their normal body weight, they were 

placed in a standard operant chamber containing two levers and a food port 

(MedAssociates). Mice were trained to obtain food pellets immediately following a 10 second 

lever presentation (45mg, Bio-Serv). Trials were separated by a 90 second variable 

intertrial interval and repeated 25 times over 7 days.  

 

Instrumental Conditioning 

Following Pavlovian conditioning, mice were placed in the same operant chamber and 

trained to press either lever based on a FR1 schedule. Specifically, one lever press 

performed resulted in one food pellet. Levers stayed retracted until the mice made a head 

entry into the food port. This was repeated until the mice performed 50 lever presses or 2 

hours had elapsed. Each subject repeated this over 4 days.  

  

Progressive Ratio 

After completing 4 days of instrumental conditioning, mice were then trained on a 

progressive ratio task, where the number of lever presses required to receive one pellet 

increased nonarithmatically with each trial (1, 1, 4, 7, 13, 19, 25, 34, 43, 52, 61, 73…). 
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Break point was calculated as the number of lever presses completed to successfully receive 

the last pellet after 4 hours had elapsed, or after 3 minutes had elapsed between lever 

presses.  

 

Cocaine Sensitization 

Mice were placed into cages where locomotion could be measured (Opto-M3; 

Columbus Instruments). For the first 2 days mice were injected with 0.2 ul of 0.9% saline in 

order to obtain baseline measurements over 90 minutes pre and post injection. Following 

this, mice were injected with 20 mg/kg of cocaine (Sigma) subcutaneously and locomotion 

was measured for 90 minutes prior to and after injection. Gonadectomized male and female 

mice were then injected subcutaneously with testosterone (50 ug/kg, Sigma) or B-Estradiol 

(10 ug/100 ul, Sigma) dissolved in sesame oil once a day over 7 days. The cocaine 

locomotion regime was then repeated as described previously, followed by daily injections of 

hormone after each trial. 

 

Statistical Analysis 

All statistical analysis was done using Prism (GraphPad).  
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