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Abstract 

Sex differences in drug addiction are mediated in part by effects of the ovarian 

hormone estradiol (E2) within the ascending dopamine (DA) system from the midbrain 

to the striatum.  Estradiol enhances the effects of psychostimulants, but the exact 

underlying mechanisms are unknown.  Mice could serve as an ideal genetically-tractable 

model for mechanistic studies into sex and hormone effects within the DA system but 

have been under-utilized.  This study sought to: 1) characterize psychostimulant-

induced behavior in mice as an indirect but quantifiable measure of DA 

neurotransmission, and 2) elucidate the mechanism underlying E2’s enhancement of 

psychostimulant effects in females using surgical, pharmacological, and genetic 

manipulations.  The spontaneous behavior of mice during habituation to a novel 

environment and after the psychostimulants d-amphetamine (AMPH; 1, 2.5, and/or 5 

mg/kg) and cocaine (COC; 5, 15, and/or 30 mg/kg) were assessed in open field chambers 

using both automated photobeam interruptions and behavioral observations.  Behaviors 

were assessed in the following groups of mice: intact males and females; ovariectomized 

mice replaced with either E2 for 4 weeks, 2 days or 30 minutes or with estrogen receptor-

selective agonists; and female mice lacking either ERα (αERKO) or ERβ (βERKO) versus 

wildtype (WT) littermates.  Brain psychostimulant concentrations and tissue content of 

DA and its metabolites were determined at the time of maximum behavioral 
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stimulation.  Psychostimulants induced behavioral activation in mice including both 

increased locomotion as detected with an automated system and a sequence of 

behaviors progressing from stereotyped sniffing at low doses to patterned locomotion 

and rearing at high doses.  Intact female mice exhibited more patterned locomotion and 

a shift towards higher behavior scores after psychostimulants despite having lower 

AMPH and equivalent COC brain levels as males.  Actively ovariectomized mice 

exhibited fewer ambulations and lower behavior scores during habituation and after 

psychostimulants than Sham females.  Two days but not 30 minutes of E2 replacement 

restored COC-induced behavioral responses to Sham levels.  ERα-selective PPT 

replacement in ovariectomized mice and genetic ablation of ERα in αERKO mice altered 

COC-stimulated behavior.  Immunohistochemistry revealed that midbrain DA neurons 

in mice express ERβ but not ERα, and that non-DA cells in the midbrain and the 

striatum express ERα.  These results indicate that E2 enhances COC-stimulated 

locomotion in mice through an indirect effect of ERα.  ERα may alter behavior through 

presynaptic effects on DA neuron activity and/or through postsynaptic effects on 

transcription and signal transduction pathways within striatal neurons. 
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Chapter 1: Introduction  

1.1 Dopamine 

1.1.1 Dopamine Neurotransmission 

Dopamine (DA) is a catecholamine neurotransmitter within the brain that binds 

to DA receptors to modulate neuronal activity.  DA is synthesized within neurons from 

the precursor amino acid, tyrosine.  Tyrosine is hydroxylated by the rate-limiting 

enzyme tyrosine hydroxylase (TH) into L-DOPA, which is then converted to DA by 

aromatic amino acid decarboxylase (AADC) (Figure 1) (Nagatsu et al. 1964).  

Cytoplasmic DA is packaged into vesicles within the DA terminal through the vesicular 

monoamine transporter (VMAT) and released into the extracellular space through 

exocytosis induced by an action potential (Figure 2) (reviewed in (Beaulieu and 

Gainetdinov 2011)).  DA in the extracellular space binds to G-protein coupled receptors 

(GPCRs) on the DA terminal and on neighboring neurons (reviewed in (Beaulieu and 

Gainetdinov 2011; Schultz 1998)).  These DA receptors are divided into two classes that 

mediate opposite effects on intracellular signaling pathways and regulate neuronal 

excitability and transcription.  The D1-like family consists of D1 and D5 receptors 

located on postsynaptic cells and are coupled to stimulatory G proteins.  These G 

proteins activate adenylate cyclase (AC) and protein kinase A (PKA) to enhance 

neuronal excitability and increase transcription of immediate early genes such as c-Fos.  

D2-like receptors, namely the D2, D3, and D4 receptors, induce opposite changes within 



 

2 

cells through their coupling to inhibitory G-proteins that decrease the activity of AC and 

its downstream effectors.  D2 receptors are located both postsynaptically and on the 

presynaptic DA neuron and its terminals, with the presynaptic D2 receptors functioning 

as autoreceptors to regulate DA neuron firing and the synthesis and release of DA 

(reviewed in (Beaulieu and Gainetdinov 2011)).   
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Figure 1: Synthesis of dopamine 

 The neurotransmitter dopamine (DA) is synthesized from the amino acid 

tyrosine.  The rate-limiting step in this pathway is the conversion of tyrosine to L-DOPA 

by the enzyme tyrosine hydroxylase (TH).  L-DOPA is then decarboxylated to form DA.  

Adapted from (Meyer and Quenzer 2004).   
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Figure 2: Dopamine neurotransmission 

DA is synthesized in the cytoplasm and then stored in vesicles within the 

terminal.  An action potential within the neuron causes fusing of the vesicles with the 

plasma membrane and release of DA into the extracellular space.  DA then binds to its 

D1-like excitatory and D2-like inhibitory receptors on postsynaptic cells and presynaptic 

D2 autoreceptors to regulate a series of signaling cascades within those cells. Adapted 

from (Meyer and Quenzer 2004) 
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 Several mechanisms regulate DA neurotransmission.  The dopamine transporter 

(DAT) is a Na+/K+ - dependent transmembrane transporter that removes DA from the 

extracellular space and returns it to the cytoplasm of the DA terminal for recycling and 

repackaging into vesicles (Figure 2) ((Krueger 1990), reviewed in (Sulzer 2011)).  Binding 

of DA to inhibitory D2 autoreceptors located on the presynaptic terminal self-regulates 

DA release by attenuating DA neuron excitability and firing as well as DA synthesis and 

vesicular trafficking (reviewed in (Beaulieu and Gainetdinov 2011)).   

Metabolism of DA also regulates DA neurotransmission (Figure 3).  Intracellular 

DA in the DA terminal is degraded by monoamine oxidase (MAO) into 3,4-

dihydroxyphenylacetic acid (DOPAC) (Karoum et al. 1994; Nagatsu et al. 1964; Roffler-

Tarlov et al. 1971).  In neurons expressing dopamine-β-hydroxylase (DβH), intracellular 

DA is further converted to norepinephrine (NE) (Levin et al. 1960; Nagatsu et al. 1964).  

Extracellular DA is converted into 3-methoxytyramine (3-MT) through catechol-O-

methyl transferase (COMT) located on the membranes of postsynaptic neurons (Karoum 

et al. 1994).  Both DA metabolites are then further metabolized by COMT or MAO into 

homovanillic acid (HVA) (Roffler-Tarlov et al. 1971).  DA metabolism is often 

determined using the ratios of DA metabolites to DA, with the 3-MT to DA ratio 

sometimes used as an indirect measure of DA release (Karoum et al. 1994; Kuczenski 

and Segal 1992). 
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Figure 3: Metabolism of dopamine 

The pathways of DA metabolism and conversion to norepinephrine (NE).  Two 

enzymes, monoamine oxidase (MAO) and catechol-O-methyl-transferase (COMT), 

convert DA into its three metabolites. Noradrenergic neurons convert DA into NE 

through dopamine β-hydroxylase (DβH). 
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1.1.2 The Mesencephalic Dopamine System and the Basal Ganglia 

DA neurons are located in several clusters throughout the mammalian brain 

(reviewed in (Bjorklund and Dunnett 2007)).  DA populations in the olfactory bulb and 

the hypothalamic arcuate nucleus and anteroventral periventricular nucleus regulate the 

processing of odorant information, pituitary prolactin secretion, and luteinizing 

hormone secretion (reviewed in (Bjorklund and Dunnett 2007; Cave and Baker 2009; 

Forger 2009).  Most DA neurons are found in the midbrain, or mesencephalon, in three 

structures: the retrorubral field (RRF, A8 group), the substantia nigra pars compacta 

(SNpc, A9 group), and the ventral tegmental area (VTA, A10 group) (Figure 4) 

(Dahlstroem and Fuxe 1964).  DA neurons of SNpc and lateral VTA send projections to 

the dorsal striatum, also known as the caudate putamen (CP) (reviewed in (Bjorklund 

and Dunnett 2007)).  This nigrostriatal pathway regulates voluntary movement and 

habit formation (reviewed in (Natarajan and Yamamoto 2011)).   VTA and dorsal SNpc 

DA neurons innervate the ventral striatum, also called the nucleus accumbens (NuAcc), 

as well as cortical regions (e.g. prefrontal, frontal and cingulate cortices) and limbic 

structures (e.g. hippocampus and amygdala) (reviewed in (Bjorklund and Dunnett 

2007)).  This mesocorticolimbic pathway mediates several emotional and cognitive 

processes, including motivation, learning, and reward (reviewed in (Natarajan and 

Yamamoto 2011)).    



 

8 

  a       

  
b       

 
c       

 
 

Figure 4: Neuroanatomy of the rodent mesencephalic dopamine system 

(a) The nigrostriatal pathway contains DA neurons located primarily in the A9 

cluster of the substantia nigra pars compacta (SNpc) that project to the caudate putamen 

(CP) to regulate voluntary movement.  (b,c) The mesocorticolimbic pathway is 

composed of A10 DA neurons in the ventral tegmental area (VTA) that innervate the 

nucleus accumbens (NuAcc) and other limbic and cortical regions which mediate the 

rewarding effects of drugs and the in-place stereotyped behaviors exhibited after 

psychostimulant administration.  Adapted from (Meyer and Quenzer 2004). 
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Primary rewarding and aversive stimuli alter DA neurotransmission in these 

ascending mesencephalic DA pathways.  The phasic firing rate of subsets of DA neurons 

and extracellular DA levels in the striatum are increased upon exposure to a variety of 

rewards, including food, liquids, mates, and novel environments ((Damsma et al. 1992), 

reviewed in (Becker 2009; Schultz 2002; 2007)).  The prediction of receiving a reward also 

increases DA neuron firing (reviewed in (Schultz 2002; 2007)).  In contrast, most DA 

neurons respond to aversive stimuli or to an omitted reward by slowing or temporarily 

stopping their phasic firing, although a subset are activated by aversive stimuli 

(reviewed in (Schultz 2002; 2007)).  These changes in DA neurotransmission enhance 

learning and initiate motivational behaviors which encourage the future consumption or 

avoidance of the rewarding or aversive stimulus, respectively (reviewed in (Schultz 

2007)). 

Dysfunctions of the ascending DA pathways and the processes they modulate 

are involved in several clinical disorders.  Loss of DA neurons in the ventral midbrain, 

particularly in the SNpc, leads to lower DA neurotransmission within the striatum and 

dysregulation of voluntary movement in Parkinson’s Disease (reviewed in (Joel and 

Weiner 2000)).  Addictive drugs perturb the motivational, reward sensing, and learning 

processes normally activated by primary rewarding stimuli by increasing extracellular 

DA in the striatum in an unregulated manner (reviewed in (Le Moal and Simon 1991)).  

These clinical disorders highlight the importance of the mesencephalic DA system in 
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modulating a wide array of behaviors ranging from voluntary movement to the sensing 

of positive stimuli. 

The ascending DA pathways are part of a larger network of circuits, collectively 

termed the basal ganglia, that mediate cognitive, emotional, and motor functions 

(reviewed in (Natarajan and Yamamoto 2011; Utter and Basso 2008)).  The striatum 

functions as a main point of input and integration within the basal ganglia as the 

striatum receives excitatory inputs from the cortex and thalamus (reviewed in (Utter and 

Basso 2008)).   DA terminals innervate two populations of inhibitory GABAergic 

medium spiny neurons (MSNs) in the striatum that express different DA receptors and 

function as two parallel pathways within the basal ganglia.  The direct pathway consists 

of MSNs that express D1 receptors and the neuropeptides substance P and dynorphin.  

These neurons make up 80% of the DA receptor-expressing cells in the striatum and 

project to the internal globus pallidus and the substantia nigra pars reticulata to facilitate 

movement by disinhibiting the thalamus (reviewed in (Natarajan and Yamamoto 2011; 

Schultz 1998; Utter and Basso 2008)).  In the indirect pathway, MSNs that express D2 

receptors and enkephalin project to the GABAergic external globus pallidus to inhibit 

movement (reviewed in (Natarajan and Yamamoto 2011; Utter and Basso 2008)).  The 

simultaneous activation of both pathways by DA neurotransmission facilitates 

controlled, voluntary movement. 
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1.2 Psychostimulants 

1.2.1 Epidemiology and History 

Amphetamine (AMPH) and cocaine (COC) are the most widely abused 

psychostimulant drugs within the United States.  Each year, COC is used by over 5 

million Americans and AMPH by over 2.5 million Americans (SAMHSA 2009).  While 

users take psychostimulants to experience the pleasant feelings like euphoria that these 

drugs induce, both acute and chronic use of psychostimulants can have dangerous side 

effects.  Acute doses of AMPH or COC can cause fatal overdoses, hallucinations, and 

heart attacks ((APA 1994), reviewed in (Ciccarone 2011; Degenhardt and Hall 2012)).   

Chronic use of psychostimulants can lead to cardiovascular problems and mental 

disorders, such as depression and anxiety, as well as movement disorders and increased 

mortality rates.   

Psychostimulant use is not a recent phenomenon.  Indigenous people chewed on 

the leaves of the South American Erythroxylon coca plant, the natural source of COC, for 

their psychoactive effects ((APA 1994), reviewed in (Ciccarone 2011)).  COC achieved 

more widespread use over the past two centuries as a local anesthetic due to its ability to 

block voltage sensitive Na+ channels and thereby prevent action potentials (reviewed in 

(Ciccarone 2011)).  AMPH has been synthesized and used over the past century for 

medicinal purposes, particularly in the treatment of nasal congestion, fatigue, 

depression, weight gain, and attention deficit/hyperactivity disorder (ADHD).  The 
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rising prescription rate of AMPH and related stimulants has increased their availability 

and the opportunity for illicit use in the general population.   

1.2.2 Mechanism of Action 

Psychostimulants induce euphoria and hyperactivity, including enhanced 

locomotion and repetitive movements, by increasing DA neurotransmission (Ciccarone 

2011; Sulzer 2011).  AMPH acts as a non-exocytotic DA releaser by raising the pH within 

synaptic vesicles and collapsing the proton gradient that drives the accumulation of 

vesicular DA.  Transport of DA through DAT is bidirectional and concentration-

dependent, so the resulting increased concentration of cytoplasmic DA reverses DA 

transport through DAT out to the extracellular space (Figure 5b) (reviewed in (Ciccarone 

2011; Sulzer 2011; Sulzer et al. 2005)).  COC increases extracellular DA levels by 

competitively binding to DAT and blocking the reuptake of released DA from the 

extracellular space back into the presynaptic terminal (Figure 5c) (Calligaro and 

Eldefrawi 1987; Ciccarone 2011; Sulzer 2011).  AMPH and COC also affect NE and 

serotonin (5-HT) neurotransmission by similar mechanisms, with COC being an equally 

potent uptake inhibitor at the DA, NE, and 5-HT transporters while AMPH is more 

potent in the inhibition and release of DA and NE than of 5-HT (Rothman et al. 2001).  

Previous studies have demonstrated that the hyperlocomotion and repetitive behaviors 

induced by psychostimulants are specifically mediated by the increased extracellular 
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DA within the striatum (Creese and Iversen 1975; Kelly and Iversen 1976; Kelly et al. 

1975). 
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   a        

 
b        c        

     
 

Figure 5: Mechanisms of action of amphetamine and cocaine 

The psychostimulants AMPH and COC both increase extracellular levels of DA.  

(a) In a normal terminal, DA is packaged into vesicles through VMAT2 and stored until 

an action potential causes exocytosis of DA into the extracellular space.  Released DA is 

then transported back into the terminal by reuptake through the dopamine transporter 

(DAT).  (b) AMPH causes unregulated DA release by redistributing DA from synaptic 

vesicles into the cytosol and then reversing transport through DAT into the extracellular 

space.  (c) COC increases extracellular DA levels by binding to DAT and blocking the 

reuptake of released DA back into the terminal.  Adapted from (Meyer and Quenzer 

2004). 
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1.2.3 Psychostimulant Addiction 

Psychostimulant addiction, clinically referred to as substance dependence in the 

DSM-IV (APA 1994), is a neurological disorder in which an individual compulsively 

seeks out and uses a drug despite negative consequences (reviewed in (Koob and 

Volkow 2010)).  Addicted users often become tolerant to a drug and escalate drug intake 

to achieve the same effect that was once attained with a lower dose.  Drug addicts also 

face continued cravings and relapses in drug use, even after prolonged periods of 

abstinence and despite a sincere desire to discontinue use.  Approximately 15% of 

psychostimulant users become dependent, and there are currently no approved 

pharmacological agents to treat psychostimulant dependence (reviewed in (Ciccarone 

2011; Degenhardt and Hall 2012; Koob and Volkow 2010)).   

Psychostimulants induce molecular and cellular changes within the brain that 

mediate the progression from initial controlled use of a drug to the uncontrolled use in 

addiction.  The rapid, supraphysiological rises in extracellular DA levels induced by 

psychostimulants, particularly in the ventral striatum, correlate with their positive 

rewarding effects and the acquisition of drug seeking behaviors (reviewed in (Everitt et 

al. 2008; Koob and Volkow 2010)).  The increased DA signaling initially leads to 

activation of transcription factors with short half lives, such as CREB, that then increase 

the transcription of target genes in the NuAcc and CP (reviewed in (Koob and Volkow 

2010; Nestler 2004)).  CREB’s downstream targets mediate the anhedonia, negative mood 
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state, and tolerance that occur soon after discontinuation of drug use (reviewed in 

(Nestler 2004)).  As psychostimulant use continues, the CP mediates a transition to 

habitual and compulsive drug seeking (reviewed in (Everitt et al. 2008; Koob and 

Volkow 2010)).  Chronic, repeated psychostimulant exposure causes the accumulation of 

other, longer-lasting genes such as the transcription factor ΔFosB in the striatum 

(reviewed in (Koob and Volkow 2010; Nestler 2004)).  It has been suggested that ΔFosB 

regulates the expression of several target genes that mediate the compulsive desire to 

take drugs and the enhanced sensitivity to them after more prolonged withdrawal 

periods (reviewed in (Nestler 2004)).  Chronic drug use also leads to dysregulation of 

other neurotransmitter systems involved in a variety of other processes, including 

memory, stress/anti-stress, and cognition, that mediate the later stages of drug 

withdrawal (reviewed in (Koob and Volkow 2010; Nestler 2004)).     

1.2.4 Psychostimulant-induced behaviors in animal models 

Pharmacological and lesioning studies in animals have shown that AMPH and 

COC stimulate behavior through their effects on DA neurotransmission.  

Psychostimulants at low doses elicit increased locomotion in rats by raising extracellular 

DA in the NuAcc and at higher doses induce repetitive, in-place stereotyped behaviors 

through increased extracellular DA in the CP (Creese and Iversen 1975; Kelly and 

Iversen 1976; Kelly et al. 1975).  DA levels rise preferentially in the NuAcc after low 

psychostimulant doses due to the lower concentration of DAT in this region (Garris et al. 
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1994; Marshall et al. 1990).  The higher concentration of extracellular DA after 

psychostimulant exposure alters the balance between the D1 and D2 pathways within 

the striatum.  Signaling through the low-affinity D1 receptors is increased while 

signaling through the higher-affinity D2 receptors becomes saturated as DA levels rise 

(reviewed in (Natarajan and Yamamoto 2011; Schultz 1998)).  Repeated dosing of 

psychostimulants can enhance the behavioral responses upon subsequent challenges in 

a process known as behavioral sensitization (reviewed in (Pierce and Kalivas 1997)).  

The behaviors induced by psychostimulants serve as indirect but integrative and 

quantifiable models of the effects of hormones or administered drugs in areas that 

mediate reward.   

The in-place stereotyped behaviors induced by AMPH and COC include intense 

fixed sniffing and repetitive horizontal or vertical movement of the head in a “bobbing” 

or “weaving” pattern, which are rarely seen in normally behaving rats.  As the 

frequency and intensity of the stereotyped behaviors increase, animals become 

stationary and locomotor indices fall.  This aspect of the behavioral response to 

psychostimulants can be difficult to quantitate when using automated methods to 

record behavioral data (Antoniou et al. 1998).  Observational methods are essential to 

detect qualitatively different behaviors that might yield identical automatically-recorded 

data and can detect more subtle behavioral differences between groups than automated 

methods.  Protocols for the observation of behaviors induced by psychostimulants in 
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rats have been developed (reviewed in (Kelley 2001)).  Observation-based methods 

enable the classification of exhibited behaviors into different categories which can be 

assigned numerical scores.  Rating scales assign scores to individual behaviors based on 

the relative level of behavioral activation represented by each behavior (Creese and 

Iversen 1973; Ellinwood and Balster 1974).  However, a gap exists in the literature.  

Previous studies have rated the psychostimulant-induced behavior of mice using these 

rat-based behavioral scales without carefully characterizing the topography of mouse 

psychostimulant-induced behavior to ensure that the same pattern of behavior exists in 

mice and rats (Quintero and Spano 2011; Quintero et al. 2008; Schlussman et al. 1998; 

Tolliver and Carney 1994).  One goal of the present study was to address this gap in our 

knowledge by characterizing the mouse behavioral response to psychostimulants and 

developing a rating scale tailored to mouse behavior that could be used in future 

studies. 

1.3 Ovarian Hormones 

During puberty in humans and rodents, the hypothalamic-pituitary-gonadal axis 

becomes activated to enable the final stages of sexual maturation (reviewed in (Sisk and 

Foster 2004)).  This axis generates cyclical patterns in circulating levels of gonadotropins 

and sex hormones during the female menstrual cycle.  At puberty, neurons within the 

hypothalamus begin to periodically secrete gonadotropin releasing hormone (GnRH) 

(reviewed in (Sisk and Foster 2004)).  GnRH stimulates the production of two 
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gonadotropins, follicle stimulating hormone (FSH) and luteinizing hormone (LH), from 

the pituitary (Figure 6) (reviewed in (Sisk and Foster 2004)).  During the follicular phase, 

low levels of these gonadotropins induce the maturation of ovarian follicles and their 

secretion of 17β-estradiol (E2) (reviewed in (Becker et al. 2005)).  E2 levels surge and 

induce a rapid increase in the levels of circulating GnRH from the hypothalamus and 

subsequently LH from the pituitary.  This LH surge induces ovulation of the mature 

follicle.  In the luteal phase, a corpus luteum forms where the mature follicle was 

previously located and begins to secrete progesterone.  Progesterone levels then peak 

prior to the regression of the corpus luteum and the start of new cycle.  Rats and mice 

have a truncated version of this cycle, known as the estrous cycle, that lasts only 4-5 

days due to the lack of a complete luteal phase ((Champlin et al. 1973), reviewed in 

(Becker et al. 2005; Byers et al. 2012)).   Surgical removal of the ovaries through bilateral 

ovariectomy induces a state of deficiency in circulating E2 and progesterone levels as the 

ovaries are the main endogenous source of these hormones in females ((Zhao et al. 2005), 

reviewed in (Nilsson and Gustafsson 2010; Simpson 2003). 
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Figure 6: Hormone and gonadotropin levels during the estrous and menstrual 

cycles 

Circulating levels of the ovarian hormones estradiol (estrogen above) and 

progesterone and the gonadotropins luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) during the estrous cycle of rodents (a) and menstrual cycle of humans 

(b).  The rodent estrous cycle consists of 4-5 days termed diestrus 1 and 2, proestrus, and 

estrus.  In humans, the menstrual cycle takes an average of 28 days to complete.  Gray 

bars in (a) indicate the times of the 12-hour dark cycle.  Adapted from (Staley and 

Scharfman 2005). 
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 1.3.1 Mechanisms of Estradiol Signaling 

Estradiol is a steroid hormone that is synthesized in the ovaries from androgenic 

precursors, primarily androstenedione and testosterone, as well as the estrogenic 

precursor estrone by two enzymes: the cytochrome P450 enzyme aromatase and 17β-

hydroxysteroid dehydrogenase (reviewed in (Carr 1998; Nilsson and Gustafsson 2010)).  

Aromatase is expressed throughout the body, including in the ovaries, bone, adipose 

tissue, and the brain (reviewed in (Nilsson and Gustafsson 2010; Simpson 2003)).  E2 can 

exert its effects through multiple receptors, including two classical homologous 

receptors known as estrogen receptors α and β (ERα and ERβ, respectively) (Figure 7a).  

ERs are transcriptional factors that can interact with each other and with other 

transcription factors to regulate the transcription of target genes in the brain (reviewed 

in (Nilsson and Gustafsson 2010; Toran-Allerand 2004)).   

These receptors contain five functional domains.  At the N-terminus, the A/B 

region contains a ligand-independent transcriptional activation function (AF-1) domain 

(reviewed in (Nilsson and Gustafsson 2010)).  The central C-region is a highly conserved 

DNA-binding domain that recognizes and binds to estrogen response element (ERE) 

sequences in DNA.  The D region’s hinge domain regulates ligand affinity and ER 

degradation through post-translational modifications.  The E/F regions at the C-terminal 

end of the receptors contain the ligand-binding domain and a ligand-dependent 

transcriptional activation AF-2 region.  The F domain may also mediate the preferential 
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binding of synthetic selective estrogen receptor modulator (SERM) compounds to one 

receptor or the other (Figure 7b) (reviewed in (Nilsson and Gustafsson 2010)). 
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Figure 7: The classical estrogen receptors and their ligands 

(a) The functional domains and sequence homology of ERα and ERβ.  The A/B 

regions at the N-terminus contain the ligand-independent transcriptional activation 

domain AF-1.  The central C-region is a highly conserved DNA-binding domain that 

recognizes and binds to estrogen response element (ERE) sequences in DNA.  The E/F 

regions at the C-terminal end of the receptor contain the AF-2 region, which contains a 

ligand binding domain and functions as ligand-dependent transcriptional activator.  

Sequence homology between the two classical receptors within each region is noted by 

the percentages.  (b) Ligands for the estrogen receptors, including the physiological E2 

as well as the ER-selective PPT and DPN.  Adapted from (Nilsson and Gustafsson 2010). 



 

24 

Estradiol can signal through multiple different mechanisms to elicit changes 

within cells.  The classical mechanism of estrogen signaling involves the binding of 

estradiol to ERα or ERβ in the cytoplasm (Figure 8, pathway 1) (reviewed in (Al Sweidi 

et al. 2012; Nilsson and Gustafsson 2010)).  This ligand binding induces a conformational 

change in the receptor which causes dissociation from heat shock proteins and 

translocation to the nucleus (reviewed in (Al Sweidi et al. 2012)).  The ligand-bound ER 

then dimerizes with other receptors, binds to estrogen response element (ERE) or other 

target sequences within the DNA, and interacts with a suite of cofactors that is dictated 

by the conformation of the receptor to regulate transcription of target genes (reviewed in 

(Al Sweidi et al. 2012; Nilsson and Gustafsson 2010)).  ERα and ERβ can each regulate 

the transcription of their own cohort of genes, can heterodimerize with each other to 

regulate a new and distinct set of genes, and can alter each other’s transcription 

(reviewed in (Nilsson and Gustafsson 2010)).  The effects of E2 signaling on 

transcriptional regulation are apparent hours to days after E2 exposure due to the time 

required for transcription and translation of affected genes.   

More rapid effects of E2, observed within seconds or minutes of E2 exposure, 

occur through alternative mechanisms.  Membrane-associated and cytoplasmic forms of 

ERα and ERβ can bind E2 and activate signal transduction pathways within the 

cytoplasm, such as the MAPK and PI3K/Akt pathways (Figure 8, pathway 2) (reviewed 

in (Al Sweidi et al. 2012; Nilsson and Gustafsson 2010)).  Membrane-associated ERs can 
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also interact with other receptors located at or near the membrane to activate its 

downstream signaling pathways.  A third pathway through which E2 can alter cellular 

functions involves a novel G-protein coupled estrogen receptor known as GPER1 or 

GPR30.  This receptor is located within the plasma membrane and upon binding to E2 

induces cAMP production and PKA activation through stimulation of AC (reviewed in 

(Al Sweidi et al. 2012; Nilsson and Gustafsson 2010)).  These alternative pathways may 

also interact with the MAPK, PI3K/Akt, and/or PKA pathways, thereby indirectly 

altering the transcription of genes downstream of these signal transduction pathways 

(reviewed in (Nilsson and Gustafsson 2010)).
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Figure 8: Estradiol intracellular signaling pathways 

Multiple mechanisms of estradiol signaling exist.  (1) Classical signaling 

mechanisms involve estradiol crossing the plasma membrane and binding to hormone 

receptors that then translocate to the nucleus and regulate transcription of target genes.  

(2) Estradiol can also bind to receptors located at or near the membrane that interact 

with other membrane-associated receptors (i.e. mGLUR) to activate their downstream 

targets.  (3) A G-protein coupled receptor, GPR30, located within the membrane binds to 

estradiol and activates downstream signal transduction pathways through cAMP and 

PKA that may also regulate gene transcription. (Nilsson and Gustafsson 2010). 
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1.3.2 Organizational versus Activational Effects of Estradiol within the 
Brain 

Estradiol can exert both long-lasting organizational effects and transient 

activational effects within the brain, depending on the particular measure and brain 

region.  The organizational effects of E2 in the brain are established during critical 

developmental windows in early postnatal life and during puberty ((Phoenix et al. 

1959), reviewed in (McCarthy et al. 2009)).  E2 signaling must be present during these 

crucial stages for these changes to occur, but once established the effects will remain 

even when E2 is no longer present (reviewed in (McCarthy et al. 2009)).   

Organizational effects of E2 within the brain are crucial for the development of 

sex-specific reproductive behaviors and patterns of hormone release (reviewed in 

(McCarthy et al. 2009)).  Sexual differentiation of behavior in rodents occurs through 

aromatization of testosterone to E2, which then alters anatomy and connectivity within 

relevant brain regions.  Relative to female rats, males have more neurons and greater 

synaptic density in brain regions that control male reproductive behaviors, such as the 

preoptic area, and fewer neurons and synapses in regions controlling female behaviors, 

such as the anteroventral periventricular nucleus (reviewed in (McCarthy et al. 2009)).  

These sex-specific differences in cell number and connectivity are due to differential 

rates of cell death, dendritic growth, and synaptogenesis in males and females that are 

regulated in part by E2 (reviewed in (McCarthy et al. 2009)). 
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Sexual dimorphisms and organizational effects of E2 within the mesencephalic 

DA system also exist.  Organizational influences on early DA neuron development have 

been difficult to conduct due to the formation of these neurons during mid-gestation 

(Lauder and Bloom 1974).  However, studies in cultured neurons suggest that E2 may 

influence the development of DA neurons in vivo.  E2 enhances neurite growth and 

arborization (Beyer and Karolczak 2000), increases TH expression (Ivanova and Beyer 

2003), and increases DA neuron number (Rodriguez-Navarro et al. 2008) in cultured 

embryonic midbrain DA neurons.  One previous study verified that E2 exposure during 

late gestation increases TH levels in the midbrain in vivo, perhaps due to increased 

survival of developing DA neurons (Ivanova and Beyer 2003).  Cultured slices of ventral 

midbrain from young (2-3 week old), prepubertal female rats and mice have more DA 

neurons and higher DA content than male slices (Beyer et al. 1991; Sibug et al. 1996).    

These effects of E2 on the developing DA system may influence 

psychostimulant-induced behavioral responses later in life.  Exposure to testosterone at 

birth reduces COC-stimulated (Kuhn et al. 2001) and AMPH-stimulated (Forgie and 

Stewart 1993; 1994) locomotion in adult rats.  These organizational effects of testosterone 

may be mediated by E2 following aromatization in the midbrain ((Kuhn et al. 2001; 

MacLusky et al. 1994), reviewed in (Roselli et al. 2009)).  These studies indicate that E2 

effects on the ascending DA system during early development may contribute to sex 

differences in psychostimulant-induced behaviors in adults.   
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Estradiol also exerts transient activational effects that require the continued 

presence of the hormone and influence a wide variety of neurotransmitter systems and 

behaviors, including DA neurotransmission and drug addiction (reviewed in (McEwen 

et al. 2012)).  These activational effects can be rapid and require only a few seconds to 

minutes of E2 exposure, or they can be short-term and be seen only after several hours to 

a few days of E2 signaling.  Some of the best understood examples of activational effects 

of E2 occur in the hippocampus (reviewed in (McEwen et al. 2012)).  Synaptic 

remodeling is highly plastic in the hippocampus and is partially regulated by E2.  High 

circulating levels of E2, both during the normal estrous cycle and with E2 replacement in 

Ovx females, induces the formation of new spines on hippocampal pyramidal neurons 

(reviewed in (McEwen et al. 2012)).  This synaptogenesis occurs in part through 

regulation of  the expression and activation of several proteins involved in key signal 

transduction pathways, such as the PI3K/Akt and CREB pathways, within pre- and post-

synaptic cells (reviewed in (McEwen et al. 2012)).  Short-term E2 exposures also increase 

the expression of neurotrophic factors and neuropeptides in several brain regions 

(reviewed in (McEwen et al. 2012)).  These activational effects of E2 on cellular 

morphology and transcription influence neuronal excitability, survival, and connectivity 

with other nearby cells and can thereby alter behavior. 
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1.4 Effects of Gonadal Hormones in the Mesencephalic 
Dopamine System 

1.4.1 Sex Differences in Dopamine-Mediated Disorders 

Defects in mesencephalic DA neurons alter the control of movement, cognition, 

and motivation, and are implicated in several clinical disorders.  Two areas of the 

clinical literature, namely the drug addiction and Parkinson’s Disease (PD) fields, 

suggest that E2 enhances and protects DA neurotransmission in women.  Women 

progress from initial use of a drug to addiction more rapidly than males and report 

different subjective effects (reviewed in (Anker and Carroll 2011; Becker and Hu 2008; 

Lynch et al. 2002)).  These observed sex differences are due in part to ovarian hormones, 

as evidenced by fluctuations in reported subjective effects over the menstrual cycle 

((Justice and de Wit 1999), reviewed in (Becker and Hu 2008; Lynch et al. 2002)).  Female 

addicts report more positive subjective effects of AMPH during the follicular phase 

when E2 levels are rising than during the luteal phase when E2 levels are low (reviewed 

in (Anker and Carroll 2011; Becker and Hu 2008; Lynch et al. 2002)).  Women given 

exogenous E2 report greater pleasant feelings after AMPH than women treated with a 

placebo (Justice and de Wit 2000).  These studies indicate that rising and high circulating 

levels of E2 enhance the effects of psychostimulants within the DA system of females. 

The PD literature suggests that E2 also protects the DA system from 

degeneration.  The incidence of PD in women is nearly half that of men, particularly 

prior to menopause ((Miller and Cronin-Golomb 2010), reviewed in (McArthur and 
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Gillies 2011; Shulman 2007).  Women who do develop PD are on average older than 

their male counterparts (Haaxma et al. 2007; Miller and Cronin-Golomb 2010).  Bilateral 

and unilateral removal of the ovaries in women increases the risk of developing PD, 

with the risk after bilateral oophorectomy being twice as high as after unilateral surgery 

(reviewed in (McArthur and Gillies 2011; Shulman 2007)).  The age of PD onset was 

negatively associated with indices of lifetime E2 exposure, namely the number of borne 

children and the length of the fertile lifespan (Haaxma et al. 2007; McArthur and Gillies 

2011).  Men and women PD patients tend to present with different symptoms, and 

women report less severe symptoms and a slower disease progression than men in the 

early stages (Haaxma et al. 2007).  Women who develop PD prior to menopause report 

less severe symptoms during high-E2 stages of the menstrual cycle and worsening of 

symptoms as E2 levels fall (reviewed in (McArthur and Gillies 2011)).  Estrogen 

replacement therapy in some studies with postmenopausal women has been shown to 

decrease symptom severity and improve treatment of PD ((Miller and Cronin-Golomb 

2010), reviewed in (McArthur and Gillies 2011; Shulman 2007).  These studies in the 

addiction and Parkinson’s fields indicate a clear role for E2 in enhancing and protecting 

the DA system. 

1.4.2 Sex and Estradiol Effects on Psychostimulant-Induced 
Behaviors in Rodents 

Preclinical studies demonstrate similar sex and E2 influences on psychostimulant 

effects in animal models as reported in the clinical literature.  Relative to males, female 
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rats have enhanced responses to COC (Hu et al. 2004; Kuhn et al. 2001; van Haaren and 

Meyer 1991; Walker et al. 2001; Walker et al. 2009), MDMA (Walker et al. 2007), 

methylphenidate (Chelaru et al. 2012; Dafny and Yang 2006) and AMPH (Beatty and 

Holzer 1978; Brass and Glick 1981; Robinson et al. 1980; Stohr et al. 1998).  Female rats 

and primates work harder for psychostimulants, learn to self-administer them faster, 

and are more sensitive to their rewarding effects than males (Anker et al. 2011; Becker 

and Hu 2008; Davis et al. 2008; Mello et al. 2007; Russo et al. 2003b).  Psychostimulants 

elicit both enhanced locomotion and more stereotyped behaviors in female rats 

compared to males (Becker et al. 2001; Bowman and Kuhn 1996; Kuhn et al. 2010; 

Parylak et al. 2008; Walker et al. 2001). 

The sex differences in psychostimulant-induced behavior are due in part to E2 

effects within females.  Behavioral responses to psychostimulants fluctuate over the 

rodent estrous cycle and are maximal on proestrus and estrus, during and after the peak 

in circulating E2 levels (Becker and Cha 1989; Feltenstein and See 2007; Quinones-Jenab 

et al. 1999; Roberts et al. 1989; Sell et al. 2000; Zhang et al. 2008).  Ovariectomy attenuates 

behavioral responses to psychostimulants and decreases drug-seeking behavior, while 

castration has little effect (Becker and Hu 2008; Becker et al. 2012; Kuhn et al. 2001; 

Parylak et al. 2008; Russo et al. 2003a; van Haaren and Meyer 1991; Walker et al. 2001; 

Walker et al. 2012).  E2 replacement increases conditioned place preference for AMPH in 

Ovx rats (Silverman and Koenig 2007) and enhances acquisition and reinstatement of 
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COC self-administration (Hu et al. 2004; Larson and Carroll 2007; Larson et al. 2005; 

Lynch et al. 2001). 

The literature demonstrates that the other main ovarian hormone, progesterone, 

suppresses psychostimulant-induced behaviors.  Progesterone administration in COC 

users attenuates the reported subjective effects of the drug (reviewed in (Anker and 

Carroll 2010; Kuhn et al. 2010).  Female non-human primates self-administer less COC 

after pretreatment with progesterone (Mello et al. 2011) and reach lower break points 

during the luteal phase of the cycle, when progesterone is high, than during the 

follicular phase (Mello et al. 2007).  COC seeking behavior in cycling female rats is 

negatively associated with circulating levels of progesterone during the estrous cycle 

(Feltenstein and See 2007) and is attenuated by progesterone treatment (Feltenstein et al. 

2009).  While E2 replacement enhances acquisition and intake of COC in Ovx rats, 

progesterone administration attenuates the E2-induced increase in both measures and 

inhibits the escalation of intake in Sham and E2-replaced Ovx female rats (Anker and 

Carroll 2010; Jackson et al. 2006).  Taken together, these studies indicate that 

progesterone attenuates psychostimulant-induced behavior in humans and rodents and 

opposes the enhancing effects of E2. 

Most evidence indicates that sex and E2-induced differences in the 

psychostimulant behavioral response are not mediated by differences in drug 

metabolism.  Female rats have higher AMPH levels after injection compared to males 
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(Meyer and Lytle 1978), but females still respond more than males when equivalent 

brain AMPH concentrations are present (Becker et al. 1982).  The situation is even clearer 

with COC, as there is no sex difference in COC levels after administration in rats, 

primates, or humans (Bowman et al. 1999; Evans and Foltin 2010).  Previous findings in 

rats also show ovariectomy does not alter COC metabolism (Bowman et al. 1999) while 

E2 replacement may decrease brain levels of COC (Niyomchai et al. 2006a).  Overall, 

differences in the metabolism of AMPH or COC do not explain the sex and E2-induced 

differences seen in psychostimulant-induced behavior. 

1.4.3 Effects of Sex and Estradiol on Dopamine Neurotransmission in 
Adult Rodents 

Several sex differences exist in the anatomy and function of the DA system.  The 

sex differences in DA-mediated behaviors are due in part to several activational effects 

of E2 on both pre- and post-synaptic DA neurotransmission.  Adult female rats and 

primates have more DA neurons in the SNpc and VTA than males (Kuhn et al. 2010; 

Leranth et al. 2000).  DA release and uptake in the striatum are greater in female rats 

across the estrous cycle than in males (Walker et al. 2006; Walker et al. 2000).  Ovx 

induces a loss of DA neurons that can be prevented by E2 replacement (Johnson et al. 

2010b; Leranth et al. 2000; Walker et al. 2012).  E2 replacement in Ovx animals also 

increases basal DA levels, DA neuron firing, and DA release (Becker 1990a; Becker and 

Beer 1986; Becker and Ramirez 1981; Hu et al. 2004; Russo et al. 2003a; Thompson and 

Moss 1994; Zhang et al. 2008).   
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Sex and E2-induced differences have also been demonstrated in the postsynaptic 

striatal MSNs that are innervated by midbrain DA neurons.  MSNs within the NuAcc of 

female rats have a greater density of spines on distal dendrites and have more large 

spines than those of males, indicating greater excitatory input to the MSNs in females 

(Forlano and Woolley 2010).  E2 levels over the estrous cycle are correlated with changes 

in the morphology of striatal dendritic shafts, which suggests that E2 strengthens the 

influence of DA afferents over MSN activity (Morissette et al. 1992).  Modest sex 

differences in D1 and D2 receptor levels and/or binding have been reported in the adult 

rat CP and NuAcc (Andersen and Teicher 2000; Bazzett and Becker 1994; Levesque et al. 

1989), and previous studies have shown that striatal D1 density and D2 expression 

fluctuate over the rat estrous cycle (Levesque et al. 1989; Ursic et al. 2003).  Ovx 

decreases DA D2 receptor binding while E2 replacement in Ovx rats increases both D1 

and D2 binding (Bazzett and Becker 1994; Hruska and Silbergeld 1980; Landry et al. 

2002; Le Saux et al. 2006; Levesque and Di Paolo 1989).  Several studies have shown that 

E2 increases PKA-induced phosphorylation of threonine-34 on DARPP-32, a necessary 

mediator in the stimulation of locomotion by COC (Auger et al. 2001; Weiner et al. 2009; 

Zachariou et al. 2006).  These observations may explain why the levels and/or activity of 

several mediators that lie downstream of the DA receptors, such as DARPP-32 and Akt, 

are greater in females than in males (Lynch et al. 2007; Zhou et al. 2009).  The literature 

clearly demonstrates that E2 influences DA neurotransmission at several levels, both 
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pre- and postsynaptically, which may mediate the observed sex and hormone effects on 

DA-mediated behaviors. 

1.4.4 Neuroprotective Effects of Estradiol within the Dopamine 
System 

E2 also exerts neuroprotective effects on the mesencephalic DA system (reviewed 

in (Al Sweidi et al. 2012)).  Female rodents and non-human primates lose DA neurons 

after ovariectomy, and replacement with E2 or an agonist selective for either ER 

maintains DA neuron numbers in the SNpc and VTA (Johnson et al. 2010b; Leranth et al. 

2000).  Studies with DA-selective neurotoxins suggest that these neuroprotective effects 

of E2 within the DA system occur through both genomic and nongenomic mechanisms 

(reviewed in (Al Sweidi et al. 2012)).  Female rodents are less sensitive than males to the 

degeneration induced by MPTP or the psychostimulant methamphetamine (Bourque et 

al. 2009), though other studies have shown an opposite sex difference after MPTP 

(Ookubo et al. 2009).  Administration of physiological E2 levels for several days prior to 

treatment with MPTP or methamphetamine protects DA neurons and their terminals 

from degeneration (reviewed in (Al Sweidi et al. 2012; Bourque et al. 2009)).  These 

studies demonstrate that activational effects of E2 protect the DA system against 

neurodegeneration. 
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1.4.5 The Roles of ERα and ERβ in Estradiol’s Effects on the 
Ascending Dopamine System 

The roles of ERα and ERβ in the neuroprotection of the ascending DA system are 

well characterized. The literature suggests that the relative importance and respective 

roles of ERα and ERβ in E2-induced neuroprotection of the DA system are somewhat 

different (reviewed in (Al Sweidi et al. 2012)).  ERα appears to be the more crucial 

mediator, particularly for protection against an initial neurotoxic insult, whereas ERβ 

plays a stronger role in the regeneration and maintenance of function afterwards 

(reviewed in (Al Sweidi et al. 2012)).  Indeed, administration of ERα-selective PPT but 

not ERβ-selective DPN protects female mice against MPTP, and mice lacking ERα 

(αERKOs) are more sensitive to MPTP than mice that are wildtype or lack ERβ 

(βERKOs) (Al Sweidi et al. 2012; Bourque et al. 2009)).  Adult female αERKOs also have 

fewer DA neurons in the midbrain than wildtype or βERKOs females (Johnson et al. 

2010b) and lower levels of the neurotrophic factor BDNF (Kuppers et al. 2008).  In 

contrast, βERKO mice have less DA turnover and lower levels of DAT and VMAT2 (Al 

Sweidi et al. 2012).  E2 or PPT increases the activity of the PI3K/Akt pathway, suggesting 

that E2 is neuroprotective in part through ERα-mediated activation of signaling 

pathways that promote cell survival (Al Sweidi et al. 2012; Bourque et al. 2009; D'Astous 

et al. 2006).  The MAPK/ERK signal transduction pathway, as well as its downstream 

activation of CREB and inhibition of proapoptotic proteins, also interacts with ERs 
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(reviewed in (Bourque et al. 2009)).  Taken together, previous studies indicate that both 

ERα and ERβ mediate E2’s neuroprotection of the DA system after a neurotoxic insult. 

The effects of ERα and ERβ on basal and psychostimulant-induced DA function 

are less well understood than their roles in DA neuroprotection.  Previous studies in rats 

have demonstrated that activation of ERα may increase the firing rate of DA neurons in 

the VTA (Zhang et al. 2008) and may enhance COC-stimulated locomotion (Larson and 

Carroll 2007; Zhang et al. 2008).  In contrast, ERβ mediates E2-induced increases in the 

reinstatement of COC seeking behaviors (Larson and Carroll 2007) and in the density of 

DAT and D2 within the striatum (Le Saux and Di Paolo 2006; Le Saux et al. 2006; 

Morissette et al. 2008).  Both receptors increase AMPH conditioned place preference, 

perhaps through decreased expression of RGS proteins that regulate D2 receptor 

signaling in the NuAcc shell (Silverman and Koenig 2007).  The existing literature 

provides evidence that both receptors can influence DA neurotransmission and 

psychostimulant-induced behaviors, but previous studies have focused on female rats. 

Both estrogen receptors have been detected in the ascending DA system of 

rodents and non-human primates.  Each receptor shows distinct, species-specific 

patterns of regional and cellular expression (Creutz and Kritzer 2002; Gundlah et al. 

2000; Kritzer 1997; Mitra et al. 2003; Pau et al. 1998; Shughrue et al. 1997; Vanderhorst et 

al. 2005).  Moderate levels of ERβ expression have been found in the ventral midbrain of 

the non-human primate (Gundlah et al. 2000), rats (Creutz and Kritzer 2002; Shughrue et 
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al. 1997) and mice (Mitra et al. 2003).  In contrast, little to no ERα has been detected in 

the midbrain of rats (Kritzer 1997; Shughrue et al. 1997) and mice (Mitra et al. 2003; 

Vanderhorst et al. 2005).  Most studies which have analyzed the cell types that express 

either receptor in the midbrain have been conducted in rats.  These studies found that 

only a relatively small percentage of DA neurons in the rat midbrain express ERβ, and 

none appear to express ERα (Creutz and Kritzer 2002; 2004; Kritzer 1997).     

We currently do not know which ER mediates E2’s enhancement of the 

behavioral effects of psychostimulants or which cell types express either receptor in the 

ascending DA system, particularly in mice and non-human primates.  The present study 

addresses these gaps in the existing literature by investigating the role of ERα and ERβ 

in psychostimulant-induced behaviors and by examining the cellular expression 

patterns of each receptor in mice.   Expression and the effects of ERα and ERβ on DA-

mediated behaviors may vary with species, and mice may better model E2 effects on 

DA-mediated behaviors in the human brain than rats.  Mouse models provide the 

additional advantage of genetic tractability as well as more classical pharmacological 

and surgical methods in studies of E2 effects on the ascending DA system.  

1.5 Rationale and Specific Aims 

The literature review clearly demonstrates that sex differences, mediated in part 

by E2, exist in the anatomy and function of the midbrain DA system and DA-mediated 

disorders of humans, rodents, and non-human primates.  The effects of E2 are well 
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described, but the receptor mediation is still poorly understood.  Although a clear role 

for ERα and to a lesser degree ERβ in neuroprotection of the DA system is established, 

the contributions of these receptors to basal function and to the actions of addictive 

drugs are unknown.   

The genetic tractability of mice in addition to the available surgical and 

pharmacological methods provides the opportunity to define the effects of ERα and ERβ 

on DA function.  The topography of psychostimulant-induced behavior in mice has not 

been carefully characterized as previous studies investigating psychostimulant-induced 

behavior in mice have used behavioral scales developed in rats (Quintero and Spano 

2011; Quintero et al. 2008; Schlussman et al. 1998; Tolliver and Carney 1994).  To enable 

the use of mice in future research, the present study sought to characterize the effects of 

sex and E2 on psychostimulant-induced behavior in mice and determine the mechanism 

through which E2 enhances this behavior.   

The central hypothesis of this study is that E2 enhances DA-mediated behavior 

in female mice through ERα.  There are three aspects to this hypothesis: 1) E2 may 

increase psychostimulant-induced locomotion through activational effects in adulthood 

on transcriptional regulation or non-genomic signaling pathways.  2) E2’s influence on 

DA-mediated behaviors may be due to effects of ERα and/or ERβ.  Both estrogen 

receptors are expressed in regionally-specific patterns within the brain, and both have 

been detected in the SNpc and VTA and their target regions in mice.  3) E2 may enhance 
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psychostimulant-induced behavior through direct or indirect effects on DA neurons.  

Expression of either receptor in DA neurons would suggest a direct effect within the 

midbrain DA neurons themselves.  Alternatively, expression in non-DA cells would 

indicate an indirect or circuit effect through pre- or post-synaptic cells.  The following 

specific aims were developed to address these aspects of the hypothesis: 

1: Determine the time frame and dose-responsiveness of estradiol’s maintenance of DA-

mediated behavior.   

We used psychostimulant-induced behavior as a well-established model to 

evaluate E2 effects on the ascending DA system.  Psychostimulant-induced behavior 

was compared in female C57BL/6 mice that were sham (Sham) or actively 

ovariectomized (Ovx) on postnatal day 55-65.  To determine the time frame of E2’s 

enhancement of behavior, Ovx animals received either sesame oil vehicle or 3 μg/day E2 

for 4 weeks, 2 days or 30 minutes prior to a COC challenge.  In a separate study to assess 

whether psychostimulant-induced behavior is E2 dose-responsive, Ovx mice were 

administered 0.03, 0.3, or 3 μg/day of E2 for 2 days.  Shams in replacement studies were 

injected once per day with vehicle to control for effects of the vehicle and injection 

handling.  All mice were tested on postnatal day 85-95 (4 weeks after surgery) for their 

response to novelty, saline and either AMPH or COC.  Uterine weights or vaginal 

appearances confirmed successful surgery and replacement at the time of behavior. 
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2:  Investigate the role of ERα and ERβ in estradiol’s restoration of psychostimulant-

induced behavior. 

We utilized both pharmacological and genetic methods to determine whether 

ERα or ERβ mediates E2’s enhancement of psychostimulant-induced behavior.  

Pharmacologically, we probed the involvement of ERα and ERβ using selective estrogen 

receptor agonists for either receptor in Ovx mice.  Sham mice received vehicle injections 

while Ovx females received vehicle, E2, or an ER-selective agonist prior to testing 

novelty-induced and COC-stimulated locomotion.  4,4′,4″-(4-propyl-[1H]-pyrazole-1,3,5-

triyl)tris-phenol (PPT) was the ERα agonist and 2,3-bis(4-hydroxyphenyl)-propionitrile 

(DPN) was the ERβ agonist.  The effect of genetic ablation of either receptor on DA-

mediated behaviors was investigated by exposing mice lacking ERα or ERβ (αERKO 

and βERKO, respectively) to novelty and to COC.   

3: Assess where ERα and ERβ are located in the DA system of female mice.   

To determine where ERα and ERβ are located in the DA system, we stained 

sections from the SNpc/VTA and target regions of the CP/NuAcc of adult female 

C57BL/6 mice with antibodies that recognize either receptor.  We also co-stained sections 

with an anti-TH antibody to determine whether DA neurons in the midbrain or their 

target cells in the striatum contain either ER receptor.   
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Through these specific aims, we have learned that psychostimulant-induced 

locomotion in adult female mice: 1) is increased with E2 replacement over 2 days and 2) 

that ERα and not ERβ mediates this enhancement.  Furthermore, we have observed that 

3) the majority of midbrain DA neurons express ERβ, while ERα is only found in a few 

non-DA cells in the VTA and faintly in postsynaptic target neurons of the NuAcc and 

CP.  These results suggest that E2 enhances psychostimulant-induced behavior through 

indirect, activational effects of ERα.  Activation of ERα may be due to presynaptic effects 

in afferent cells that modulate the activity of midbrain DA neurons.  A postsynaptic ERα 

mechanism may also contribute to the enhancement of psychostimulant-induced 

behavior through the transcriptional regulation of target genes and/or the interaction 

with signal transduction pathways within postsynaptic striatal MSNs.  
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Chapter 2: Methods 

2.1 General Methods 

2.1.1 Subjects 

Drug-naïve male or female C57BL/6 mice (Charles River Laboratories, Raleigh, 

NC) were received 1 week prior to behavioral tests.  In the sex comparison experiments, 

mice were 70-85 days old at the time of behavioral testing.  For studies involving Ovx 

mice, females were bilaterally ovariectomized by the supplier at 55-65 days old, shipped 

to our housing facility the following morning, and allowed to recover for 4 weeks before 

behavioral tests at 85-95 days of age.  Sham surgery included anesthesia, cutting of the 

abdominal muscles and overlying skin, and closing of the wound with clips.  The 

ovaries are the main endogenous source of E2 within cycling females, thus surgical 

removal of the ovaries through bilateral ovariectomy in rodents induces a state of 

circulating E2 deficiency ((Zhao et al. 2005), reviewed in (Simpson 2003), (Nilsson and 

Gustafsson 2010)).  For the knockout experiments, intact adult female ERα (αERKO) and 

ERβ (βERKO) knockout mice and their wildtype (WT) littermate controls were 

compared (Hewitt and Korach 2003).   

Mice were housed by sex/group in ventilated plastic cages with ad libitum food 

and water on a 12-hour light/dark cycle (lights on at 6:00 AM).  Females were randomly 

cycling and not selected based on estrous cycle stage as repeated vaginal lavaging to 

monitor the cycle reduces COC-stimulated locomotion in female Sprague Dawley rats 
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(Walker et al. 2002).  All animal studies were approved by the Duke University IACUC 

and followed the National Institute of Health’s guidelines. 

2.1.2 Drugs and Chemicals 

d-Amphetamine (AMPH) and cocaine HCL (COC) were provided by the 

National Institute of Drug Abuse through the Research Triangle Institute (Research 

Triangle Park, NC).  AMPH and COC were diluted in sterile saline and given as 

intraperitoneal injections (10 mL/kg). 

17β-estradiol (E2) was purchased from Sigma Aldrich.  4,4',4''-(4-Propyl-[1H]-

pyrazole-1,3,5-triyl)trisphenol (PPT) and 2,3-bis(4-Hydroxyphenyl)-propionitrile (DPN) 

were purchased from Tocris.  All hormones were dissolved in sesame oil for 

subcutaneous injection.  Mice in the replacement studies received the hormones and 

doses outlined in Table 1.  The doses of PPT and DPN were comparable to the 3 µg/day 

dose of E2 based on their relative potencies for their respective ERs and have previously 

been shown to maintain midbrain DA neurons of Ovx mice at these concentrations 

(Johnson et al. 2010b).    
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Table 1: Hormone replacements administered to Sham and Ovx mice prior to COC 

challenge. 

Hormone 

Treatment 

Length of 

replacement 
Dose 

Injected 

Volume 

Activated 

ER(s) 

Vehicle 2 days N/A 100 μL N/A 

4 Week E2 4 weeks 3 μg/day 100 μL α, β 

30 Min E2 30 minutes 3 μg once 100 μL α, β 

2 Day/High E2 2 days 3 μg/day 100 μL α, β 

Medium E2 2 days 0.3 μg/day 100 μL α, β 

Low E2 2 days 0.03 μg/day 100 μL α, β 

PPT 2 days 2 mg/kg/day 4 mL/kg α 

DPN 2 days 8 mg/kg/day 4 mL/kg β 

 

Shams received vehicle for the same time frame as hormone-replaced Ovx mice.  

All injections were given in the morning.  Mice in the 4 week E2 group starting receiving 

E2 injections the day after surgery when the animals arrived at Duke.  All mice received 

a final subcutaneous injection of vehicle or hormone before being placed into open field 

boxes for habituation.  For the 30 minute replacement study, mice instead received their 

final injection after the saline treatment during testing. E2 = 17β-estradiol; PPT = 4,4',4''-

(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol; DPN = 2,3-bis(4-Hydroxyphenyl)-

propionitrile; N/A = not applicable. 
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2.2 Behavioral Measures 

2.2.1 Automated Methods 

Mice were placed into 40 x 40 cm open field locomotor boxes (Kinder Scientific, 

Inc., Poway, CA) for 2.5 hours (starting at approximately 9:00 am) to assess novelty-

induced behavior and habituate the animals to the novel environment before injections.  

Photobeam interruptions were automatically recorded as horizontal (e.g. ambulations, 

fine movements) or vertical (e.g. rearing) movements by the Motor Monitor software 

boxes (Kinder Scientific, Inc., Poway, CA).  Behavior was monitored for 1-2 hours after 

each injection of saline and either a single dose or three sequential ascending binge 

doses of AMPH or COC (Table 2).  In the ascending binge paradigms, mice were given 

all four injections (saline + 3 drug doses) sequentially on the same day. 
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Table 2: Psychostimulant doses and times of administration used in behavioral 

experiments with C57BL/6 mice 

Paradigm 
Injection #1 

(~11:30 am) 

Injection #2 

(~1:00 pm) 

Injection #3 

(~2:15 pm) 

Injection #4 

(~3:30 pm) 

Single Dose AMPH Saline 5 mg/kg N/A N/A 

Ascending Doses 

AMPH 
Saline 1 mg/kg 2.5 mg/kg 5 mg/kg 

Single Dose COC Saline 30 mg/kg N/A N/A 

Ascending Doses COC Saline 5 mg/kg 15 mg/kg 30 mg/kg 

 

The experiments and treatment paradigms used to assess psychostimulant-

induced behavior in C57BL/6 mice.  Each mouse received each injection of saline and 

AMPH or COC for their paradigm in sequential order at the indicated times during the 

light cycle (lights on at 6:00 am).  Mice in the single dose paradigms received just one 

dose of the psychostimulant while mice in the sequential ascending binge paradigms 

received three doses of increasing psychostimulant concentration.  Mice were observed 

for 1-2 hours after each injection and behaviors were recorded by photobeam 

interruptions.  N/A = not applicable. Adapted from (Van Swearingen et al. in press). 
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2.2.2 Behavior Observations and Rating Scale 

We developed our mouse rating scale based on two previous scales, one 

developed for rats (Ellinwood and Balster 1974) and another rat-based scale used in mice 

(Schlussman et al. 1998; Schlussman et al. 2003).  A trained observer blind to 

experimental group monitored each mouse as locomotion was being recorded.  Every 5 

minutes, each mouse was observed for two consecutive 15-second bins for a total of 24 

observations/animal/hour.  Each observed behavior was recorded, and every bin was 

later assigned a score according to the developed rating scale (Table 3).  Behaviors seen 

at lower AMPH doses and during the waning effects of the drug were assigned lower 

scores, while behaviors observed after higher AMPH doses and during maximal drug 

effects were scored higher.   
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Table 3: The developed rating scale for experimenter-observed psychostimulant-

induced behaviors of mice. 

Score Behavior Category Included Behaviors 

1 Asleep/Inactive Asleep; Awake but still 

2 
Light in-place directed 

activity 
Normal grooming; Light sniffing 

3 
Normal exploratory 

behavior 

Slow intermittent locomotion; Occasional rearing; 

Sniffing or gnawing bedding 

4 
Fast exploratory 

Behavior 

Fast exploratory locomotion/sniffing; 

Increased rearing 

5 
In-place stereotyped 

behaviors 

Continuous sniffing; Head bobbing/weaving; 

Circling/pivoting; Intense grooming/self-gnawing 

6 Patterned locomotion 
Running in a pattern (i.e. around periphery of box) 

with head up and erect tail 

7 Patterned rearing 

Continuous “up-and-down” rearing motion with 

continuous sniffing; Often along wall/in corner; 

Sometimes licking wall 

8 Maintained rear 
In a full rear for entire 15-second observation bin, 

with continuous sniffing 

9 Dyskinetic/Sick Splayed hindlimbs; Laying on side; Seizures 

 

The developed rating scale for psychostimulant-induced behaviors in mice.  This 

scale is non-linear, and a higher score on this scale indicates a greater response and 

greater behavioral activation by a drug.  Scores 1-3 are normal behaviors seen in mice 

after saline injections, while scores 4-9 are induced by psychostimulants.  Adapted from 

(Van Swearingen et al. in press). 
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 2.3 Brain and Plasma Psychostimulant Concentrations 

To compare potential effects of sex on psychostimulant metabolism, intact male 

and female mice were injected as in Table 2 above in either the single dose or ascending 

binge paradigms with AMPH or COC.  To determine whether hormone replacement 

affected brain or serum levels of COC and its metabolites, Ovx mice administered 

vehicle, E2, PPT, or DPN for 2 days were injected with a second dose of 30 mg/kg COC 

at least 1.5 hours after the end of behavioral assessments.  The experiment with intact 

male and female mice showed that COC does not accumulate in the brains of mice after 

this schedule of repeated COC dosing.  All mice were anesthetized with isofluorane.  

Blood was collected via cardiac puncture, placed into tubes (containing 10 µL saturated 

NaF for COC samples), and centrifuged at 4°C.  Mice were then decapitated at the time 

of maximal behavioral activation after the final injection (45 min for AMPH, 15 min for 

COC).  Brains and sera were stored at -80°C.  Samples were analyzed for AMPH or COC 

and its metabolites benzoylecgonine (BE), ecgonine methyl ester (EME), and norcocaine 

(NC) using published protocols courtesy of Dr. David Moody, Dr. David Andrenyak, 

and Dr. Wenfang Fang at the University of Utah (Lin et al. 2001; Lin et al. 2003; Slawson 

et al. 2002).  Brain samples were prepared through free-hand dissection of the tissue 

followed by homogenization at 4°C in 0.1 M sodium phosphate with 1% NaF.  Tissue 

homogenates and sera were analyzed for AMPH and methamphetamine levels in 

duplicate by liquid chromatography-tandem mass spectrometry (LC-MS/MS) with 
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liquid-liquid extraction and internal and quality control standards.  Samples for COC 

and metabolite determinations were analyzed with solid phase extraction and LC-

MS/MS with external calibrators for each analyte.  The effective analytical ranges for the 

analytes were as follows: brain AMPH, 100-10,000 ng/g; serum AMPH, 20-1,250 ng/mL; 

brain COC and metabolites, 250-75,000 ng/g; serum COC and metabolites, 25-7,500 

ng/mL.  Methamphetamine was not detected in any samples.  

2.4 High Performance Liquid Chromatography for Tissue 
Content of Neurotransmitters 

Sham, Ovx, and 2 day E2-replaced mice (3 µg/day) as above were placed into 

open fields for 2.5 hrs, injected with saline or 30 mg/kg COC, and killed by decapitation 

15 minutes later.  The head was immediately chilled in an ice slurry for 15 seconds, and 

the brain was quickly removed from the skull.  The brain was sectioned into 1 mm slices 

using a chilled metal brain block.  Both hemispheres of the NuAcc and CP were free-

hand dissected, and the weight of each tissue was collected in preweighed tubes.  Brain 

regions were then frozen on dry ice and stored at -80°C until analysis.  On the day of 

analysis, tissues were thawed and homogenized by sonication in 250 μL (for NuAcc) or 

500 μL (for CP) of a standard buffer solution (0.5mM sodium metabisulfite, 0.2N 

perchloric acid, 0.5 mM EDTA).  Samples were then centrifuged for 10 min at 14,000 rpm 

at 4°C, and the supernatants containing the neurotransmitters were transferred to new 

tubes and kept on ice. 



 

53 

Samples (50 μL) were injected into a 2.6µ 100A (100 x 4.60 mm) Kinetex C18 

column (Phenomenex, Torrance, CA).  Dopamine and its metabolites (DOPAC, HVA, 3-

MT) as well as serotonin (5-HT), its metabolite 5-HIAA, and norepinephrine (NE) were 

measured by electrochemical detection at 0.70 V versus the Ag/AgCl reference electrode 

(LC Epsilon detector, BASi, West Lafayette, IN).  The mobile phase (0.05 M citric acid, 0.1 

mM sodium EDTA, 0.2 mM octanesulfonic acid, 7% methanol, pH=4.0-4.5) was run at a 

flow rate of 1 mL/min using an LDC Analytical Constametric 4100 pump with a pulse 

dampener.  This mobile phase was selected for its ability to resolve 3-MT and 5-HT and 

has previously been used in studies of psychostimulant effects on striatal tissue content 

in rats (Kuczenski and Segal 1992).  An external standard curve of pooled analytes at 

concentrations from 3 to 0.03 ng/50 μL for each standard (24 ng to 0.3 ng/50 μL for DA) 

was run each day and used to quantitate sample concentrations.    

2.5 Assessment of Estrogenic Status in Female Mice 

2.5.1 Uterine Wet Weight 

The uterine wet weight was collected from subsets of Sham, Ovx, and hormone-

injected Ovx mice to confirm the effectiveness of surgery and hormone replacements.  

Both uterine horns were removed from the animal, cleaned of all connective and adipose 

tissue (and ovaries in Sham mice), and weighed.  This measurement serves as an indirect 

marker of ERα transcriptional activation (O'Brien et al. 2006).   
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2.5.2 Vaginal Appearance 

Visual inspection of the vagina followed behavioral testing in animals from 

which uteri were not collected.  The vaginal appearance was used to determine whether 

ERα was successfully activated by E2/PPT replacement based on published methods 

(Figure 9) (Byers et al. 2012; Champlin et al. 1973).  Female mice which had vaginas that 

were wide open, pink to bright pink-red in color, and were striated were considered as 

being in a “high estrogenic” (i.e. proestrus or estrus-like) state due to successful E2/PPT 

replacement.  Vaginas that were pale pink or slightly blue in color, slightly open to 

completely closed, and/or contained white cellular debris were indicative of a “low 

estrogenic” (i.e. metestrus or diestrus-like) state due to a lack of ERα activity in Ovx 

females with vehicle, DPN or incomplete E2/PPT replacement.  One vehicle-treated and 

5 PPT-replaced Ovx mice were excluded from all analyses due to incomplete 

ovariectomy (vehicle-treated Ovx) or questionable replacement based on vaginal 

appearance (PPT-replaced mice). 
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“High Estrogenic” state 

a      b     

   
 (Proestrus)     (Estrus)  

 

“Low Estrogenic” state 

c      d      

   
 (Metestrus)     (Diestrus)  

Figure 9: Estimation of estrogenic status by vaginal appearance in mice 

Visual inspection of the vagina provided an estimation of approximate 

estrogenic status in female mice.  The appearance of the vagina changes over the course 

of the estrous cycle as E2 levels fluctuate.  E2- and PPT-replaced mice with proestrus-like 

(a) or estrus-like (b) vaginas were considered as being in a “high estrogenic” state due to 

successful replacement with an ERα-active hormone.  Ovx females with metestrus-like 

(c) or diestrus-like (d) vaginas were classified as being in a “low estrogenic” state due to 

successful surgery and a lack of ERα-active hormones.  Based on (Byers et al. 2012; 

Champlin et al. 1973).    
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2.6 Immunohistochemistry for Estrogen Receptors and 
Dopamine Neurons 

2.6.1 Tissue Section Preparation 

For immunohistochemistry of brain sections, mice were anesthetized with 250 

mg/kg pentobarbital sodium.  A 16 gauge needle was inserted into the left ventricle of 

the heart and the distal aorta was cut.  The animal was perfused with cold 1X PBS buffer 

followed by cold 10% formalin (75-100 mL per mouse).  The brain was placed in 10% 

formalin to post-fix overnight at 4°C.  The next morning, the brain was transferred to 

cryoprotectant (30% sucrose, 0.1% sodium azide in PBS) and allowed to equilibrate at 

least 2-3 days prior to sectioning.  Brains were then frozen in Tissue Tek OCT (Sakura, 

Netherlands), and 30 μm coronal sections were collected on a cryostat and stored at 4°C 

in 1X PBS. 

2.6.2 Immunofluorescence Immunohistochemistry 

Brain sections containing the NuAcc/CP or the SNpc/VTA were stained for ERα 

or ERβ and costained for TH.  Sections were first blocked in a solution of 1X PBS with 

10% normal goat serum and 0.4% Triton-X100 for 1 hour at room temperature with 

gentle agitation.  Sections were then incubated in the appropriate primary antibodies at 

4°C for 2 (ERβ) or 3 days (ERα) while agitated.  Primary antibodies and dilutions were 

as follows: mouse monoclonal tyrosine hydroxylase (Chemicon MAB318, 1:250); rabbit 

polyclonal ERα C1355 (Millipore 06-935, 1:15,000); rabbit polyclonal ERβ (Calbiochem 

PC168, 1:1000).  After the primary incubation, sections were washed 3 x 10 min each in 
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blocking buffer and then incubated for 1 hour in the dark in the secondary antibodies 

(Alexa Fluor 488 or 594 goat anti-mouse or anti-rabbit IgG, Invitrogen, 1:250).  Two more 

10 min washes with blocking buffer and an additional wash in PBS were completed 

prior to mounting sections on glass slides with 70% glycerol and a glass coverslip sealed 

with clear nail polish. 

2.6.3 Microscopy 

Photomicrographic images were taken on the Zeiss Axio Imager upright widefield 

fluorescence microscope in Duke University’s Light Microscopy Core Facility.  The 

following objectives and magnifications were used where indicated: 5x/0.16 Plan-

Neofluar, NA: 0.16; 10x/0.30 Plan-Neofluar, NA: 0.30; 20x/0.5 Plan-Neofluar, NA: 0.50.  

The Axio Imager is equipped with red and green filtercubes, a Hamamatsu ORCA ER 

CCD camera, and MetaMorph software.  To capture images at the higher 20x 

magnification, z-stacking was used to more clearly capture cells throughout the 

thickness of the tissue.  Five to 6 photomicrographs were collected along the z-axis for 

both the red and green channels, and a maximum projection was then created from each 

stack of 20x images.  Red and green overlays were applied to the images and maximum 

projections.  Dual color overlays were created with equal weight applied to the red and 

green channels, with yellow indicating colocalization.    
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2.7 Statistical Analysis 

2.7.1 Automatically-Recorded Psychostimulant-Induced Behaviors 

The numbers of ambulations, fine movements, and rears were determined by the 

Motor Monitor software (Kinder Scientific, Inc., Poway, CA) and are presented in 10- 

and 60-minute intervals (mean ± SEM) (Prism 5.0, GraphPad Software Inc.).  Habituation 

behavior was analyzed separately from behavior after saline and psychostimulant 

injections.  Habituation results were analyzed by 2-way repeated-measures ANOVA 

(RM-ANOVA) (NCSS, Kaysville, UT) with sex or group as the between factor and time 

as the repeated measure.  After injections, automatically recorded behaviors were 

analyzed for main effects of time, psychostimulant dose and sex/group using 2- and 3-

way RM-ANOVA with time and/or dose as the repeated measures.  A second global 3-

way RM-ANOVA was conducted on the automatically recorded behaviors after 

injections in the PPT versus DPN study for main effects of ERα activity, ERβ activity, 

and time, with time as the repeated measure.  ERα was deemed active in the Sham, E2- 

and PPT-treated Ovx groups and considered inactive in vehicle- and DPN-treated Ovx 

mice. For ERβ, the active group contained Sham, E2- and DPN-replaced mice while 

vehicle- and PPT-treated mice were in the inactive group.  Significant effects (p<0.05) 

were followed by post-hoc Fisher’s LSD tests to compare doses/sexes/groups.  Statistical 

outliers were determined by a Grubbs test.   
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2.7.2 Observational Ratings of Psychostimulant-Induced Behaviors 

The relative frequency of each behavior score was calculated and depicted as a 

histogram (Prism 5.0).  The scores for normal behaviors (1-3) were combined for 

statistical analysis due to their low frequencies after high psychostimulant doses.  For 

experiments with multiple comparison groups, animals were classified as high 

responders (HR) or low responders (LR) to simplify presentation of the behavior score 

data.  Mice with at least 25% of their bins scoring a 6 (for patterned locomotion) during 

the first 30 minutes after 30 mg/kg COC (i.e. during maximal behavioral activation) were 

considered high responders.  One Sham mouse that received scores of 9 (for dyskinesias) 

was excluded.  A global chi square test determined whether there was a main effect of 

group on the frequency distribution of behavior scores or high versus low responders.  

Significant main effects of dose/sex (p<0.05), as determined by chi square tests, were 

followed by post-hoc pairwise comparisons (Prism 5.0). 

2.7.3 Brain and Plasma Psychostimulant Concentrations 

The concentrations of AMPH or COC and its metabolites are reported as ng/g 

brain tissue or ng/mL serum (mean ± SEM) (Prism 5.0).  Results were analyzed by 2-way 

ANOVA (NCSS) with sex and treatment paradigm as the between factors for the sex 

comparison experiment.   The hormone replacement experiment was analyzed by 

separate 1-way ANOVAs with either group, ERα status, or ERβ status as the between 

factor.  Significant effects (p<0.05) were followed by post-hoc Fisher’s LSD tests to 
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compare doses/sexes/treatment paradigms.  Statistical outliers were determined by a 

Grubbs test.   

2.7.4 Tissue Neurotransmitter Content 

Turnover rates of neurotransmitters were determined as the ratio of each 

metabolite to its parent compounds (DA for HVA, DOPAC, and 3-MT; 5-HT for 5-

HIAA).  Content and turnover values were analyzed by 3-way RM-ANOVA with group 

and treatment as the between factors and region as the within measure.  Analysis 

yielded a main effect of region on each analyte, so the results of lower-level 2-way 

ANOVAS within each region are shown. 
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Chapter 3: Characterization of the Mouse Behavioral 
Response to Psychostimulants 

Mice provide the advantage of genetic tractability for detailed studies of 

signaling mechanisms and may better model E2 effects in humans than rats, but it is first 

necessary to understand how normal male and female mice respond to 

psychostimulants.  Previous studies have reported psychostimulant-induced 

stereotyped behavior in mice using behavioral scales developed in rats, but the 

topography of psychostimulant-induced behavior in mice has not been carefully 

characterized (Quintero and Spano 2011; Quintero et al. 2008; Schlussman et al. 1998; 

Tolliver and Carney 1994).  Therefore the present study sought to characterize the 

mouse behavioral response to psychostimulants and develop an observational rating 

scale tailored to mice for use in future studies. 

3.1 Experiment 1: Male behavioral response to amphetamine 

We first determined how normal adult male mice respond to psychostimulants 

and then developed a rating scale similar to that developed for rats (Ellinwood and 

Balster 1974).  Our criteria for a valid rating scale was that data would exhibit a clear 

effect of dose in the distribution of behaviors and that increasing doses would cause a 

shift towards higher scores in the distribution.  To develop an appropriate scale, mice 

were administered a single dose of 1, 2.5, or 5 mg/kg AMPH and observed over time for 

the progression of their individual behaviors.  Each mouse received only one dose of 
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AMPH.  Behaviors seen at lower AMPH doses and during the waning effects of the drug 

were assigned lower scores, while behaviors observed after higher AMPH doses and 

during peak drug effects were scored higher.   

Both novelty- and psychostimulant-induced behavior were measured by 

photobeam interruptions in adult male mice during habituation and after AMPH, 

respectively.  As the developed scale is not suitable for assessing novelty-induced 

behavior, observations were not made during the habituation period.  Automatically-

recorded data during habituation proved useful in confirming that the mice were fully 

habituated before receiving injections.  Male mice initially responded to the novel 

environment with high levels of ambulations (Figure 10a,d), fine movements (Figure 

10b,e), and rearing (Figure 10c,f).  During habituation, these behaviors decreased as 

shown by a main effect of time on the 60-minute intervals of ambulations [F(1,31)=22.02, 

p<0.001], fine movements [F(1,31)=18.01, p<0.001], and rearing [F(1,31)=24.64, p<0.001].  

Post-hoc tests demonstrated that mice did significantly fewer ambulations, fine 

movements, and rearing in the second hour of habituation compared to the first hour 

(Figure 10).  Thus the mice required at least 2 hours to completely habituate to our 

chambers. 

AMPH significantly increased behaviors as recorded by photobeams compared 

to saline as shown by a main effect of treatment on ambulations [F(1,191)=153.96; 

p<0.001] (Figure 10a,d) and fine movements [F(1,191)=35.41; p<0.001]) (Figure 10b,e) but 
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not rearing (Figure 10c,f).  The different doses of AMPH induced different levels of 

behavior as confirmed by a main effect of AMPH dose on ambulations [F(2,191)=206.47; 

p<0.001]), fine movements [F(2,191)=59.05; p<0.001] and rearing [F(2,191)=6.12; p<0.03].  

Post-hoc tests showed that 1 mg/kg reduced ambulations, fine movements, and rearing 

compared to saline treatment.  The mid-dose 2.5 mg/kg AMPH induced more 

ambulations and fewer rears than saline and more ambulations and fine movements 

than 1 mg/kg AMPH.  Five mg/kg AMPH induced more of each behavior than saline or 

either lower dose of AMPH.   Analysis on the 60-minute intervals yielded an effect of 

time on ambulations [F(1,31)=104.06; p<0.001], and fine movements [F(1,31)=58.75; 

p<0.001], and rearing [F(1,31)=5.08; p<0.05] after AMPH.  Post hoc tests confirmed that 

mice did fewer ambulations and fine movements in the second hour after 2.5 or 5 mg/kg 

AMPH and fewer rears in the second hour after 5 mg/kg AMPH than during the first 

hour. 
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Figure 10: AMPH dose-dependently increased locomotion, fine movements, and rearing in male C57BL/6 mice 

10-minute interval time course of ambulations (a), fine movements (b), and rearing (c) during habituation and after 

saline and AMPH in male mice. (d-f) 60-minute totals from a-c. Hab1/Hab2 and AMPH1/AMPH2 refer to the totals for the 

first and second hours of habituation or AMPH treatment, respectively.  Dotted vertical lines mark the injection time of the 

indicated treatment.  Different from first hour of: ahabituation, b1 mg/kg dose, c2.5 mg/kg dose, d5 mg/kg dose. n=5-6 per dose. 
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Increasing AMPH doses induced a shift towards higher scores in the behavior 

score distribution with the developed rating scale.  This result was confirmed with an 

effect of dose on the frequency distribution of behaviors during the first and second 

hour after AMPH administration [p<0.0001 for each] (Figure 11a,b).  The predominant 

drug-induced behaviors after 1 mg/kg AMPH were in-placed stereotyped behaviors 

(assigned a score of 5) (Figure 11a-c).  These stereotypies included intense sniffing, head 

bobbing/weaving, stereotyped grooming, and circling/pivoting.  Mice administered 2.5 

mg/kg AMPH exhibited these same in-place stereotypies for a longer period of time.  A 

few individuals given 2.5 mg/kg AMPH transitioned into patterned locomotion 

(assigned a score of 6) within the first 30 minutes before regressing to in-place 

stereotypies (score of 5) and fast exploratory behavior (score of 4) (Figure 11a,b,d).  

Animals did not demonstrate fast exploratory behavior immediately after injection but 

exhibited this behavior as the AMPH effects waned (Figure 11,a versus b; Figure 11e).  

After 5 mg/kg AMPH, most mice exhibited patterned locomotion for >60 minutes while 

a few transitioned into patterned rearing (assigned a score of 7) (Figure 11a,b,e).  As with 

the 2.5 mg/kg dose, there was a clear regression down the scale during the offset of 5 

mg/kg AMPH (Figure 11e).  Mice went from the patterned locomotion and rearing 

during peak behavior to in-place stereotypies and fast exploratory behavior before 

returning to normal behaviors.  The observational data agreed with the automatically 

recorded data as both methods showed enhanced locomotion after higher AMPH doses.
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Figure 11: Increasing doses of AMPH induce in-place stereotyped behaviors, 

patterned locomotion, and then patterned rearing in male mice. 

Relative frequency distribution of behavior scores in animals from Figure 10 

during the first (a) and second (b) hour after AMPH.  Time course of behavior scores 

after 1 (c), 2.5 (d), and 5 (e) mg/kg AMPH.  *Indicates different from 1 mg/kg, ~ from 2.5 

mg/kg dose within score.  Dotted horizontal lines in c-e mark maximum possible 

number of bins if every animal (n=5 for b and d, n=6 for c) received each score during 

both bins of each timepoint. 
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3.2 Experiment 2: Female behavioral response to amphetamine  

Psychostimulant-induced effects on automatically recorded behaviors were also 

assessed in female mice.  It was necessary to confirm that female mice have a similar 

behavioral topography after psychostimulants as male mice before comparing the sexes.  

Female mice, like males, responded to a novel environment with high levels of 

ambulations (Figure 12a,d), fine movements (Figure 12b,e), and rearing (Figure 12c,f).   

Analysis yielded a main effect of time on ambulations [F(1,47)=82.89, p<0.0001], fine 

movements [F(1,47)=99.86, p<0.0001], and rearing [F(1,47)=23.52, p<0.0001], and post-hoc 

tests confirmed that all behaviors decreased in the second relative to the first hour.  

Automatically recorded data demonstrated that females exhibited enhanced 

behavior after AMPH compared to saline.  There was a main effect of treatment on 

ambulations [F(1,287)=31.21; p<0.001] (Figure 12a,d) and fine movements [F(1,287)=31.37; 

p<0.001] (Figure 12b,e).  Different doses of AMPH induced different levels of behavior as 

revealed by a main effect of AMPH dose on ambulations [F(2,287)=30.29; p<0.001], fine 

movements [F(2,287)=146.07; p<0.001] and rearing [F(2,287)=4.18; p<0.04].  Post-hoc tests 

confirmed that females given 1 mg/kg AMPH exhibited fewer ambulations, fine 

movements and rears than after treatment with saline or higher AMPH doses.  The 

intermediate 2.5 mg/kg AMPH dose induced more ambulations than saline or 1 mg/kg 

AMPH and fewer rears than saline.  After 5 mg/kg AMPH, females exhibited more 

ambulations, fine movements, and rears than after saline or lower AMPH doses. 
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Figure 12: AMPH dose-dependently increases locomotion, fine movements, and rearing in female mice. 

10-minute interval time course of ambulations (a), fine movements (b), and rearing (c) during habituation and after saline and 

AMPH (1, 2.5, or 5 mg/kg) in female mice. (d-f) 60-minute totals from a-c. Hab1/Hab2 and AMPH1/AMPH2 refer to the totals for 

the first and second hours of habituation or AMPH treatment, respectively.  Dotted vertical lines mark the injection time of the 

indicated treatment.  Different from first hour of: ahabituation, b1 mg/kg dose, c2.5 mg/kg dose, d5 mg/kg dose. n=8 per group.   
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Analysis of AMPH-induced behavior of female mice using the developed scale 

showed that, as in males, there was an effect of dose on the distribution of behaviors 

during both the first [p<0.0001] and second [p<0.0001] hour after AMPH administration 

(Figure 13a,b).  After 1 mg/kg AMPH, females primarily exhibited in-place stereotyped 

behaviors of intense sniffing, circling/pivoting, and head bobbing/weaving for 45 

minutes (Figure 13a-c).  After 2.5 mg/kg AMPH, female demonstrated prolonged 

stereotypies which lasted for >90 minutes, and some females responded with patterned 

locomotion for >60 minutes (Figure 13a,b,d).  Most females exhibited patterned 

locomotion for 90 minutes after 5 mg/kg AMPH, and several animals exhibited 

patterned rearing during peak AMPH effects (Figure 13a,b,e).  Thus, male and female 

mice exhibit a similar behavioral topography after both novelty and psychostimulants.  

The developed methodology can be used to accurately compare psychostimulant-

induced behaviors in male and female mice. 
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Figure 13: Female mice progress from in-place intense stereotyped behaviors to 

patterned locomotion to patterned rearing with increasing doses of AMPH. 

 Overall relative frequency distribution of behavior scores from animals in Figure 

12 during the first (a) and second (b) hour after AMPH.  Time course of main behavior 

scores after 1 (c), 2.5 (d), and 5 (e) mg/kg AMPH.  * indicates different from 1 mg/kg, ~ 

from 2.5 mg/kg dose within score.  Dotted vertical lines in c-e mark maximum possible 

number of bins if every animal (n=8 per dose) received each score during both bins of 

each observation period.
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Chapter 4: Sex Differences in the Novelty- and 
Psychostimulant-Induced Behaviors of Adult C57BL/6 
Mice 

Studies of behavioral and neurochemical differences in genetically altered mice 

have shown that such effects can be sex-specific, so sexual dimorphisms must be 

carefully considered (Kuppers et al. 2008; Siuciak et al. 2007; van den Buuse et al. 2012).  

One goal of this study was to utilize automatic behavior recording methods and our 

developed behavior rating scale to determine whether similar sex differences exist in the 

mesencephalic DA system of mice as have been reported in rats.   

We utilized two behavioral tests as measures of DA neurotransmission: novelty-

induced locomotion and psychostimulant-induced behavior.  A novel environment 

increases extracellular DA levels in the mesostriatal pathway from the VTA to the 

NuAcc, which induces hyperlocomotion in rodents (Hooks and Kalivas 1995; Legault 

and Wise 2001).  Individual differences in the response to novelty correlate with 

functional differences in DA neurotransmission between individual rats (Chefer et al. 

2003).  The locomotor response to a novel environment has also been associated with the 

response to psychostimulants (Piazza et al. 1989).  The few previous studies that focused 

on sex differences in psychostimulant-induced behavior in normal mice have yielded 

contradictory results providing evidence both for (Morse et al. 1993; Reith et al. 1991; 

Sershen et al. 1998) and against (Griffin and Middaugh 2006; Thomsen and Caine 2011) a 

sex difference.  Thus, we compared DA-mediated novelty- and psychostimulant-
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induced locomotion in male and female mice as our behavioral readouts of potential sex 

differences within the mesencephalic DA system of mice.     

4.1 Experiment 1: Novelty-induced behavior 

Female mice responded more than males to the novel environment throughout 

habituation as shown by a main effect of sex on ambulations [F(1,1274)=28.77; p<0.001], 

(Figure 14a), fine movements [F(1,1274)=9.88; p<0.003], (Figure 14b), and rearing 

[F(1,1274)=11.02; p<0.002] (Figure 14c).  Both sexes exhibited decreased levels of each 

behavior over time (main effect of time during habituation on ambulations 

[F(1,169)=731.36; p<0.001], fine movements [F(1,169)=367.58; p<0.001], and rearing 

[F(1,169)=227.02; p<0.001]).  Analysis also yielded a sex x time interaction on the time 

course of ambulations [F(14,1274)=7.81; p<0.001] and on the 60-minute ambulation totals 

[F(1,169)=21.72, p<0.001].  Post-hoc tests confirmed enhanced behavior in female mice 

versus males and decreased behavior in the second hour versus the first hour.   
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Figure 14: Novelty-induced behavior during habituation in male and female mice. 

10-minute interval time course of ambulations (a), fine movements (b), and 

rearing (c) during habituation.  Insets show the 60-minute totals of each behavior for the 

first and second hour of habituation.  *Indicates different from males.  Total n=41 males, 

44 females.  Pooled data from 4 sex comparison experiments (Single vs. Ascending 

AMPH vs. COC).  Adapted from (Van Swearingen et al. in press) 
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4.2 Experiment 2: Acute single dose amphetamine 

Figure 15 shows the automatically-recorded ambulations after all injections and 

the behavior distributions after acute and ascending binge doses of AMPH.  Female 

mice exhibited more ambulations after a single dose of AMPH (5 mg/kg) than males, 

and all animals had more ambulations after AMPH than after saline (Figure 15a).  Main 

effects of sex [F(1,179)=7.90, p<0.03] and treatment (saline vs. AMPH) [F(1,179)=106.97, 

p<0.001] and their interaction (sex x treatment [F(1,179)=4.70, p<0.05]) on ambulations 

were observed.  Post-hoc analyses confirmed that females had more ambulations than 

males after AMPH and that AMPH induced more ambulations in mice than saline.  

Analysis did not yield an effect of sex on ambulations after saline. 

Females also displayed a greater response than males based on observed 

behaviors.  The behavior distribution of females was shifted towards higher scores after 

a single 5 mg/kg AMPH dose relative to that of males (main effect of sex on the behavior 

distribution, [p<0.05]) (Figure 15c). Females did more patterned locomotion (score of 6) 

and fewer in-place stereotyped behaviors (score of 5) and normal behaviors (scores 1-3) 

than males.   

4.3 Experiment 3: Sequential ascending doses binge 
amphetamine 

Sex differences in psychostimulant-induced behavior were also found during the 

ascending AMPH paradigm.  Analysis of the ambulation data after saline and three 
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doses of AMPH showed main effects of sex [F(1,383)=9.39, p<0.009], dose (0, 1, 2.5, or 5 

mg/kg AMPH) [F(3,383)=29.13, p<0.001], and a sex x dose interaction [F(3,383)=8.00, 

p<0.001] (Figure 15b). Within doses, there was a main effect of sex on ambulations only 

after the 5 mg/kg AMPH dose [F(1,191)=8.13, p<0.02].  Sex x time interactions after 1 

[F(5,95)=3.49, p<0.008], 2.5 [F(5,95)=3.02, p<0.03], and 5 mg/kg AMPH [F(11,191)=2.76, 

p<0.004] were also observed.  Post hoc tests confirmed that females had more 

ambulations than males after 5 mg/kg AMPH. 

In the ascending binge paradigm, 1 mg/kg AMPH did not elicit a sex difference 

in the behavioral score distribution as both males and females exhibited normal 

behaviors (scores of 1-3) (Figure 15d). After 2.5 mg/kg AMPH, females exhibited more 

patterned locomotion (score of 6) and fewer in-place stereotyped and fast exploratory 

behaviors (scores of 5 and 4, respectively) than males (main effect of sex, [p<0.006]) 

(Figure 15e).  The highest AMPH dose tested (5 mg/kg) induced a heightened response 

in female mice relative to males (main effect of sex, [p<0.03]) (Figure 15f).  Post-hoc 

analysis revealed that females had more patterned locomotion and less fast exploratory 

behavior than males after 5 mg/kg AMPH. 
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Figure 15: Single and ascending doses of AMPH induce more locomotion and 

behavioral activation in female than in male mice. 

10-minute interval time course of ambulations in male versus female mice after 

saline and a single dose (a) or ascending binge doses (b) of AMPH.  Dotted vertical lines 

mark time of injection of saline (sal) or indicated dose of AMPH.  The relative frequency 

distribution as a percentage of each behavior score after a single 5 mg/kg AMPH dose (c) 

or sequential ascending binge doses (d-f) of 1, 2.5, and 5 mg/kg AMPH.  *Indicates 

different from males within score. n=7-8 per sex, total n=15 (a and c) or 16 (b and d-f) 

(Van Swearingen et al. in press).
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4.4 Experiment 4: Brain and plasma concentrations of 
amphetamine during peak behavioral activation 

 

The possibility that sex differences in AMPH metabolism could cause the 

observed behavioral differences was explored in male and female mice administered a 

single dose or sequential ascending binge doses of AMPH as in the behavioral tests.  

Post-hoc analyses showed that females had lower brain AMPH levels than males 45 

minutes after injection (effect of sex, [F(1,53)=9.91, p<0.004]), and that mice which 

received the ascending AMPH treatment had higher levels than mice given a single dose 

(effect of treatment, [F(1,53)=14.24, p<0.0005]) (Figure 16a).  There was no sex x treatment 

interaction on brain levels, and serum AMPH levels did not show an effect of sex or 

treatment (Figure 16b).  These results indicate that the sex difference in the AMPH-

stimulated behavior of C57BL/6 mice cannot be explained by a parallel sex difference in 

the levels of AMPH in the brain during behavior. 
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Figure 16: Brain and serum levels of AMPH in male and female C57BL/6 mice 

 Levels of AMPH in brain (a) and serum (b) at the time corresponding to 

maximal behavioral activation after 5 mg/kg AMPH (45 minutes) in the single dose and 

ascending binge paradigms.  *Indicates females different from males, ~ ascending 

different from single dose. n=8-19 per group, total n=56 (Van Swearingen et al. in press). 
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4.5 Experiment 5: Acute single dose cocaine 

Similar sex differences in psychostimulant-induced behaviors were seen after 

COC.  A single dose of 30 mg/kg COC stimulated more ambulations than saline (main 

effect of treatment (saline versus COC), [F(1,239)=18.96, p<0.001]).  ANOVA revealed an 

effect of sex [F(1,239)=5.10, p<0.05] and a sex x time interaction [F(5,119)=7.08, p<0.001] 

on ambulations after COC (Figure 17a).  Post-hoc tests confirmed that females 

ambulated more than males after a single dose of 30 mg/kg COC.   

Female mice also displayed an increased response to 30 mg/kg COC compared to 

males based on the behavioral observations.  The behavior distribution of females was 

shifted towards higher scores after a single dose of 30 mg/kg COC relative to males 

(effect of sex, (p<0.003)) (Figure 17c).  Post-hoc tests confirmed that females exhibited 

fewer in-place stereotyped behaviors and more patterned locomotion (scores of 5 and 6, 

respectively) than males. 

4.6 Experiment 6: Sequential ascending doses binge cocaine 

The ascending COC paradigm showed that increasing COC doses induced more 

locomotion (main effect of dose on ambulations, [F(3,743)=23.97, p<0.001]) (Figure 17b).  

Females ambulated more than males after 5 mg/kg and 30 mg/kg COC.  A main effect of 

sex [F(1,185)=5.22, p<0.03] on ambulations after 5 mg/kg COC and sex x time interactions 

after 5 mg/kg [F(5,185)=3.88, p<0.003] and 30 mg/kg COC [F(5,185)=3.67, p<0.005] were 

observed.   
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Similar patterns of behavior were observed in the ascending COC protocol as 

were found with the single COC dose protocol.  Both male and female mice exhibited 

normal behaviors (scores 1-3) after 5 mg/kg COC (Figure 17d), and 15 mg/kg COC 

induced predominantly in-place stereotyped behaviors (score of 5) (Figure 17e).  

Analysis did not detect an effect of sex on the behavior distribution after 5 or 15 mg/kg 

COC.  After 30 mg/kg COC, the behavior distribution of females was shifted towards 

higher scores relative to males (effect of sex, p<0.05) (Figure 17f).  Females did less fast 

exploratory behavior but more patterned locomotion (scores of 4 and 6, respectively) 

than males after the 30 mg/kg dose.  These results indicate that female mice exhibit 

greater behavioral responses than male mice to COC as shown by both automated and 

observational means. 
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Figure 17: Single and ascending doses of COC induce more locomotion and greater 

behavioral activation in female than in male mice 

10-minute interval time course of ambulations in male versus female mice after 

saline and a single dose (a) or ascending binge doses (b) of COC.  Dotted vertical lines 

mark time of injection of saline (sal) or indicated dose of COC.  The relative frequency 

distribution as a percentage of each behavior score after a single 30 mg/kg COC dose (c) 

or ascending binge doses (d-f) of 5, 15, and 30 mg/kg COC.  *Indicates different from 

males within score. n=8 males, 12 females (a and c); n=15-16/sex (b and d-f) (Van 

Swearingen et al. in press). 



 

82 

4.7 Experiment 7: Brain and plasma concentrations of cocaine 
and its metabolites during peak behavioral activation 

Male and female mice were administered a single dose or sequential ascending 

binge doses of COC as in the behavioral tests to investigate whether sex differences in 

brain COC levels explain the observed behavioral sex differences.  Male and female mice 

had similar levels of brain COC 15 minutes after administration (Figure 18a).  Analysis 

of brain COC levels did not report an effect of sex or treatment paradigm.  Females had 

more brain NC than males (effect of sex, [F(1,31)=26.98, p<0.002]) (Figure 18b).  The 

metabolites EME (Figure 18c) and BE (Figure 18d) accumulated in the brains of both 

male and female mice after repeated COC dosing (effect of treatment paradigm, EME: 

([F(1,31)=56.48, p<0.001], BE: [F(1,31)=270.54, p<0.001]).  In serum, only BE showed an 

effect of sex or treatment (Table 4).  Serum BE levels were higher in females than in 

males (effect of sex, [F(1,31)=30.29, p<0.0001]), and mice given ascending COC doses had 

more serum BE than singly-dosed mice (effect of treatment, [F(1,31)=13.87, p<0.001]).  

These results demonstrate that the sex difference in the COC-stimulated behavior of 

C57BL/6 mice is not due to a difference in brain COC levels in male and female mice 

during behavior.  
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Figure 18: Brain levels of COC and its metabolites in male and female C57BL/6 mice 

Brain levels of (a) COC, (b) NC, (c) EME, and (d) BE at the time corresponding to 

maximal behavioral activation after 30 mg/kg COC in the single dose and ascending 

binge paradigms.  * Indicates effect of sex (females greater than males), ~ indicates effect 

of treatment (ascending binge greater than single dose).  n=8 per group, total n=32 (Van 

Swearingen et al. in press).
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Table 4: Serum levels of COC and its metabolites in male and female mice 

 Single Dose Ascending Binge Doses 

Analyte Males Females Males Females 

COC 1,111 ± 159 773 ± 102 1,018 ± 149 945 ± 144 

NC 241 ± 27 234 ± 11- 208 ± 31 249 ± 31 

EME 2,053 ± 174 1,923 ± 71-- 2,056 ± 161 1,908 ± 134 

BE 2,349 ± 120 3,285 ± 176* 3,010 ± 94~    3,776 ± 204*~ 

 

 Serum levels of COC and its metabolites in male and female mice 15 minutes 

after an injection of 30 mg/kg COC.  Mice in the single dose paradigm received just one 

injection of 30 mg/kg COC while mice in the ascending binge paradigms received three 

sequential COC doses (5, 15, and 30 mg/kg).  n=8 per group, total n=32. Mean ng/mL 

serum ± SEM.  * Indicates effect of sex (females greater than males), ~ indicates effect of 

treatment (ascending binge greater than single dose).  n=8 per group, total n=32.  

Adapted from (Van Swearingen et al. in press).
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Chapter 5: Effects of Ovariectomy and Estradiol 
Replacement on DA-mediated Behaviors and DA 
Neurochemistry 

The sex differences in the behavioral response of mice to psychostimulants, with 

females demonstrating greater behavioral activation, resembles previous studies in rats 

that reported similar behavioral sex differences after several psychostimulants (Beatty 

and Holzer 1978; Chelaru et al. 2012; Hu et al. 2004; Kuhn et al. 2001; Robinson et al. 

1980; van Haaren and Meyer 1991; Walker et al. 2001; Walker et al. 2007).  An extensive 

body of literature in rats shows that these sex differences are mediated in part by E2 as 

the magnitude of psychostimulant-induced behaviors fluctuate over the estrous cycle 

(Becker and Cha 1989; Quinones-Jenab et al. 1999; Sell et al. 2000; Zhang et al. 2008).  

Several labs have shown that ovariectomy reduces while E2 replacement enhances 

psychostimulant-induced behavior in rats (Becker and Hu 2008; Becker et al. 2012; Hu et 

al. 2004; Larson and Carroll 2007; Larson et al. 2005; Lynch et al. 2001; Parylak et al. 2008; 

Silverman and Koenig 2007; Walker et al. 2001; Walker et al. 2012).  Our study sought to 

determine if ovariectomy attenuates psychostimulant-induced behavior in female mice 

as has been reported in rats and whether E2 replacement can restore this behavior and 

over what time-frame of replacement. 
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5.1 Experiment 1: Sequential ascending cocaine doses binge in 
ovariectomized mice 

We first utilized a binge of sequential ascending doses of COC to determine 

whether ovariectomy alters DA-mediated novelty-induced and COC-stimulated 

behaviors.  Mice ovariectomized one month prior to behavioral testing exhibited 

decreased responses to novelty relative to Sham animals.  Photobeam interruptions 

recorded fewer ambulations and rears in Ovx females compared to Sham mice during 

habituation to the novel open field chambers (Figure 19a-f).  A main effect of group was 

found on ambulations [F(1,27)=25.70, p<0.0001] and rearing [F(1,27)=13.90, p<0.001] but 

not on fine movements (Figure 19a-f).  Post-hoc tests confirmed that Ovx mice exhibited 

fewer ambulations and rears during habituation relative to Sham females. 

Ovx mice also demonstrated attenuated behaviors after increasing doses of COC 

relative to Shams (Figure 19a-f).  Global ANOVA demonstrated a main effect of COC 

dose (0 (saline), 5, 15, or 30 mg/kg COC) in the automatically recorded ambulations 

[F(3,111)=30.70, p<0.00001], fine movements [F(3,111)=43.23, p<0.00001], and rearing 

[F(3,111)=7.95, p<0.0002].  Post-hoc analyses showed that mice exhibited more fine 

movements after saline than after 5 mg/kg COC and more rears after saline than after 

any dose of COC.  Post-hoc tests confirmed that administration of 30 mg/kg COC 

induced more ambulations and fine movements than saline and the lower COC doses.  

A main effect of group on ambulations [F(1,111)=19.43, p<0.0003], fine movements 

[F(1,111)=17.84, p<0.0004], and rearing [F(1,111)=18.40, p<0.0003] was also found.  Ovx 
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mice exhibited fewer ambulations, fine movements, and rears relative to Shams after 

COC.   

Lower-level ANOVAs were conducted within treatments to compare Sham and 

Ovx mice after saline and each COC dose.  An effect of group after saline was found for 

ambulations [F(1,27)=15.74, p<0.0006], fine movements [F(1,27)=20.72, p<0.0002], and 

rears [F(1,27)=12.35, p<0.003], with Ovx mice demonstrating reduced levels of each 

behavior compared to Shams (Figure 19a-f).  After 5 mg/kg COC, Ovx mice exhibited 

fewer ambulations and fine movements than Sham females (effect of group on 

ambulations, [F(1,27)=5.81, p<0.03], and fine movements, [F(1,27)=5.98, p<0.03]).  An 

effect of group on ambulations [F(1,27)=6.34, p<0.03], fine movements [F(1,27)=5.71, 

p<0.03], and rearing [F(1,27)=7.60, p<0.02] after 15 mg/kg COC confirmed that Ovx mice 

showed reduced behavioral responses relative to Sham females after this intermediate 

COC dose.  Thirty mg/kg COC also induced more of these behaviors in Shams than in 

Ovx mice.  This difference was confirmed by a main effect of group on ambulations 

[F(1,27)=18.57, p<0.0003], fine movements [F(1,27)=14.37, p<0.0009], and rearing 

[F(1,27)=9.63, p<0.006].  Post-hoc analyses confirmed that Ovx females had fewer 

ambulations, fine movements, and rears after each COC dose relative to Shams. 

Behavioral observations confirmed that Ovx mice were less behaviorally 

activated by COC than Sham mice (Figure 19g-i).  Both Sham and Ovx mice after 5 

mg/kg COC exhibited predominantly normal behaviors and were low responders at this 
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dose (Figure 19g.).  A few individual Sham mice were slightly behaviorally activated by 

this low COC dose as these mice exhibited in-place stereotyped behaviors 

(predominantly as intense sniffing with head bobbing/weaving) and fast exploratory 

behavior.  After 15 mg/kg COC, Ovx mice were less activated than were Shams.  This 

intermediate COC dose induced similar in-place stereotyped behaviors in both Sham 

and Ovx mice, but a few Sham mice were high responders that progressed into 

patterned locomotion and patterned rearing (effect of group on responder distribution, 

p<0.0001) (Figure 19h).  The highest COC dose tested (30 mg/kg) increased behavior in 

Sham more than in Ovx mice (effect of group, p<0.0001) (Figure 19i).  After 30 mg/kg 

COC, most Sham mice were high responders that demonstrated patterned locomotion 

with some patterned rearing.   Most Ovx mice were low responders exhibiting in-place 

stereotyped behavior (i.e. intense sniffing and head bobbing/weaving).  Both automated 

measures and behavioral observations determined that COC stimulated fewer 

ambulations and less behavioral activation in Ovx mice relative to Sham females. 
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Figure 19: Ovariectomy attenuates novelty- and COC-stimulated behavior in female 

mice 

10 minute interval time courses of automatically-recorded ambulations (a), fine 

movements (b), and rearing (c) in Sham and Ovx mice during habituation and after 

injections of saline and 5, 15, and 30 mg/kg COC. Total ambulations (d), fine movements 

(e), and rears (f) for each treatment from a-c above. Percent of animals classified as low 

or high responders based on their observed behavior scores after 5 (g), 15 (h), and 30 (i) 

mg/kg COC in Sham and Ovx mice.  * denotes Ovx significantly different from Sham.  

n=19 Shams, 9 Ovx. Hab = Habituation, Sal = Saline injection. 
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5.2 Experiment 2: Single dose of amphetamine in ovariectomized 
mice 

Our next experiment sought to determine whether ovariectomy in mice 

attenuates the behavioral response to AMPH as it did with COC.  An attenuation of the 

behavioral response to both AMPH and COC after ovariectomy would suggest that E2 

deficiency generally reduces the response to all psychostimulants and not just to COC.  

Novelty-induced behavior during habituation demonstrated that Ovx females 

were less activated by novelty than Shams, as seen previously.  A main effect of group 

on ambulations [F(1,224)=6.67, p<0.03] (Figure 20a) but not fine movements (Figure 20b) 

during habituation was found by RM-ANOVA.  Post hoc analysis demonstrated that 

Ovx females had fewer ambulations during habituation than Shams. 

Behavior assessed after saline and AMPH in Sham and Ovx mice was analyzed 

separately from the habituation data.  AMPH increased behavior in all animals relative 

to saline treatment, as confirmed by a main effect of treatment (saline versus AMPH) on 

ambulations [F(1,179)=96.51, p<0.0001] and fine movements [F(1,179)=144.81, p<0.0001].  

Lower-level analysis within the saline treatment did not report an effect of group on 

ambulations or fine movements after saline.  Analysis of AMPH-stimulated behavior 

showed an effect of group on ambulations [F(1,179)=9.99, p<0.009] and a group x time 

interaction on both ambulations [F(11,179)=3.08, p<0.002] and fine movements 

[F(11,179)=30.74, p<0.0001] (Figure 20a,b).  Post hoc tests confirmed that Ovx females 

had fewer ambulations than Shams after AMPH. 
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Analysis of the behavioral observation data also detected a group effect on the 

percentages of high and low responders (p<0.0001) (Figure 20c).  All Sham females were 

high responders that exhibited patterned locomotion and patterned rearing after 5 

mg/kg AMPH.  In contrast, half of the Ovx females were low responders to AMPH and 

exhibited fast exploratory and in-place stereotyped behaviors instead of patterned 

locomotion or patterned rearing.  Overall, the behavior of Ovx mice after AMPH was 

shifted towards less activated behaviors relative to Shams.  These results demonstrate 

that ovariectomy attenuates both AMPH- and COC-stimulated behavior in mice. 
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Figure 20: Ovariectomy attenuates the behavioral response to AMPH in female mice 

 10-minute interval time course of ambulations (a) and fine movements (b) in 

Sham and Ovx female mice during habituation and after saline and a single dose of 5 

mg/kg AMPH.  Dotted vertical lines mark time of injection of saline (sal) or AMPH.  The 

percentage of high and low responders in Sham and Ovx mice after AMPH (c).  

*Indicates different from Shams within score. n=7-8 per group, total n=15.   
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5.3 Experiment 3: Temporal differences in the effects of short-
term estradiol replacement on cocaine-stimulated behavior in 
female mice 

Our previous experiments demonstrated that ovariectomy reduces novelty- and 

psychostimulant-induced behavior in female mice.  Ovariectomy reduces circulating 

levels of both E2 and progesterone, and the behavioral effects of ovariectomy may be 

due to the loss of either hormone.  We used pharmacological E2 replacement in Ovx 

mice to determine whether E2 mediates the increased novelty- and psychostimulant-

induced locomotion in females and over what time frame these effects occur, as has been 

done in several studies in rats.   For these hormone replacement studies, we utilized a 

protocol with a single dose of COC to enable better resolution of the timing of E2’s 

effects on behavior.  With this protocol, the total elapsed time between the first E2 

exposure and the end of behavioral testing would be approximately 1.5 hours in 30-

minute E2-replaced mice.  We tested whether E2 replacement for 4 weeks, 2 days, or 30 

minutes in Ovx female mice restores COC-stimulated locomotion to Sham levels. 

Automatically recorded ambulations showed that Sham females had more 

ambulations during novelty-induced behavior than Ovx females given vehicle (Figure 

21a).  Animals replaced with E2 for 4 weeks had fewer ambulations than Sham, Ovx, 

and 30-min replaced mice, while the 2 day replacement group had fewer ambulations 

than either the Sham or 30 min group.  Two day and 4 week E2-replaced mice exhibited 

fewer fine movements than Shams during habituation, and the 4 week group also had 
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fewer ambulations than the 30 min and Ovx groups (Figure 21b).  These group 

differences were confirmed by post-hoc tests after a main effect of group was found on 

ambulations [F(4,1769)=12.62, p<0.0001] and fine movements [F(4,1769)=7.53, p<0.0001] 

during habituation. 

A global ANOVA on behaviors after the saline and COC injections reported a 

main effect of treatment on ambulations [F(1,1391)=33.55, p<0.0001] and fine movements 

[F(1,1391)=82.23, p<0.0001].  COC induced more ambulations and fine movements in all 

groups relative to saline treatment (Figure 21a,b).  A main effect of group on 

ambulations was also observed [F(4,1391)=2.82, p<0.03].  Analysis yielded group x 

treatment interactions on ambulations ([F(4,1391)=2.87, p<0.03] and fine movements 

[F(4,1391)=2.70, p<0.04] and a 3-way interaction of group x treatment x time on 

ambulations [F(20,1391)=1.83, p<0.02].   

Lower-level analyses were completed within-treatment (saline, vehicle/E2, or 

COC) to compare animal groups after each injection.  Analysis did not detect an effect of 

group or a group x time interaction on ambulations or fine movements after saline or 

after the vehicle/E2 injection.  A single dose of 30 mg/kg COC induced more 

ambulations in Sham and 2-day replaced females than in Ovx and 30-minute E2-

replaced animals.  ANOVA confirmed a main effect of group [F(4,695)=2.87, p<0.03] and 

a group x time interaction [F(20,695)=1.68, p<0.04] on ambulations (Figure 21a).  The 

effect of group on fine movements after COC did not reach significance [p=0.061] (Figure 
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21b).  Post-hoc analyses demonstrated that Sham and 2-day E2-replaced mice had more 

ambulations than Ovx and 30-minute replaced animals. 

Behavioral observations confirmed the automatically recorded data by 

demonstrating a main effect of group on the distribution of behavior scores (p<0.0001).  

Sham mice had more high-responding animals exhibiting sustained patterned 

locomotion after 30 mg/kg COC than did Ovx mice (Figure 21c).  Thirty-minute E2 

replaced animals were similar to vehicle-treated Ovx animals as they had fewer high 

responders and more low responders after COC relative to Shams.  Two-day E2-

replaced mice were similar to Shams as they had more high responders and fewer low 

responders after COC than Ovx mice administered only vehicle.  Mice administered E2 

for 4 weeks had more high responders after COC than did vehicle-treated Ovx mice.  

After 30 mg/kg COC, low responders in all groups exhibited similar in-place stereotyped 

behaviors, namely intense sniffing, head bobbing/weaving, and circling/pivoting.   

Uterine wet weights confirmed the efficacy of the 2-day and 4-week E2 

replacement protocol, as shown by a one-way ANOVA effect of group on uterine weight 

[F(4,100)=50.90, p<0.0001).  Ovx decreased uterine wet weight, and uterine weights in the 

30-minute replacement group were lower than those from Sham mice and were similar 

to those from vehicle-treated Ovx animals (Figure 21d).  Replacement with E2 for 2 days 

or 4 weeks increased uterine weight beyond those of the Sham, Ovx and 30-min groups.  

These results demonstrate that 2 days but not 30 minutes of E2 replacement restores 
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COC-stimulated behavior and uterine wet weight in Ovx female mice.  Daily E2 

administration in Ovx mice over 4 weeks increased uterine weight but induced fewer 

ambulations after novelty and COC than 2 days of E2 replacement.  
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Figure 21: Two days of E2 replacement restores COC-stimulated behavior 

10 minute interval time courses of ambulations (a) and fine movements (b) in 

Sham and Ovx mice administered vehicle or E2 starting 4 weeks, 2 days, or 30 minutes 

prior to 30 mg/kg COC. (c) Percentage of high and low responders after COC. (d) 

Uterine wet weights after behavioral testing. * denotes different from Sham, ~ different 

from Ovx.  (a-c) n=29-30 per group (Sham, Ovx, 2 Day), n=15 (30 Min), n=13 (4 Week). (d) 

n=22-30 per group, except for n=8 in 30 Min and n=13 in 4 Week. Sal = Saline injection, E2 

= vehicle or E2 injection, COC = 30 mg/kg COC injection.
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5.4 Experiment 4: Effects of a range of estradiol replacement 
doses on cocaine-stimulated mouse behavior 

Estrogens have different effects on the brain depending on the specific dose and 

hormone replacement method used (Strom et al. 2009).   We tested three doses of E2 

over a 100-fold range in Ovx mice to generate circulating E2 levels spanning from low or 

subphysiological to supraphysiological levels (Ingberg et al. 2012).  During habituation, 

Ovx mice administered any of the three doses of E2 exhibited similar numbers of 

ambulations as Ovx mice given vehicle (Figure 22a).  Ovx mice administered the same 

“high” E2 dose as used previously (3 µg/animal/day) had fewer fine movements than 

Ovx mice given vehicle or either of the lower E2 doses (Figure 22b).  A main effect of 

group on fine movements [F(3,1439)=6.16, p<0.0008] was found, and post-hoc analyses 

confirmed that high-E2 animals had fewer fine movements during habituation than the 

other groups. 

After an injection of saline, Ovx mice receiving any dose of E2 exhibited similar 

numbers of ambulations and fine movements as vehicle-treated Ovx mice (Figure 22a,b).  

No main effect of group was found on ambulations or fine movements after saline.  COC 

increased behaviors in all groups relative to saline (effect of treatment on ambulations 

[F(1,1127)=3.04, p<0.04] and fine movements [F(1,1127)=79.12, p<0.0001]).   

COC induced more ambulations in Ovx mice administered any of the three 

tested E2 doses than in vehicle-treated Ovx mice (main effect of group, [F(3,563)=3.14, 

p<0.04]) (Figure 22a,b).  Post-hoc tests confirmed that low- and high-dose E2 replaced 
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animals exhibited more ambulations than vehicle-treated Ovx females.  RM-ANOVA on 

the fine movement data did not report an effect of group.  The behavioral response to 

COC was not E2-dose responsive, as analysis of the E2-replaced animals did not yield an 

effect of E2 dose (i.e. 0.03, 0.3, versus 3 µg E2/animal/day) on ambulations or fine 

movements.    

Classification of animals as high or low responders based on the behaviors 

observed after 30 mg/kg COC showed an effect of E2 administration (Figure 22c).  Mice 

given the low, medium, or high dose of E2 exhibited more patterned locomotion and 

thus had more high responders and fewer low responders after 30 mg/kg COC relative 

to vehicle-treated Ovx mice (effect of group, p<0.0001).  The percentage of high and low 

responders was not E2-dose responsive, as the three E2-replaced groups showed similar 

percentages of high and low responders.   

Uterine wet weights exhibited a dose-dependent increase with increasing E2 

replacement dose (Figure 22d).  A main effect of group [F(3,63)=96.28, p<0.0001] on 

uterine wet weight was found.  All E2-replaced mice had uteri that were larger than 

those from vehicle-treated Ovx mice.  The uterine wet weight increased with increasing 

dose of E2 (Low < Medium < High).  These results indicate that E2 over a 100-fold range 

enhances COC-stimulated locomotion in Ovx mice.  The uterine wet weight but not the 

behavioral response to COC is E2-dose dependent within the range of doses tested. 
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Figure 22: A range of E2 doses increases COC-stimulated behavior in Ovx mice  

10 minute interval time course of ambulations (a) and fine movements (b) during 

habituation and after injections of saline and 30 mg/kg COC in Ovx mice administered 

0.03 µg/day (Low), 0.3 µg/day (Med), or 3 µg/day (High) E2 for 2 days. (c) Percentage of 

high and low responders in Ovx, Low, Med, and High E2-replaced mice after COC. (d)  

Uterine wet weights following behavioral testing. * denotes different from Ovx.  Letters 

above bars in (d) indicate statistically different groups.  n=22-24 per group in (a-c). n=16 

per group in (d). Sal = Saline injection, COC = 30 mg/kg COC injection. 
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5.5 Experiment 5:  Tissue content of dopamine and other 
neurotransmitters in ovariectomized and estradiol replaced mice 

One possible explanation for the differences in COC-stimulated behavior in Ovx 

and E2 replaced mice could be the regulation of overall DA content and/or DA 

metabolism in the NuAcc and CP.  To test this hypothesis, we injected Sham, Ovx, and 

2-day E2 (3 µg/animal/day) replaced mice with saline or 30 mg/kg COC and collected 

the CP and NuAcc from each animal at the time corresponding to maximal behavioral 

activation after COC (15 minutes).  Ovariectomy and E2 replacement did not alter the 

content of DA or its metabolites in the NuAcc.  Analysis did not yield an effect of group 

(Sham, Ovx, E2) or of treatment (Sal vs. COC) on total DA content (Figure 23a). The 

concentrations of the DA metabolites were not affected by Ovx or E2 replacement as 

analysis did not yield a significant main effect of group or group x treatment interaction 

on any DA metabolite (Figure 23b-d).  Treatment with COC significantly reduced the 

levels of DA metabolites in the NuAcc as shown by a main effect of treatment on 3-MT 

[F(1,77)=4.65, p<0.04], DOPAC [F(1,78)=8.21, p<0.006], and HVA [F(1,79)=5.83, p<0.03] 

content.  COC also reduced turnover as analysis yielded a main of treatment on the 

ratios of 3-MT/DA [F(1,79)=5.90; p<0.03], DOPAC/DA [F(1,79)=17.66, p<0.0001], and 

HVA/DA [F(1,79)=24.53, p<0.00001] (Figure 23e-g).  Post-hoc tests confirmed that the 

levels and turnover ratios of each metabolite were lower after COC than after Sal 

treatment. 
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Figure 23: Tissue content and turnover of DA in the NuAcc of Sham, Ovx and E2-replaced mice 

 Concentration of DA (a) and its metabolites 3-MT (b), DOPAC (c), and HVA (d) in the NuAcc of Sham, Ovx, and E2-

replaced mice 15 minutes after treatment with saline (Sal) or 30 mg/kg cocaine (COC).  Turnover ratios of 3-MT/DA (e), 

DOPAC/DA (f), and HVA/DA (g) in the NuAcc. n=8 in Sham groups, n=16 in other groups.  COC decreased the levels and 

turnover ratios of each DA metabolite relative to saline treatment. 
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We also assessed whether the content of other monoamines, specifically 

norepinephrine (NE) and serotonin (5-HT), in the NuAcc are affected by ovariectomy or 

E2 replacement.  The content and turnover of both monoamines in the NuAcc were 

altered by treatment with COC.  NE content showed an effect of treatment [F(1,77)=4.84, 

p<0.04] but not of group (Table 5).  Analysis did not yield an effect of group or treatment 

on 5-HT content, but COC administration decreased 5-HIAA content (effect of 

treatment, [F(1,79)=16.78, p<0.0002] and 5-HIAA/5-HT turnover (effect of treatment, 

[F(1,79)=48.21, p<0.00001]).  The only group effect detected in the NuAcc was on 5-

HIAA/5-HT turnover [F(2,79)=7.31, p<0.002] as E2-replaced females had a higher 5-

HIAA/5-HT turnover ratio than Sham or Ovx mice.  No group x treatment interactions 

were detected for NE, 5-HT, 5-HIAA, or the 5-HIAA/5-HT ratio.  Overall, COC 

treatment decreased the content and turnover of DA and 5-HT metabolites in the 

NuAcc.  Ovariectomy and E2 replacement did not significantly alter the content of DA 

and its metabolites in the NuAcc. 
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Table 5: Tissue content and turnover of NE and 5-HT in the NuAcc of Ovx and E2-replaced mice 

NuAcc Sham Ovx E2 

Analyte 

(ng/mg tissue) 
Sal COC Sal COC Sal COC 

NE 0.35 ± 0.07 0.28 ± 0.05 * 0.38 ± 0.05 0.33 ± 0.03 * 0.44 ± 0.05 0.30 ± 0.03 * 

5-HT 0.53 ± 0.06 0.50 ± 0.06-- 0.52 ± 0.03 0.50 ± 0.04-- 0.55 ± 0.03 0.52 ± 0.04__ 

5-HIAA 0.45 ± 0.06 0.31 ± 0.03 * 0.44 ± 0.03 0.34 ± 0.04 * 0.54 ± 0.03 0.38 ± 0.04 * 

Turnover 

Ratio 
      

5-HIAA/5-HT 0.86 ± 0.04  0.64 ± 0.04 * 0.85 ± 0.03 0.66 ± 0.03 *    0.99 ± 0.03 ~    0.75 ± 0.04 *~ 

 

Concentration of NE, 5-HT, and 5-HT’s metabolite 5-HIAA and the turnover ratio of 5-HIAA/5-HT in the NuAcc of Sham, 

Ovx, and 2 Day E2-replaced (E2) mice 15 minutes after treatment with saline (Sal) or 30 mg/kg COC (COC).   * indicates main 

effect of treatment (COC < Sal), ~ indicates main effect of group (E2 > Sham, Ovx).  n=8 in Sham groups, n=16 in other groups.
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Similar effects of COC treatment but not group on DA and metabolite content 

were observed in the CP.  DA content did not show an effect of group or treatment 

(Figure 24a).  A main effect of treatment on DA metabolite concentrations and turnover 

ratios demonstrated that COC decreased DA turnover relative to baseline (saline). A 

significant effect of treatment was found for DOPAC [F(1,76)=7.88, p<0.007] and HVA 

[F(1,79)=5.59, p<0.03] but not for 3-MT (Figure 24b-d).  COC treatment reduced 3-MT/DA 

turnover [F(1,79)=4.63, p<0.04] as well as turnover ratios of DOPAC/DA [F(1,75)=10.61, 

p<0.003] and HVA/DA [F(1,79)=33.12, p<0.00001] (Figure 24e-g).  Analysis did not yield 

a significant effect of group or group x treatment interaction on the content or turnover 

of any DA metabolite.  Taken together, these results show that COC reduces the content 

and the turnover ratios of DA metabolites relative to saline-treated animals in both the 

NuAcc and CP of female mice.  Removal or replacement of E2 does not alter DA content 

or DA turnover at baseline or after COC to a degree that can be detected in tissue 

homogenates by HPLC.  Thus the attenuation and restoration of DA-mediated behaviors 

after Ovx and E2 replacement, respectively, are not mediated by changes in DA content 

or turnover within the striatum. 
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Figure 24: Tissue content and turnover of DA in the CP of Sham, Ovx, and E2-replaced mice 

Concentration of DA (a) and its metabolites 3-MT (b), DOPAC (c), and HVA (d) in the CP of Sham, Ovx, and E2-replaced 

mice 15 minutes after treatment with saline (Sal) or 30 mg/kg cocaine (COC).  Turnover ratios of 3-MT/DA (e), DOPAC/DA (f), 

and HVA/DA (g) in the CP.  n=8 in Sham groups, n=16 in other groups. COC decreased the levels of DOPAC and HVA and the 

turnover ratios of each DA metabolite relative to saline treatment. 
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The content of NE, 5-HT and 5-HIAA in the CP showed a pattern of COC effects 

similar to that seen in the NuAcc.  NE and 5-HT content were not altered by E2 status or 

by COC treatment.  Analysis did not detect an effect of group or treatment on the CP 

content of either monoamine (Table 6).  5-HT metabolism was reduced by COC 

administration as a main effect of treatment was found for 5-HIAA content [F(1,79)=9.43, 

p<0.004] and for 5-HIAA/5-HT turnover [F(1, 79)=34.65, p<0.00001].  The 5-HIAA/5-HT 

ratio was increased in E2 replaced animals relative to Sham and Ovx females (main 

effect of group, [F(2,79)=4.18, p<0.03]).  Taken together, these results in the NuAcc and 

CP indicate that COC and E2 alter the serotonin system, with COC administration 

decreasing 5-HT turnover and E2 replacement increasing 5-HT turnover. 
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Table 6: Tissue content and turnover of NE and 5-HT in the CP of Sham, Ovx and E2-replaced mice 

CP Sham Ovx E2 

Analyte 

(ng/mg tissue) 
Sal COC Sal COC Sal COC 

NE 0.21 ± 0.02 0.23 ± 0.02 0.22 ± 0.01 0.21 ± 0.01 0.19 ± 0.01 0.19 ± 0.01 

5-HT 0.50 ± 0.04 0.52 ± 0.04 0.47 ± 0.02 0.50 ± 0.03 0.44 ± 0.03 0.48 ± 0.03 

5-HIAA 0.50 ± 0.03   0.43 ± 0.02 * 0.48 ± 0.02   0.42 ± 0.02 * 0.53 ± 0.04   0.43 ± 0.03 * 

Turnover 

Ratio 
      

5-HIAA/5-HT 1.01 ± 0.06   0.84 ± 0.04 * 1.04 ± 0.05   0.85 ± 0.02 *    1.19 ± 0.06 ~     0.89 ± 0.03 *~ 

 

Concentration of NE, 5-HT, and 5-HT’s metabolite 5-HIAA as well as the turnover ratio of 5-HIAA/5-HT in the CP of 

Sham, Ovx, and E2-replaced (E2) mice 15 minutes after treatment with saline (Sal) or 30 mg/kg COC (COC).   * indicates main 

effect of treatment (COC < Sal), ~ indicates main effect of group (E2 > Sham, Ovx).  n=8 in Sham groups, n=16 in other groups. 
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Chapter 6: The Role of ERα versus ERβ in the 
Enhancement of Cocaine-Stimulated Locomotion in 
Mice 

The above experiments demonstrate that 2 days but not 30 minutes of E2 

administration over a wide range of E2 doses increases COC-stimulated locomotion in 

Ovx female mice.  The behavioral effects of E2 could be mediated by any of its target 

receptors, but few studies have investigated whether ERα and/or ERβ mediates E2’s 

enhancement of psychostimulant-induced behavior.  To determine whether E2 increases 

COC-stimulated locomotion through ERα or ERβ, we capitalized on the advantage of 

our mouse model by investigating COC responses in pharmacologically and genetically 

manipulated female mice.   

6.1 Experiment 1: Effects of ER-selective agonists on behavior 
after a single dose of cocaine in ovariectomized mice 

Replacement of Ovx mice with ER-selective agonists to activate either ERα (with 

PPT) or ERβ (with DPN) in Ovx mice demonstrated that ERα and not ERβ enhances the 

response to COC in female mice.  Automatically recorded data showed a main effect of 

group [F(4,575)=2.51, p<0.05] and a group x time interaction [F(20,575)=2.76, p<0.0001] on 

ambulations but not on fine movements after 30 mg/kg COC (Figure 25a,b).  Post-hoc 

tests confirmed that vehicle- and DPN-treated Ovx mice exhibited fewer ambulations 

and fine movements during the peak of behavioral stimulation after 30 mg/kg COC 

relative to Sham and E2-replaced females.   
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Reclassification of groups by status of ERα or ERβ signaling (i.e. for ERα, active 

group = Sham, E2- and PPT-treated Ovx mice; inactive group = vehicle- and DPN-

treated Ovx mice) yielded a main effect of ERα [F(1,575)=4.89, p<0.04] on ambulations 

and an ERα x time interaction on ambulations [F(5,575)=6.63, p<0.0001] and fine 

movements [F(5,575)=2.71, p<0.03].  ERα-active mice had more ambulations and fine 

movements than ERα-inactive mice during the peak of the behavioral response to 30 

mg/kg COC.  The analysis did not demonstrate a main effect of ERβ activity or an ERα x 

ERβ interaction on COC-stimulated ambulations or fine movements.   

Behavioral observations yielded similar results to the automatically recorded 

data (Figure 25c).  A main effect of group (p<0.0001) was found on the percentage of 

high and low responders after 30 mg/kg COC.  Sham females exhibited more sustained 

patterned locomotion after 30 mg/kg COC and thus had more high responders than 

vehicle-treated Ovx females which exhibited the in-place stereotyped behaviors typical 

of low responders.  Treatment with E2 or PPT induced more patterned locomotion and 

more high responders after COC relative to vehicle treatment in Ovx mice.  The 

percentages of high and low responders in DPN-treated animals were similar to those of 

Ovx animals, and DPN mice had fewer high responders and more low responders than 

Shams. 

Uterine wet weights measured after behavior confirmed that E2 and PPT were 

uterotrophic (Figure 25d).  One-way ANOVA on uteri from Ovx and hormone-replaced 



 

111 

animals revealed a main effect of group [F(3,31)=18.43, p<0.0001] on uterine weight.  E2- 

and PPT-replaced animals had larger uteri than vehicle-treated Ovx females, while 

DPN-treated mice had uterine weights similar to those of vehicle-treated Ovx mice.  

Uteri from PPT-treated mice were smaller than those from the E2-replaced females in 

this experiment and were more similar to the uterine weights of Low-E2 treated mice in 

the E2 dose-response experiment (see section 5.4).  This partial replacement by PPT may 

explain the lack of complete restoration of COC-stimulated ambulations in PPT-treated 

Ovx females.  These results demonstrate that activation of ERα but not ERβ in Ovx mice 

increases both the locomotor response to COC and increases uterine wet weight. 
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Figure 25: COC-stimulated behavior in Ovx mice replaced with E2 or ER-selective 

hormones  

10 minute time course of automatically recorded ambulations (a) and fine 

movements (b) after 30 mg/kg COC in Sham and Ovx mice administered vehicle, E2, 

PPT, or DPN for 2 days.  (c) Percentage of high and low responders after 30 mg/kg COC 

based on behavioral observations.  (d)  Uterine wet weights of mice after behavioral 

testing. * denotes different Sham, ~ different from Ovx.  (a-c) n=16-23 per group. (d) n=8 

per group.  COC = 30 mg/kg COC injection. 
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6.2 Experiment 2: Effects of ER-selective agonists on cocaine 
and metabolite levels in ovariectomized mice 

The observed differences in COC-stimulated behavior with hormone 

replacement were not due to differences in COC metabolism.  Ovx mice administered 

vehicle, E2, PPT, or DPN for 2 days were injected with 30 mg/kg COC and sacrificed at 

the time corresponding to maximal behavioral activation.  Hormone replacement did 

not alter brain COC levels as analysis did not report a significant effect of group (Table 

7).   Reclassifying animals into groups based on the status of ERα or ERβ signaling (i.e. 

active or inactive for either receptor) did not reveal a main effect of ERα or ERβ 

activation on brain COC levels.  Brain NC, EME, and BE levels were unaffected by 

hormone replacement. Analyses did not detect an effect of group or ERα/ERβ activation 

on any metabolite in the brain.  Similar results were obtained in serum.  Hormones also 

did not alter serum concentrations of COC, NC, EME, or BE (Table 7) as analysis of 

serum analyte levels did not indicate an effect of group or ERα/ERβ activation. 
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Table 7 : Brain and serum levels of COC and its metabolites in hormone-replaced Ovx 

mice 

 Group 

Brain Analyte 

(ng/g tissue) 
Ovx E2 PPT DPN 

COC 10,916 ± 646_ 12,202 ± 367_ 12,862 ± 2437 11,174 ± 483_ 

NC 2,046 ± 100 1,907 ± 85_ 2,064 ± 142 1,858 ± 106 

EME  888 ± 73  946 ± 39  920 ± 87  823 ± 49 

BE  291 ± 24  288 ± 11  276 ± 25  262 ± 7_ 

 

Serum Analyte 

(ng/mL serum) 
Ovx E2 PPT DPN 

COC 1,393 ± 324 1,534 ± 339 1,315 ± 252   857 ± 119 

NC  272 ± 18  263 ± 21  372 ± 49  300 ± 24 

EME 1,900 ± 115 1,789 ± 86_ 1,707 ± 131 1,554 ± 77_ 

BE 3,318 ± 141 3,211 ± 109 3,142 ± 160 3,519 ± 129 

 

Hormone replacement does not alter COC or metabolite levels in the brain or 

serum of Ovx mice. Concentrations of brain and serum COC, NC, EME, and BE in Ovx 

mice treated with vehicle, E2, PPT, or DPN for 2 days.  Brains and sera were collected 15 

minutes after an injection of 30 mg/kg COC, when behavioral activation by COC is 

maximal in mice.  Data shown as mean ± SEM.  n = 7-8 animals per group. 
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6.3 Experiment 3: Cocaine-stimulated behavior in female mice 
lacking ERα 

We investigated whether constitutive genetic ablation of either estrogen receptor 

alters COC-stimulated behavior in female mice.  Due to the limited availability of these 

KO mice, an ascending binge paradigm was used to enable detection of either decreased 

or increased sensitivity to COC relative to WT littermates.  Automatically recorded 

behaviors showed that female αERKO mice responded less to a novel environment than 

their αWT littermates.  A main effect of genotype [F(1,239)=6.79, p<0.03] and a genotype 

x time interaction [F(14,239)=2.27, p<0.008] were found on ambulations during 

habituation (Figure 26a).  ANOVA also reported a main effect of genotype 

[F(1,239)=6.95, p<0.03] and a genotype x time interaction [F(14,239)=2.28, p<0.008] in fine 

movements (Figure 26b).  Post-hoc tests confirmed that αERKO mice demonstrated 

fewer ambulations and fine movements after exposure to novelty than WT mice.  

Both groups responded to the increasing doses of COC with increasing levels of 

ambulations and fine movements, as shown by a main effect of COC dose (0 [saline], 5, 

15, and 30) on ambulations [F(3,383)=34.32, p<0.0001] and fine movements 

[F(3,383)=53.51, p<0.0001].  The response of αERKO mice to COC did not differ from that 

of αWT mice.  Analysis on the automatically recorded ambulations (Figure 26a) and fine 

movements after injections (Figure 26b) did not yield an effect of genotype or genotype 

by dose interaction. Lower-level analyses within saline or COC doses did not yield an 

effect of genotype on ambulations or fine movements after any treatment. 
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In contrast with the automatically recorded data, behavioral observations did 

detect a difference between αERKO and αWT behavior after COC.  αWT and αERKO 

mice after 5 mg/kg COC predominantly responded with normal behaviors (scores of 1-3) 

like grooming and exploratory behavior, resulting in a similar behavior distribution for 

both genotypes (data not shown).  After 15 mg/kg COC the predominant behavior 

displayed by αWT mice was in-place stereotyped behaviors (e.g. intense sniffing with 

head bobbing/weaving, score=5) with some patterned locomotion (score=6) in a few 

individuals.  The behavior distribution of αERKO mice after 15 mg/kg COC 

demonstrated a shift towards less behavioral activation relative to αWTs (effect of 

genotype, p<0.0001) (Figure 26c).  αERKO mice after exhibited fewer in-place 

stereotyped behaviors and more fast exploratory (score=4) and normal exploratory 

(score=3) behaviors relative to αWTs.  The distribution of high versus low responders 

after 15 mg/kg COC was also shifted in the αERKO females relative to the αWT mice, 

with fewer αERKO females classified as high responders (effect of genotype, p=0.0003) 

(Figure 26d).  After 30 mg/kg COC dose, analysis did not detect a significant shift in the 

distributions of the observed behaviors (Figure 26e) or of the responder classifications 

(Figure 26f) in αERKO mice relative to αWT females.  Both αERKO and αWT mice 

displayed patterned locomotion, in-place stereotyped behaviors and fast exploratory 

behaviors.  These behavioral observations indicate that novelty- and COC-stimulated 

behaviors are modestly attenuated in female αERKO mice relative to αWT littermates. 
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Figure 26: Novelty- and COC-stimulated behavior in αERKO and αWT female mice 

10 minute interval time courses of ambulations (a) and fine movements (b) in 

αERKO and αWT mice during habituation and after injections of saline and 5, 15, and 30 

mg/kg COC.  Relative frequencies of each category of observed behaviors (c,e) and the 

distribution of low versus high responders (d,f) after 15 (c,d) and 30 (e,f) mg/kg COC in 

αERKO and αWT mice.  * denotes αERKO significantly different from αWT.  n=8 per 

genotype. Sal = Saline injection; 5, 15, and 30 = mg/kg of COC injected. 
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6.4  Experiment 4: Cocaine-stimulated behavior in female mice 
lacking ERβ 

Assessment of behavior in βERKO mice showed that these KOs had a similar 

behavioral response to novelty during habituation as their βWT littermates (Figure 

27a,b).  Analysis did not find an effect of genotype or a genotype x time interaction on 

automatically recorded ambulations or fine movements during habituation.  After 

injections, βERKO and βWT mice responded similarly to injections of saline and COC 

based on automatically recorded methods (Figure 27a,b).  Both groups exhibited 

increased ambulations and fine movements with increasing doses of COC (effect of dose 

on ambulations, [F(3,383)=27.10, p<0.0001], and fine movements, [F(3,383)=21.87, 

p<0.0001]).  Analysis reported no effect of genotype or genotype x dose interaction on 

automatically recorded ambulations or fine movements.  Analyses within COC doses (0 

[saline], 5, 15, or 30 mg/kg) did not detect an effect of genotype in either automatically 

recorded behavior. 

Behavioral observations supported the findings of the automatically recorded 

data.  Five mg/kg COC induced predominantly normal behaviors (i.e. sniffing and 

grooming) in both genotypes (data not shown).  Fifteen mg/kg COC induced more 

behavioral activation as both genotypes exhibited increased frequencies of in-place 

stereotyped behaviors and some patterned locomotion relative to 5 mg/kg COC (Figure 

27c).  The distribution of high versus low responders in βERKO mice was similar to that 

of βWT mice after 15 mg/kg COC (Figure 27d).  Thirty mg/kg COC further increased 
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behavioral activation in both βERKO and βWT mice as both genotypes displayed more 

patterned locomotion (Figure 27e) and had more high responders (Figure 27f).  Analysis 

did not yield an effect of genotype on the distributions of observed behaviors or of high 

versus low responders in βERKO and βWT mice after any dose of COC.  Overall, 

βERKO and βWT mice exhibited similar behavioral responses to novelty and COC. 
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Figure 27: Novelty- and COC-stimulated behavior in βERKO and βWT female mice 

10 minute interval time courses of ambulations (a) and fine movements (b) in 

βERKO and βWT mice during habituation and after injections of saline and 5, 15, and 30 

mg/kg COC.  Relative frequencies of each category of observed behaviors (c,e) and the 

distribution of low versus high responders (d,f) after 15 (c,d) and 30 (e,f) mg/kg COC in 

βERKO and βWT mice.  n=8 per genotype. Sal = Saline injection; 5, 15, and 30 = mg/kg of 

COC injected. 
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Chapter 7: Expression and Localization of ERα and ERβ 
in the Dopamine System of Female Mice 

Our pharmacological and genetic manipulations in female mice indicated that E2 

enhances COC-stimulated locomotion through ERα rather than ERβ.  Previous studies 

of the localization of these ERs in the mouse brain detected both ERα and ERβ to 

varying degrees within the striatum and ventral midbrain but did not determine the 

cells types expressing either receptor (Mitra et al. 2003).  To determine whether E2 

influences DA-mediated behaviors through direct effects within the DA neurons 

themselves or through indirect effects elsewhere in the circuit, we investigated whether 

midbrain DA neurons express either receptor.  We utilized fluorescent 

immunohistochemistry to determine whether DA neurons or their target cells in the 

striatum colocalize with ERα and/or ERβ.   

7.1 Validation of ER-specific antibodies 

Recent studies have reported that many supposedly specific antibodies against 

ERs, particularly ERβ, actually recognize both ERs and/or some other protein that is not 

ERα or ERβ in the mouse brain (Snyder et al. 2010).  Therefore we first validated our 

commercially available antibodies for each receptor using the brains of the αERKO and 

βERKO mice and their wildtype littermates from our behavioral experiments to address 

the concern of specificity.  Brain sections from αWT mice showed clusters of intensely 

ERα-immunoreactive (ERα-IR) cells in the amygdalohippocampal and cortical 
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amygdaloid nuclei, as has been reported in previous studies (Figure 28a) (Mitra et al. 

2003).  Sections from αERKO littermates, as confirmed by their significantly smaller 

uteri, did not contain these ERα-positive nuclei (Figure 28b).  These results validated the 

specificity of our ERα antibody in the mouse brain. 
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a         b         

  
 

Figure 28: ERα staining in the posterior amygdalohippocampal nuclei of αWT and αERKO female mice 

Clusters of brightly-staining nuclei for ERα are present in the ventral amygdalohippocampal nuclei of sections from  

αWT (a) but not αERKO (b) female mice. 5x magnification. Antibody: 1:15,000 dilution of anti-ERα clone C1355 rabbit 

polyclonal antibody (Millipore #06-935). 
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 We similarly tested an anti-ERβ antibody in brain sections from βWT and 

βERKO female mice as previous studies have reported in vivo specificity issues with 

commercially available ERβ antibodies (Snyder et al. 2010).  High expression of ERβ has 

been previously reported in the ventral midbrain of mice using a validated antibody that 

is no longer commercially available (Mitra et al. 2003).  Our sections from the ventral 

midbrain supported the literature as sections from βWT mice showed many moderate to 

bright profiles of ERβ immunoreactivity in this area (Figure 29a).  Midbrain sections 

from βERKO females did not have these numerous ERβ-positive profiles (Figure 29b).  

These results validated the specificity of a commercially available ERβ antibody in 

mouse brain tissue.  Our specific antibodies for ERα and ERβ enabled us to investigate 

whether DA neurons in the SNpc and VTA express either of these receptors. 
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Figure 29: ERβ staining in the ventral midbrain of βWT and βERKO female mice 

Many moderately- to brightly-staining ERβ profiles are present in the ventral midbrain of βWT (a) but not βERKO (b) 

female mice. 10x magnification. Antibody: 1:1000 dilution of anti-ERβ rabbit polyclonal antibody (Calbiochem #PC168). 
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7.2 Localization of ERα and ERβ in the ventral midbrain of 
female mice 

Brain sections of the ventral midbrain containing the SNpc and VTA from 

wildtype intact female mice were costained for TH to mark DA neurons and either ERα 

or ERβ.  The only ERα immunoreactivity detected in the DA areas of the ventral 

midbrain was in a few cells of the dorsalmedial VTA (Figure 30a).  These cells were 

located in a relatively restricted, somewhat oval-shaped subregion of the VTA.  Few to 

no ERα profiles were observed in the neighboring non-DA regions of the ventral 

midbrain.  Higher magnification showed that the ERα-positive profiles of the 

dorsalmedial VTA did not colocalize with TH staining but were interspersed between 

the DA neurons (Figure 30b).  The size, ovoid shape, and relatively homogenous 

intensity of the ERα profiles resembled nuclear staining.  These results indicate that ERα 

is expressed in the nuclei of a cluster of non-DA cells within the dorsalmedial VTA of 

female mice. 

The ventral midbrain of wildtype female mice expressed more ERβ than ERα.  

Viewing of sections at low magnification showed widespread but regionally-specific 

expression patterns of ERβ throughout the ventral midbrain (Figure 31a).  The SNpc and 

VTA, as delineated by the DA neurons, contained many ERβ-IR profiles.  Higher 

magnification of the SNpc and VTA demonstrated that most but not all of the DA 

neurons colocalized with ERβ staining (Figure 31b).  Double-positive cells exhibited a 

red nuclear core, an area of yellow colocalization between TH and ERβ in the 
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perinuclear space of the cytoplasm, and green TH staining in the remainder of the 

cytoplasm and processes.  The observations indicate that ERβ is present both in the 

nucleus and to a lesser degree in the cytoplasm of a majority of the DA neurons of the 

SNpc and VTA.  Additional ERβ-only cells which did not colocalize with the TH 

staining were interspersed among the DA neurons of the SNpc and VTA.  
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 a         b         

  
 

Figure 30: ERα and TH costaining in the SNpc and VTA of female C57BL/6 mice 

Representative photomicrographs of the right SNpc and VTA from a female mouse costained for ERα (red nuclei) and TH 

(green DA neurons).  (a) Low 5x magnification image of the ventral midbrain, including the SNpc and VTA.  (b) Higher 20x 

magnification of the dorsomedial VTA where the ERα-IR profiles were concentrated. 
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Figure 31: ERβ and TH costaining in the SNpc and VTA of female C57BL/6 mice 

Representative photomicrographs of the SNpc and VTA from female mice costained for ERβ (red nuclei/cells) and TH 

(green DA neurons).  (a) Low 5x magnification of the ventral midbrain, including the SNpc and VTA.  (b) Higher 20x 

magnification of the SNpc. 
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7.3 Localization of ERα in the striatum of female mice 

E2’s enhancement of COC-stimulated locomotion in female mice could be 

mediated by alterations within the postsynaptic MSNs of the striatum.  Previous 

immunohistochemical studies in female mice detected little to no ERβ in the CP or the 

NuAcc (Mitra et al. 2003).  Due to these findings and the enhancement of COC-

stimulated locomotion in female mice by ERα and not ERβ, we focused our attention in 

the striatum to just ERα.   

Sections from intact female mice showed that faint, round profiles were present 

throughout the CP and NuAcc, with a few bright profiles present in the dorsal CP 

(Figure 32a).  Both the faint and the bright ERα-IR cells were located in the matrix of the 

striatum and were surrounded by a meshwork of TH-positive DA axons and terminals 

(Figure 32b).  No ERα profiles were observed in the TH-negative patches of the CP.  

These results in the CP and NuAcc agree with previous studies which found low levels 

of ERα expression in the striatum of mice (Mitra et al. 2003).  The pattern of ERα 

expression and its diffuse, faint nature suggest that postsynaptic MSNs which are 

innervated by midbrain DA neurons may express low levels of membrane-associated 

ERα.  Previous studies have reported the presence of membrane-ERα in MSNs of the 

striatum of rats (Grove-Strawser et al. 2010; Schultz et al. 2009). 
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       a         b        

  
 

Figure 32: ERα and TH costaining in the CP of female C57BL/6 mice 

Representative 20x photomicrographs of the CP from a female mouse costained for ERα and TH.  (a) ERα staining in the CP, 

with mostly round faint-grey profiles and a few brighter nuclei.  (b) Overlay of staining for ERα (red profiles) from (a) with TH 

(diffuse green DA terminals).         
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Chapter 8: Discussion 

The current studies have added to our understanding of how E2 modulates the 

mesencephalic DA system and psychostimulant-induced behavior in mice. We have 

developed and characterized a novel observation-based rating scale for quantitating 

psychostimulant-induced behavior in mice.  This advance permitted us to demonstrate 

that mice exhibit sex differences in DA-mediated behaviors as novelty and 

psychostimulants induced greater behavioral activation in females than in males.  The 

present studies characterized E2’s enhancement of novelty- and COC-stimulated 

locomotion by resolving the roles of ERα and ERβ in mediating E2’s effects.  

Pharmacological and genetic methods demonstrated that activation of ERα and not ERβ 

enhances novelty- and COC-induced behavior in mice.  Our histological studies 

demonstrate that DA neurons in the midbrain do not express ERα.  Therefore, E2-

induced enhancement of COC-stimulated locomotion is mediated by an indirect 

mechanism that lies further upstream or downstream of the DA neurons. 

8.1 Characterization of Normal Mouse Behavior 

8.1.1 A Psychostimulant-Induced Behavior Methodology and Rating 
Scale for Mice 

 This study established a methodology and observational rating scale for DA-

mediated behavior in mice and shows that increasing psychostimulant doses induce a 

systematic dose-related increase in automatically-recorded locomotor and fine 

movement behaviors.  Observations demonstrate that the topography of behaviors 
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exhibited by mice changes with increasing psychostimulant dose and by extension 

increasing activation of the ascending DA system.  The sequence of behaviors begins 

with fast exploratory behaviors, transitions to in-place stereotyped behaviors (e.g. 

stereotyped sniffing with head weaving, circling/pivoting), and progresses to patterned 

locomotion and then to patterned rearing with increasing behavioral activation.  

Therefore, mice which exhibit high ambulation counts by automatically recorded means 

could be exhibiting the fast exploratory locomotion (reflecting lower-level behavioral 

stimulation) or the more behaviorally-activated patterned locomotion.  Observational 

methods are essential to detect qualitatively different behaviors that might yield 

identical automatically recorded data and can detect more subtle behavioral differences 

between groups than can automated methods (Antoniou et al. 1998).   

Use of the developed rating scale enabled us to overcome a barrier in 

understanding psychostimulant effects in mice and permitted the use of genetically 

manipulated animal models.  Our studies in the ERKO mice establish a stimulatory role 

for ERα in psychostimulant-induced behaviors that would not have been detected with 

previous methods.  Female αERKO mice had similar ambulation counts as αWTs after 

15 mg/kg COC (see Figure 26a).  However, observations showed that the αERKOs after 

this dose exhibited fast exploratory locomotion whereas the αWTs exhibited in-place 

stereotyped behaviors with some patterned locomotion (see Figure 26c).  Fast 

exploratory locomotion represents a lower level of behavioral activation than in-place 
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stereotyped behaviors or patterned locomotion in mice, therefore αERKO mice were less 

behaviorally activated by this dose of COC than αWT littermates.  Thus, genetic ablation 

of ERα modestly attenuated behavioral activation by COC, demonstrating the principal 

role that this receptor plays in mediating E2’s enhancement of COC’s behavioral effects.  

Observation of behaviors enabled both 1) the dissociation of these qualitatively different 

behaviors that yielded similar ambulation counts by automatic methods and 2) the 

detection of subtle behavioral differences between small experimental groups, which can 

be an obstacle in any study utilizing valuable transgenic or knockout mice. 

8.1.2 Comparison of Psychostimulant-Induced Behaviors in Mice 
versus Rats  

 The types of behaviors induced by psychostimulants in mice are similar to those 

exhibited by rats, but the sequence in which the behaviors are displayed is somewhat 

species-specific.  Rats exhibit increased rearing and patterned locomotion after low 

psychostimulant doses and progress to in-place stereotyped behaviors after high doses 

(Antoniou et al. 1998; Ellinwood and Balster 1974; Kelly and Iversen 1976; Kelly et al. 

1975; Sahakian et al. 1975).  In contrast, the present studies found that mice exhibit in-

place stereotyped behaviors after low psychostimulant doses and progress into 

patterned locomotion and then patterned rearing after high doses.  Using a rat-based 

scale in the present studies with mice would have resulted in intact and E2-replaced 

females with lower scores than males or Ovx females and the opposite conclusion that 

intact female mice are less responsive than males or Ovx females to psychostimulants 
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(Ellinwood and Balster 1974; Quintero and Spano 2011; Quintero et al. 2008; Schlussman 

et al. 1998; Schlussman et al. 2003).   

These rodent species-specific sequences of behaviors are not due to the species 

having different levels of psychostimulants present in the brain during behavioral 

activation.  The brain levels of AMPH and the degree of activation observed in the 

present study are similar to those reported in other mouse strains and in rats.  Our data 

at 45 minutes after 5 mg/kg AMPH shows that C57BL/6 mice have 4,226 ± 147 ng 

AMPH/g tissue in the brain.  A previous study in Sprague Dawley rats found that 40 

min after 5 mg/kg AMPH, the AMPH concentration in the striatum was ~5,400 ng/g 

tissue (Melega et al. 1995).  Another study that utilized the same dose of AMPH but a 

later timepoint of 1 hour reported whole brain AMPH levels of 2,400 ± 240 ng/g tissue in 

male Wistar rats and 3,030 ± 380 ng/g tissue in Swiss albino mice (Danielson et al. 1977).  

The time course of locomotion after psychostimulants in the present study is similar to 

that reported for rats: 5 mg/kg AMPH stimulated behavior for more than two hours in 

the present study and in previous studies with rats (Kelly and Iversen 1976; Kelly et al. 

1975).  Thus, our mice have AMPH concentrations in the brain that fall within the range 

previously reported in rats and exhibit a similar time course of stimulated behavior after 

AMPH as rats.  Therefore, the species-specific sequences of behavior after 

psychostimulants are due to neurobiological and not pharmacokinetic differences 

between rats and mice.   
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8.2 Sex Differences in the Dopamine-Mediated Behaviors of Mice   

8.2.1 Female Mice Respond More than Males to Novelty and 
Psychostimulants  

The present results provide evidence that female mice exhibit greater behavioral 

responses to both novel environments and psychostimulants than males. A novel 

environment stimulated more behavior in female than in male mice during habituation, 

similar to previous findings in rats (Beatty 1979; Hughes 1968; Hughes et al. 2004) and 

mice (Adriani and Laviola 2000; Beatty 1979; Goodrich and Lange 1986; Gray 1971; 

Siuciak et al. 2007).  Female mice in this study responded more than males to AMPH and 

COC, observations that parallel the similarly greater responses of female rats to 

psychostimulants (Beatty and Holzer 1978; Brass and Glick 1981; Chelaru et al. 2012; 

Dafny and Yang 2006; Hu et al. 2004; Kuhn et al. 2001; Parylak et al. 2008; Robinson et al. 

1980; Stohr et al. 1998; van Haaren and Meyer 1991; Walker et al. 2001; Walker et al. 

2009).  The current results show and confirm that sex differences in the effects of novelty 

and psychostimulants on the DA system exist in mice (Creese and Iversen 1975; Hooks 

and Kalivas 1995; Kelly and Iversen 1976; Kelly et al. 1975).    

The present study resolves conflicting findings about sex differences in the 

psychostimulant-induced behavior of mice.  One previous study showed that late 

adolescent female CFW mice had a greater response than males to 5 mg/kg AMPH 

(Goodrich and Lange 1986).  Two studies in mice generated on C57BL/6N or C57BL/6J 

backgrounds showed increased responses in adult female mice compared to males after 



 

137 

3.5 and 5 mg/kg AMPH (Siuciak et al. 2007; van den Buuse et al. 2012).  In contrast, one 

study in adult CD1 mice did not report an effect of sex after 2 or 10 mg/kg AMPH 

(Adriani and Laviola 2000).  Our data supports the previous findings of a sex difference 

in the AMPH-stimulated behavior of C57BL/6 mice, with females being more 

behaviorally responsive.   

A similar inconsistency about the existence of sex differences in drug-stimulated 

behavior exists in the COC literature, as previous studies of COC-induced locomotion in 

mice have reported no sex difference in mice (Griffin and Middaugh 2006; Thomsen and 

Caine 2011), enhanced locomotion in females (Reith et al. 1991; Sershen et al. 1998), or 

enhanced locomotion in males (Morse et al. 1993).  Differences in animal husbandry and 

handling or in behavioral methods could underlie these conflicting results.  The 

omission of chronic vaginal lavaging may be critical for detecting sex differences in the 

psychostimulant-induced behaviors of mice.  Previous mouse studies that reported 

females being significantly more active than males after psychostimulants did not 

chronically lavage their females (Goodrich and Lange 1986; Reith et al. 1991; Sershen et 

al. 1998; Siuciak et al. 2007; van den Buuse et al. 2012) while one study that did lavage 

their females did not detect a sex difference in COC-stimulated locomotion (Griffin and 

Middaugh 2006).  We are sensitive to this important variable as our lab has reported that 

repeated vaginal lavaging attenuates COC-stimulated behaviors in female rats, which 

can eliminate sex differences in this behavior that are robust enough to be detected with 
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randomly cycling females (Parylak et al. 2008; Walker et al. 2001; Walker et al. 2002).  

Direct experimental testing of the effects of chronic vaginal lavage on behavior in female 

mice is warranted in future studies. 

Our decision to prolong habituation has identified an important parameter that 

permits detection of sex differences in psychostimulant-induced behaviors in strains of 

mice with high exploration of novel environments like the C57BL/6.  Previous studies 

which reported a greater psychostimulant response in female than in male mice also 

habituated their animals for at least 1 hour, while studies reporting no differences or 

greater responses in males utilized little or no habituation (compare (Reith et al. 1991; 

Sershen et al. 1998; Siuciak et al. 2007; van den Buuse et al. 2012) to (Adriani and Laviola 

2000; Griffin and Middaugh 2006; Morse et al. 1993; Thomsen and Caine 2011)). The 

decrease in behaviors between the first and second hour of habituation shows that our 

mice required at least 2 hours to completely habituate to the novel environment in the 

present study, which parallels previous studies in mice (Siuciak et al. 2007; Thomsen 

and Caine 2011).  An extended habituation protocol reduces behavior to a similar, low 

baseline level of activity across individuals and enables automated methods to detect 

even modest increases and group differences.  Prolonged habituation may also enhance 

the response to psychostimulants when compared to shorter habituation periods, as 

reported with AMPH in rats (Stohr et al. 1998).  The use of an extended habituation and 
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the omission of repeated vaginal lavaging in combination with an observational rating 

scale tailored to mouse behavior likely enhanced our ability to detect group differences.   

Another important consideration in the analysis of psychostimulant-induced 

behavior is the timeframe over which behavior is examined.  A recent study of COC-

induced behavior in mice did not report a sex difference when data was collected over 3 

hours, which would include times during which COC is no longer stimulating behavior 

(Thomsen and Caine 2011).  The present study demonstrates that the sex differences in 

psychostimulant-induced behavior are robust when the behavioral effects of the drugs 

are maximal.  Our study also indicates that mice exhibit individual variability in their 

behavioral responses to psychostimulants.  Previous studies may have been 

underpowered to detect sex differences amidst high variability between individual 

animals (Thomsen and Caine 2011).   

The type of housing, mouse strain/line used, and time of day between studies 

have been shown to alter psychostimulant-induced behavior (Abarca et al. 2002; Baird 

and Gauvin 2000; Kuzmin and Johansson 2000; Morse et al. 1993; Thomsen and Caine 

2011; Tolliver and Carney 1994) but do not appear to account for the inconsistent results 

regarding sex differences in the mouse literature.  Most previous mouse studies utilized 

group-housing and light phase testing yet obtained conflicting results, suggesting that 

those elements of the present experimental design did not influence the results.  

However, studies using individual housing and dark phase testing did not report an 
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effect of sex in the response to AMPH or COC, suggesting again that environmental 

circumstances in which baseline activity is high will obscure sex differences  (Adriani 

and Laviola 2000; Griffin and Middaugh 2006).  Differences between strains of mice also 

do not explain the inconsistent findings as most of the literature tested C57BL/6 mice, 

and studies that used the same mouse strain and supplier still disagreed (compare 

(Griffin and Middaugh 2006; Thomsen and Caine 2011) to (Morse et al. 1993)).  Some 

previous reports assessed behavior after similar doses of COC (i.e. 20-40 mg/kg) to that 

used in the present study (30 mg/kg), indicating that the discrepancies in the literature 

are not simply due to the use of different doses (Griffin and Middaugh 2006; Thomsen 

and Caine 2011).  In summary, we have shown that female mice respond more than 

males to novelty and to psychostimulants.  Prolonged habituation and the omission of 

repeated vaginal lavaging are likely the critical methodological approaches which 

enabled us to detect these sex differences in DA-mediated behaviors.   

8.2.2 Observed Sex Differences in Psychostimulant-Induced Behavior 
are not due to Differences in Brain Levels of Drugs  

The enhanced behavior of female mice after AMPH did not reflect greater brain 

AMPH levels in females, as has been reported in rats (Groppetti and Costa 1969; Meyer 

and Lytle 1978).  Female rats have higher AMPH levels after injection compared to 

males (Meyer and Lytle 1978), but females still respond more than males when 

equivalent brain AMPH concentrations are present (Becker et al. 1982).  The situation is 

even clearer with COC.  The lack of a sex difference in brain COC levels in our mice 
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during maximal COC behavioral effects resembles these previous findings of no sex 

difference in COC levels after administration in rats, primates, or humans (Bowman et 

al. 1999; Evans and Foltin 2010; Mendelson et al. 1999).  To our knowledge, this is the 

first study to compare serum and brain levels of AMPH or COC and its metabolites in 

male and female mice at behaviorally relevant time points.  A previous study in CF-1 

mice reported slower plasma elimination of COC in males than in females after several 

days of COC administration (Visalli et al. 2005).  This sex difference may be due to 

greater activity of COC metabolizing enzymes in females than in males, which has been 

reported for C57BL/6 and DBA/2 but not BALB/cJ or C57BL/6 x A/J crossed mice 

(Leibman et al. 1990; Thompson et al. 1984).  These findings further support our 

conclusion that female mice are more responsive to psychostimulants than males as 

females had more locomotion and higher behavior ratings despite having similar or even 

lower brain AMPH or COC levels during maximum behavioral activation, when the sex 

differences in psychostimulant-induced behavior were robust.  Therefore sex differences 

in DA system neurochemistry and/or neurotransmission, not in pharmacokinetics, 

mediate the observed sex differences in psychostimulant-induced behaviors.  
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8.3 Effects of Estradiol on Psychostimulant-Induced Behavior in 
Female Mice 

8.3.1 Effect of Ovariectomy and Estradiol Replacement on 
Psychostimulant-Induced Behavior in Female Mice 

The sex difference in the psychostimulant-induced behavior of mice appears to 

be due in part to activational effects of gonadal hormones.  The current study shows that 

ovariectomy decreases and E2 replacement enhances COC-stimulated locomotion in 

mice.  These findings agree with an existing body of literature on psychostimulant-

induced behavior that has almost exclusively been conducted in rats.  Our lab and others 

have previously shown that ovariectomy in rats attenuates and E2 increases the 

response to psychostimulants (Becker and Hu 2008; Kuhn et al. 2010; Lynch et al. 2002; 

Parylak et al. 2008; Russo et al. 2003a; Segarra et al. 2010; Sell et al. 2000; van Haaren and 

Meyer 1991; Walker et al. 2001; Walker et al. 2012).  The present results extend previous 

findings in rats to mice and show that the alterations in psychostimulant-induced 

behavior with E2 replacement are not due to differences in brain COC levels (Bowman 

et al. 1999; Niyomchai et al. 2006a). 

This report also demonstrates that ovariectomy in mice reduces novelty-induced 

behavior, and that E2 replacement for 2 days in Ovx mice does not restore this behavior.  

Previous work with open field behavior in mice did not show an effect of ovariectomy, 

perhaps due to the short duration (<5 min) of the behavioral testing (da Rocha et al. 

2012; Xu and Zhang 2006).  Our data agree with previous studies showing that E2 
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administration in Ovx rodents does not increase activity in the open field during anxiety 

testing (Walf and Frye 2010; Walf et al. 2008) or during novelty-induced behavior 

(Eikelis and Van Den Buuse 2000).  These results indicate that E2 replacement alone is 

not sufficient to restore the response to novelty in Ovx female mice.   

The discrepancy between E2 replacement restoring COC- but not novelty-

stimulated locomotion indicates that the neurobiology underlying these two behaviors is 

not identical.  Novelty and COC both activate the ascending DA system, but the specific 

circuits mediating the hyperlocomotion induced by either stimulus may differ.  Indeed, 

previous work provides evidence that the enhanced locomotion induced by a novel 

environment is mediated by a VTA  NuAcc  ventral pallidum circuit, whereas 

psychostimulant-induced locomotion requires this circuit as well as the parallel SNpc  

CP  globus pallidus circuit within the basal ganglia (Hooks and Kalivas 1995).  E2 may 

exert different effects within these two circuits of the ascending DA system and may 

thereby preferentially enhance psychostimulant-induced locomotion at the E2 doses 

used in the current study.  Previous work demonstrated that a low E2 dose (160 ng/day) 

over 3 weeks increases open field activity in Ovx female mice (Ogawa et al. 2003).  Thus, 

the enhancement of novelty-induced locomotion in females may require a more 

prolonged replacement with a lower E2 dose than was used in the current study.   



 

144 

8.3.2 Temporal Effects of E2 Replacement on Cocaine-Induced 
Behavior in Female Mice 

The enhancement of COC-induced behavior in mice required 2 days of 

replacement with E2, suggesting a transcriptional rather than a rapid nongenomic 

mechanism.  A previous report showed that E2 replacement starting 2 days prior to 

training also enhances methamphetamine-induced conditioned place preference in Ovx 

mice (Chen et al. 2003).  In Ovx rats, E2 replacement over several days increases 

sensitization as well as the intake and reinstatement of COC during self-administration 

(Larson and Carroll 2007; Larson et al. 2005; Yang et al. 2007).  Two previous studies in 

Ovx rats reported either no change in COC-stimulated behavior (Niyomchai et al. 2006b) 

or attenuated COC self-administration (Grimm and See 1997) with E2 replacement when 

tested 2-3 days after a single E2 injection.  Taken together, these results suggest that 

repeated pulses of E2 over several days and/or the presence of E2 at the time of 

behavioral testing may be required to enhance psychostimulant-induced motor 

behavior.   

E2 did not restore COC-stimulated behavior in mice through a rapid, non-

genomic mechanism in the present study as 30 minutes of E2 replacement did not 

increase COC-induced behavior in drug-naïve Ovx mice.  A similar study in Ovx rats 

found that a 30 minute E2 exposure attenuated COC-induced locomotion (Niyomchai et 

al. 2006b).  However, extensive work in Ovx rats has demonstrated rapid enhancements 

of AMPH-stimulated striatal DA release and behavior 30 minutes after E2 injection 
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(Bazzett and Becker 1994; Becker 1990a; b; Castner and Becker 1996).   Other studies in 

Ovx rats reported enhanced psychostimulant-induced responses and self-administration 

after 30 minutes of E2 replacement, but the E2-induced increases in these studies 

emerged after repeated E2 administration across multiple days and not after the initial 

30 minute E2 exposure (Becker and Hu 2008; Hu and Becker 2008; Schultz et al. 2009; 

Zhao and Becker 2010).   The 30-minute enhancement of AMPH-stimulated responses by 

E2 may be specific to this drug and its ability to release DA independently of neuron 

firing.  The present study is consistent with previous findings that E2 replacement over 

several days enhances the behavioral response to psychostimulants.   

The activational effects of 2-day E2 replacement on COC-stimulated behavior 

could occur through a transcriptional mechanism.  In the uterus, E2 induces a biphasic 

pattern of transcriptional events that first increase water uptake and hyperemia a few 

hours after E2 administration and then stimulate epithelial cell proliferation 24-72 hours 

after exposure (O'Brien et al. 2006).  E2’s effects on other behaviors are mediated by 

regulation of transcription within the brain.  E2 facilitates reproductive and maternal 

behaviors in part by stimulating expression of the progesterone receptor, the 

neuropeptide oxytocin and the oxytocin receptor in the brain (reviewed in (Pfaff et al. 

2011; Rissman 2008)).  E2 signaling may similarly increase the behavioral response to 

psychostimulants through regulation of DA-related or DA-modulating genes. 
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 Long-term (4 week) replacement with a high dose of E2 increased the percentage 

of animals that were high responders after COC relative to Ovx animals.  However, 4 

week-replaced mice had fewer automatically recorded ambulations after COC than 2 

days replaced females.  The large uterine weights in the 4 week-replaced group 

confirmed that chronic exposure to the high E2 dose creates supraphysiological levels of 

circulating E2 in our Ovx mice.  Exposure to supraphysiological E2 doses has been 

shown to lead to downregulation of ERs in the rat uterus (Medlock et al. 1991) and brain 

(Brown et al. 1996; Simerly and Young 1991).  A similar down-regulation may have 

occurred in our Ovx mice, which could explain the moderate decrease in COC-

stimulated locomotion detected by automated means in the 4 week group relative to 

Sham and 2 day E2-replaced Ovx females.    

Our behavioral and anatomical data in mice (present study, (Johnson et al. 

2010b)) and in rats (Walker et al. 2012) suggest that the effect of gonadal hormones on 

DA system anatomy is just one possible mechanisms through which hormones alter DA-

mediated behaviors.  Our lab and others have previously shown that ovariectomy 

decreases the number of DA neurons in the SNpc and VTA of rats, mice and non-human 

primates (Johnson et al. 2010b; Leranth et al. 2000; Walker et al. 2012).  The 4 week E2 

replacement paradigm used in the current behavioral study maintains DA neuron 

number in Ovx mice (Johnson et al. 2010b) yet does not fully restore novelty- or COC-

stimulated behaviors to Sham levels.  Two days of E2 replacement likely does not 
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provide sufficient time to stimulate neurogenesis of midbrain DA neurons and thereby 

enhance behavioral responses to COC through an anatomically-mediated mechanism.  

Indeed, it is unclear whether midbrain DA neurogenesis occurs at all in the adult 

midbrain (reviewed in (Borta and Hoglinger 2007)).   

These findings indicate that DA neuron number is not the sole or primary 

determinant of the magnitude of DA-mediated behavioral responses.  The PD literature 

supports a disconnect between DA neuron number and motor behavior in humans as 

motor impairments in PD emerge after patients have lost 50-60% of their midbrain DA 

neurons and 60-80% of their striatal DA content (reviewed in (Hornykiewicz 1998)).  

These observations suggest that DA neurotransmission within the ascending DA system 

is stable over the gradual loss of DA terminals until a certain threshold is reached, at 

which point extracellular DA levels are no longer sufficient to maintain motor control 

(Bergstrom and Garris 2003; Garris et al. 1997).    

8.3.3 Effects of Estradiol on Striatal Neurochemistry 

 Our results demonstrated that the attenuation of COC-induced behavior with 

ovariectomy and the restoration of that behavior with E2 replacement are not due to 

changes in DA content within the striatum.  In contrast to the behavior, DA and 

metabolite content did not vary by E2 status in Sham, Ovx, and E2-replaced mice.  The 

only effect on DA content was from the COC treatment, which decreased the levels of 

DA’s metabolites and their ratios, but no differences were observed with hormone 
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manipulation.  These results agree with a previous study in male mice which found that 

50 mg/kg COC decreased the concentrations of DOPAC, HVA and 3-MT and the 

DOPAC/DA ratio in the striatum 30 minutes later (Hadfield and Milio 1992).  Hadfield 

and Milio (1992) also reported reduced 5-HIAA concentrations and a lower ratio of 5-

HIAA/5-HT in the striatum.  In contrast, previous studies do not indicate a consistent, 

significant effect of ovariectomy or E2 replacement on DA content or turnover (Becker 

and Rudick 1999; Bitar et al. 1991; D'Astous et al. 2004; Ohtani et al. 2001; 

Pandaranandaka et al. 2006; Shimizu and Bray 1993; Yeung and Juorio 1985).  Indeed, 

one study which assessed tissue content in Ovx and E2-replaced rats as well as baseline 

and psychostimulant-induced behaviors reported similar behavioral differences as we 

have shown in mice but no differences in striatal tissue content by HPLC (Ohtani et al. 

2001). 

 Tissue content is an insensitive measure and cannot provide any temporal or 

functional resolution of DA transmission.  Previous studies in our lab and others using 

microdialysis and fast scan cyclic voltammetry (FSCV) have found that female rats show 

a greater extracellular DA response to COC than males and that the response falls after 

ovariectomy but is restored by E2 administration (Becker and Hu 2008; Becker and 

Rudick 1999; Kuhn et al. 2010; Ohtani et al. 2001; Walker et al. 2012; Walker et al. 2006; 

Xiao and Becker 1994).  Compared to microdialysis and other neurochemical methods 

that can analyze extracellular levels of DA, FSCV provides better temporal resolution on 
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the subsecond time scale and a greater ability to dissociate DA signals from other 

contaminating chemicals in vivo (reviewed in (Robinson et al. 2003)).  The greater 

temporal resolution of FSCV could be particularly informative in studies of hormonal 

effects on DA neurotransmission as this method can detect DA transients, which are 

small DA release events that occur without electrical stimulation (reviewed in (Robinson 

et al. 2003).  As the effects of COC are dependent on the rate of DA release, changes in 

the amplitude and/or frequency of these DA transients by E2 and ERα-active 

compounds may underlie the behavioral differences after COC.  Future studies should 

utilize sensitive voltammetry methods to investigate whether the behavioral differences 

with hormone manipulations shown in the present study are mediated by presynaptic 

alterations in DA release and/or reuptake in female mice. 

8.4 Role of ERα versus ERβ in Cocaine-Stimulated Behavior 

8.4.1 ERα Increases Novelty and Cocaine-Stimulated Locomotion 

 Our pharmacological studies, and to a lesser degree our genetic ablation 

experiments, indicated a role for ERα in the enhancement of the locomotor responses to 

novelty and COC.  A previous study reported a similar reduction of open field activity 

in αERKO compared to αWT females (Ogawa et al. 2003).  Activation of ERα has been 

shown to enhance AMPH-induced rotational behavior and COC-stimulated locomotion 

in female rats (Larson and Carroll 2007; Schultz et al. 2009; Zhang et al. 2008).  A recent 

report found altered COC sensitization and conditioned place preference in αERKO 
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mice relative to αWTs (Lasek et al. 2011).  However, our results do not exclude a 

possible additional influence of ERβ on psychostimulant effects.  Indeed, activation of 

either ERα or ERβ has been shown to enhance COC reinstatement in self-administering 

Ovx rats (Larson and Carroll 2007).  ERβ may mediate E2’s enhancement of AMPH 

conditioned place preference in Ovx rats (Silverman and Koenig 2007).  These studies 

suggest that the classical estrogen receptors may have two different but complementary 

roles in behavior, with ERα enhancing the locomotor responses to novelty and 

psychostimulants and ERβ increasing the motivation to take psychostimulants (Larson 

and Carroll 2007).   

 Activation of ERα does not enhance COC-stimulated motor behavior in Ovx 

mice by increasing COC levels in the brain during behavior.  Our COC metabolism 

study in intact male and female mice demonstrated that the metabolites EME and BE 

accumulate in the brains of mice after repeated injections.  The levels of metabolites in 

the Ovx study data were similar to those from the animals in the sex comparison 

experiment that received ascending doses of COC, indicating that the metabolites 

accumulated in the Ovx and hormone-replaced animals after two injections of 30 mg/kg 

COC.  It is possible that E2 or ER-selective agonists alter the metabolism of COC in 

female mice, but the accumulation of EME and BE with repeated dosing may obscure 

the detection of such differences.  Our analysis at a single time point after COC injection 

also prevents a careful characterization of hormone effects on COC metabolism.  
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However, COC does not accumulate in the mouse brain after this protocol and thus 

repeated doses are not a confounding factor in comparing brain COC levels among 

groups.  Therefore, we can conclude that the enhanced COC-stimulated behavior with 

activation of ERα was not due to changes in COC brain levels in Ovx mice. 

Our pharmacological and genetic studies both indicated that activation of ERα 

enhances DA-mediated behaviors, but the two methods did yield some discrepancies.  

In the present study, αERKO female mice exhibited an attenuated behavioral response 

to novelty and to 15 mg/kg COC, while PPT replacement in Ovx mice enhanced the 

behavioral response to 30 mg/kg COC but not novelty.  Our lab has also reported that 

female αERKO, but not βERKO, mice have fewer midbrain DA neurons relative to WT 

mice (Johnson et al. 2010b).  The ERKO mice used in this and our previous anatomical 

study globally and constitutively lacked either ERα or ERβ and may have developed 

mechanisms to adapt to the lack of signaling by either ER.  These compensatory 

mechanisms may involve changes in the DA terminals or in the activity of DA neurons, 

any of which could influence both novelty- and psychostimulant-induced behaviors.  

Previous work has shown that βERKO, but not αERKO mice, have less DAT and 

VMAT2 in the striatum than wildtype mice (reviewed in (Al Sweidi et al. 2012)), 

suggesting that αERKO mice have maintained striatal expression levels of these proteins 

despite the decreased DA neuron number in the midbrain.   
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The constitutive loss of signaling through either ER can also induce physiological 

alterations within an animal.  Indeed, the αERKO mice have higher circulating levels of 

both E2 and testosterone than their wildtype littermates due to the constitutive loss of 

ERα’s feedback inhibition on the hypothalamic-pituitary-gonadal axis (Couse and 

Korach 1999).  We and others have previously demonstrated that testosterone reduces 

DA neuron number and the behavioral response to psychostimulants in male and early 

postnatal female rodents (Forgie and Stewart 1993; 1994; Johnson et al. 2010a; Kuhn et al. 

2001; Parylak et al. 2008; Walker et al. 2001).  Thus, the anatomical and/or the modest 

behavioral differences in the αERKO mice may be due to the loss of ERα’s neurotrophic 

effects within the DA system and/or the increased androgen signaling in αERKO 

females. 

One complication in the present and previous studies investigating the roles of 

estrogen receptors in behavior is the lack of a good biomarker for ERβ activation.  

Uterine weight can be used to confirm activation of ERα due to its uterotrophic effects 

((O'Brien et al. 2006), reviewed in (Couse and Korach 1999)).   Indeed, in the current 

study the modest effect of our PPT replacement on uterine weight suggests that ERα 

was less active in these animals than in our E2-replaced females.  Confirmation of ERβ 

activity is difficult without a similar indirect measure.  However, doses of DPN similar 

to or lower than the 8 mg/kg/day dose used in the present study have been shown to 

maintain normal levels of midbrain DA neurons, DA transporters, and D2 receptors in 
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Ovx mice and rats (Johnson et al. 2010b; Le Saux and Di Paolo 2006; Le Saux et al. 2006).  

Lower doses of DPN enhance COC-induced reinstatement (Larson and Carroll 2007) 

and also increase memory recognition and alter DA metabolism in the hippocampus and 

prefrontal cortex (Jacome et al. 2010) of Ovx rats.  Thus, the dose of DPN utilized in the 

current study was likely sufficient to activate ERβ in the brains of Ovx mice yet did not 

enhance the behavioral response to COC in our experimental paradigm. 

The present study demonstrates that E2 enhances COC-stimulated behavior in 

female mice but does not address whether progesterone alone or in combination with E2 

also alters psychostimulant-induced behavioral responses in female mice.  Previous 

work indicates that progesterone suppresses psychostimulant effects in women and 

female non-human primates and rodents (reviewed in (Anker and Carroll 2010)).  

Progesterone attenuates the reported subjective effects of COC in women (reviewed in 

(Anker and Carroll 2010; Kuhn et al. 2010) and reduces COC self-administration and 

seeking behaviors in female non-human primates  (Feltenstein et al. 2009; Feltenstein 

and See 2007; Mello et al. 2011; Mello et al. 2007).  Thus, administration of progesterone 

to female mice may attenuate the behavioral response to COC.  Co-administration of 

progesterone and E2 in Ovx females would determine whether progesterone opposes 

the enhancing effects of E2 on psychostimulant-induced behaviors in mice, as has been 

previously demonstrated in rats ((Jackson et al. 2006; Perrotti et al. 2001), reviewed in 

(Anker and Carroll 2010)).  Future studies in our laboratory will investigate the effects of 
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progesterone alone or in combination with E2 on psychostimulant-induced behavior in 

female mice. 

Cyclical administration of E2 and progesterone in Ovx animals to mimic the 

estrous cycle may also prove informative.  Chronic exposure to continuously high levels 

of E2, as in present study, may yield different effects on COC-stimulated behavior than 

cyclical replacements.  Previous work in rats suggests that replacement with E2 and 

progesterone to mimic the estrous cycle enhances behavioral sensitization to COC in 

Ovx rats, while continuous exposure to both hormones attenuates behavioral 

sensitization relative to E2 treatment alone (Peris et al. 1991; Sircar and Kim 1999).  These 

different effects of continuous versus cyclical hormone replacement on psychostimulant-

induced behaviors may be due to alterations in hormone receptor levels within the 

brain.  As discussed above, continuous exposure to high circulating levels of E2 and/or 

progesterone may induce degradation and downregulation of hormone receptors, while 

receptor levels may remain intact with cyclical replacement.  The current study suggests 

that genomic effects of ERα increase COC-stimulated locomotion, thus downregulation 

of receptors with continuous replacement would attenuate or block E2’s enhancement of 

this behavioral response.  Current work in our laboratory is investigating how cyclical 

fluctuations in circulating ovarian hormone levels in intact and cyclically replaced Ovx 

females alter psychostimulant-induced behavior and DA neurotransmission. 
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8.4.2 Localization of ERα and ERβ Within the Ascending Dopamine 
System  

 The enhancement of COC-stimulated locomotion by ERα is not due to a direct 

effect within midbrain DA neurons as our immunohistochemistry studies demonstrated 

that DA neurons in the ventral midbrain express ERβ and not ERα.  Similar to previous 

findings in rats (Kritzer 1997) and mice (Mitra et al. 2003; Vanderhorst et al. 2005), we 

observed no ERα expression in the SNpc and only a few ERα-positive cells in the VTA 

which were interspersed but did not colocalize with DA neurons (see Figure 30).  

However, our results do provide some evidence of species-specific expression patterns 

for ERα within the VTA.  In rats, the few ERα-positive nuclei in the VTA localize to the 

rostral portion of the ventrolateral VTA within a subregion known as the paranigral 

subnucleus ((Kritzer 1997), reviewed in (Ikemoto 2007)).  Our histology in mice instead 

demonstrates that ERα is expressed within a cluster of cells located more dorsomedially 

within a different subregion called the parabrachial pigmented nucleus of the VTA 

(pbpVTA) (reviewed in (Ikemoto 2007)).   

Our histology demonstrates that the ERα is not expressed by DA neurons in the 

VTA but that the ERα profiles are interspersed among the DA neurons (see Figure 30), 

indicating that a different cell type expresses ERα.  There are four main types of cells 

within the VTA: DA neurons, non-DA neurons, astrocytes, and microglia.  Previous 

studies in our lab and others using a GFAP antibody have observed that the cell bodies 

of astrocytes in the ventral midbrain are significantly smaller and more irregularly 
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shaped than those of DA neurons (Figure 33a) (Johnson 2008; Tripanichkul et al. 2008).  

In contrast, the size and shape of the ERα staining resemble neuronal nuclei.   

Additional studies indicate that these ERα profiles are also not from microglia.  

Histology with an anti-Iba1 antibody has demonstrated that the SNpc and VTA contain 

a moderate number of microglia (Figure 33b), which are smaller in size than both DA 

neurons and astrocytes and have irregularly shaped soma (Figure 33c).  Therefore, it is 

unlikely that the ovoid, regularly-shaped ERα-IR profiles observed in the dorsomedial 

VTA are from a glial cell type.   

The number of ERα profiles is also fewer and more regionally restricted than 

would be expected for glial expression.  The location of the ERα profiles in the VTA is 

restricted to the dorsomedial portion of this region (Figure 34a).  Previous studies in our 

lab and others (Tripanichkul et al. 2008) have shown that both astrocytes and microglia 

are relatively abundant and homogenously distributed throughout the SNpc and VTA 

(Figure 34b).  Furthermore, we and others (Tripanichkul et al. 2008) have demonstrated 

that neighboring regions in the midbrain also contain high numbers of microglia.   

The location and appearance of the ERα-IR profiles suggest potential expression 

in inhibitory GABA VTA neurons.  The majority of neurons in the VTA are DA neurons, 

but inhibitory GABA and excitatory glutamate neurons are also present (Bubar et al. 

2011; Chieng et al. 2011; Hnasko et al. 2012; Yamaguchi et al. 2007).  GABA neurons 

comprise 20% of the neuronal population within the VTA (Chieng et al. 2011), are 
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interspersed with the DA neurons (see Figure 33c) and are similar in size to their DA 

neighbors (Bubar et al. 2011; Chieng et al. 2011).  The topographical distribution of 

GABA neurons within the VTA is consistent with the location of the ERα–positive cells 

(compare ERα-positive cells in Figure 34a to GABA neurons in Figure 34c).  It is less 

likely that the ERα-expressing cells are glutamate neurons as these neurons constitute 

only 2% of the neuronal population in the VTA (Chieng et al. 2011) and are concentrated 

more medially and caudally within the VTA relative to the location of the ERα staining 

shown in the present study (Yamaguchi et al. 2007).  Therefore, the ERα-expressing cells 

within the dorsomedial VTA are likely GABA neurons. However, it is unlikely but 

possible that we missed a very small population of midbrain DA neurons which also 

express ERα.  Future studies employing more systematic methods will identify and 

quantify these ERα-expressing cells in the VTA.  Careful sampling throughout the 

rostral to caudal axis of the VTA will determine the distribution of these cells and will 

enable the detection of even a potential small population of ERα-expressing DA 

neurons.   
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Figure 33: Photomicrographs of the glial cell types within the VTA 

(a) Astrocytes (green) stained for GFAP within the ventral midbrain of rats.  Red 

profiles are BrdU-containing nuclei for an unrelated study.  20x magnification (Johnson 

2008).  (b) Iba-1-positive microglia are homogenously distributed throughout the ventral 

midbrain.  Orange outline indicates the location of the VTA.  5x magnification .  (c) Small 

Iba-1-immunoreactivate microglia (red) are interspersed with TH-IR DA neurons (green) 

in the VTA of mice. 20x magnification.  (b-c) are images of the right hemisphere, with 

the midline being located to the left of the image. 
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Figure 34: Representative distributions of cell types within the VTA 

(a) Schematic representation of the distribution of DA neurons (green circles) and 

ERα-expressing cells (red circles) in the VTA based on the photomicrograph from Figure 

30a.  (b) Representative distribution of microglia (purple stars) and astrocytes (blue 

stars) within the ventral midbrain.  (c) Schematic representation of the distibution and 

number of DA neurons (green circles) and GABA neurons (red circles) within the VTA.  

Panels adapted from Figure 2b of (Chieng et al. 2011). 
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The faint diffuse staining for ERα in the CP and NuAcc may indicate that 

postsynaptic MSNs in mice express ERα and may contribute to the E2-induced increase 

in COC-induced locomotion.  Overexpression of ERα in the rat striatum shows that ERα 

localizes to the membrane and cytoplasm of striatal neurons and increases AMPH-

induced rotational behavior after repeated E2 administration (Schultz et al. 2009).  

Membrane-associated ERα in the rat striatum has been reported to activate metabotropic 

glutamate receptors and thereby regulate the MAPK and CREB pathways which are also 

activated by DA signaling (Grove-Strawser et al. 2010).  Our histology suggests that E2 

could enhance COC-stimulated locomotion in female mice through a similar 

postsynaptic mechanism. 

Female mice show more widespread expression of ERβ than ERα in the ventral 

midbrain.  Previous studies in rats and mice have similarly reported that the ventral 

midbrain contains more ERβ than ERα ((Creutz and Kritzer 2002; Kritzer 1997; Mitra et 

al. 2003).  As seen with our ERα staining, however, there are indications of species 

differences in the distribution and number of ERβ cells within the ventral midbrain.  

Our study and previous work by others in mice (Mitra et al. 2003) demonstrate that both 

the SNpc and VTA contain numerous ERβ-positive cells, and that both regions may 

contain more ERβ profiles in the mouse than in the rat (Creutz and Kritzer 2002; 2004).   

Previous studies in rats have reported both the presence (Quesada et al. 2007) 

and absence (Creutz and Kritzer 2002) of ERβ immunoreactivity in the SNpc.  The 
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current and previous work (Mitra et al. 2003) in mice shows robust ERβ expression in 

this region, though one study in mice did not detect ERβ in the SNpc (Vanderhorst et al. 

2005).  These discrepancies in the literature may be due to the use of different ERβ 

antibodies which detect either one or both of the ERβ splice variants in the brains of rats 

and mice (Vanderhorst et al. 2005).  Studies which demonstrated widespread ERβ in the 

ventral midbrain of rodents, including the current study, utilized antibodies that likely 

detect both variants (Mitra et al. 2003).  In contrast, studies showing an absence of ERβ 

in this region used an antibody that may only recognize the ERβ1 variant which binds 

E2 with high affinity (Shughrue and Merchenthaler 2001; Vanderhorst et al. 2005). 

The majority of the ERβ profiles in our mice colocalize with DA neurons, and 

most midbrain DA neurons express ERβ.  The ERβ expressed in the ventral midbrain 

DA neurons of the present study may be of the lower-affinity ERβ2 splice variant as 

previous work in mice using an antibody directed to the ERβ1 splice variant did not 

detect ERβ in this region (Vanderhorst et al. 2005).  Rat studies have reported region-

specific patterns of ERβ and TH colocalization in the midbrain: anywhere from 5 to 50% 

of DA neurons in the rat midbrain express ERβ, depending on the subregion analyzed 

(Creutz and Kritzer 2002; Quesada et al. 2007).  Future work should thoroughly 

characterize the topography of ERβ expression in DA neurons to determine whether 

similar subregional variations exist in mice. 
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The use of histological rather than more molecular methods proved valuable in 

our studies.  While Western blotting techniques can quantitate expression of a protein of 

interest in tissue, immunohistochemistry provides several advantages.  It is unlikely that 

ERα would have been detectable by Western with such low levels of expression in the 

ventral midbrain and striatum.  Immunohistochemistry provides the additional benefit 

of anatomical resolution which enables investigation of the regional, cell-type, and even 

subcellular localization patterns of ER expression, particularly in tissue which contains 

heterogeneous cell populations.   Using these methods, future studies can characterize 

and more thoroughly quantitate ER expression and colocalization with cell-type specific 

markers in the ventral midbrain and striatum of mice.  

8.5 Conclusions and Significance of Findings 

The ascending mesencephalic DA system mediates several vital processes, 

including motor control and the rewarding effects of natural reinforcers, and is central to 

both drug addiction and Parkinson’s Disease.  Sex differences and hormonal effects exist 

in both of these diseases.  The purpose of this study was to investigate the effects of E2 

on the function of the ascending DA system in mice using psychostimulant-induced 

behavior as an indirect but quantifiable and integrative model of changes in DA 

neurotransmission.  We hypothesized that E2 would enhance psychostimulant-

locomotion through an indirect, activational effect mediated by ERα.     
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Our behavioral, anatomical, and neurochemical studies in pharmacologically 

and genetically manipulated mice demonstrate that E2 enhances psychostimulant-

induced, DA-mediated locomotor behaviors through ERα.  The requirement for 2 days 

of E2 replacement for this behavioral effect suggests activational effects of E2 that may 

be mediated by a transcriptional mechanism.  The expression of ERα in non-DA cells of 

the midbrain and possibly in MSNs of the striatum suggest that indirect effects of E2 

within the ascending DA system enhance the psychostimulant behavioral responses in 

female mice.  We have now developed and characterized a mouse model which exhibits 

many of the same effects of sex and hormones on DA-mediated behaviors as rats, which 

should also facilitate the use of mice in mechanistic studies of sex and hormone effects 

on the DA system and psychostimulant-induced behavior.  

The effects of E2 and ERα on psychostimulant-induced locomotor behavior may 

be mediated by presynaptic alterations in the activity of DA neurons.  Previous studies 

support a presynaptic mechanism as ovariectomy decreases and E2 administration 

increases DA release in the striatum (Becker 1990a; b; Becker and Beer 1986; Becker and 

Hu 2008; Thompson and Moss 1994; Walker et al. 2012).  This enhancement of DA 

release by E2 may be due to changes in afferent cells that regulate DA neuron activity.  

The ERα-expressing cells in the midbrain which did not colocalize with DA neurons or 

appear to be of a glial cell type may correspond to a recently characterized, functionally 

distinct group of GABA neurons within the tail subregion of the VTA.  These 
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GABAergic neurons within the VTA tail send local projections to neighboring DA cells 

in the midbrain and thereby modulate DA neuron excitability and DA-mediated 

behaviors; these neurons are also responsive to both psychostimulants and aversive 

stimuli (reviewed in (Barrot et al. 2012; Bourdy and Barrot 2012)).  In the rat 

hippocampus, E2 attenuates inhibitory GABA neurotransmission through ERα by 

reducing GABA release (Huang and Woolley 2012; Rudick and Woolley 2001).  A 

previous study (Zhang et al. 2008) reported that E2 through ERα alters the firing rate of 

DA neurons in the rat VTA after COC exposure.  Taken together, these results indicate 

that E2 and ERα may enhance COC-stimulated locomotion by attenuating GABA-

mediated inhibition from the VTA tail, thereby increasing DA neuron firing in the 

ventral midbrain. 

Some GABA neurons within the medial VTA have also been shown to project 

directly to the striatum in rats, suggesting that certain GABA populations can directly 

modulate the activity of postsynaptic MSN neurons that are innervated by midbrain DA 

neurons (Bubar et al. 2011).  Rat studies have shown that E2 decreases the extracellular 

concentration of GABA in the striatum and thereby disinhibits DA release through ERα 

(Hu et al. 2006; Schultz et al. 2009).  These results resemble E2 effects in the 

hippocampus, where ERα interacts with metabotropic glutamate receptors to suppress 

GABA neurotransmission (Huang and Woolley 2012).  E2 has also been shown to 

decrease GABA receptor expression in the rat striatum (Bosse and DiPaolo 1996).  ERα 
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may indirectly increase the excitability of midbrain DA neurons and their striatal targets 

by decreasing GABA neurotransmission from the tail of the VTA and thereby enhance 

COC-stimulated locomotion in female mice.   

Direct effects of ERα activation within postsynaptic MSNs in the striatum may 

also mediate E2’s enhancement of COC-stimulated locomotion.   A previous study in 

female rats provides strong evidence for a postsynaptic ERα mechanism as 

overexpression of ERα in the striatum was sufficient to increase AMPH-stimulated 

rotational behavior after E2 administration (Schultz et al. 2009).  In the striatum, E2 and 

ERα-selective PPT induce phosphorylation of multiple components of the same PI3K 

pathway that lies downstream of D2 receptors (Beaulieu et al. 2004; Beaulieu et al. 2007; 

D'Astous et al. 2006).  These ERα-induced changes in the PI3K pathway oppose the 

effects of D2 receptor signaling, which may underlie the enhancement of 

psychostimulant-induced behaviors.  In female rats, ERα in striatal neurons also 

interacts with metabotropic glutamate receptors to activate the same MAPK-CREB 

pathway that lies downstream of D1 receptors (Grove-Strawser et al. 2010).  Therefore 

E2 may enhance psychostimulant-induced behavior in females through ERα located 

both presynaptically in DA neuron afferents and postsynaptically within MSN targets.  

Figure 35 summarizes the potential mechanisms through which E2’s activation of 

ERα may alter neurotransmission in the mesencephalic DA system and thereby enhance 

psychostimulant-induced locomotion.   
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 Illustration of the potential locations and mechanisms of pre- and postsynaptic 

ERα effects within the SNpc/VTA (purple box) and CP/NuAcc (yellow box).  ERα may 

be expressed in the nucleus of GABA neurons within the VTA and at the membrane of 

MSNs in the CP/NuAcc.  In the tail subregion of the VTA, ERα expressed within GABA 

neurons may attenuate GABA release from projections to neighboring midbrain DA 

neurons and/or to striatal MSNs.  This disinhibition by ERα would increase DA neuron 

activity and DA release within the striatum.  Alternatively, membrane-associated ERα in 

MSNs may suppress release from presynaptic GABA afferents and/or directly increase 

signaling through intracellular MAPK and CREB pathways.   Each of these mechanisms 

would increase MSN activity and could thereby mediate E2’s enhancement of 

psychostimulant-induced locomotion.  α = ERα receptor in nucleus (red oval) or at 

membrane (red square).        |indicates inhibition,      indicates activation. Orange crosses 

on the MSN = DA D1/D2 receptors. 
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Figure 35: Potential ERα-mediated mechanisms within the ascending DA system 
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ERα and ERβ agonists exert separate effects on psychostimulant-induced 

behavior in rodents, which may be due to the regional and cell-type specific patterns of 

expression of these receptors.  As described above, E2 may indirectly modulate DA 

neuron excitability through ERα expressed in midbrain GABA neurons and thereby 

alter transcription of activity-dependent genes within midbrain DA neurons.  In 

contrast, ERβ can exert direct effects on both transcriptional targets and signal 

transduction pathways within midbrain DA neurons.  Region-specific regulation of DA-

related genes by E2, perhaps due to the differential expression patterns of ERα and ERβ 

across regions, may influence psychostimulant-induced behavior (Zhou et al. 2002). 

The separate effects of ERα and ERβ agonists on psychostimulant-induced 

behavior may also be due to differential modulation of postsynaptic signaling pathways 

(Al Sweidi et al. 2012).  In contrast to the opposition of D2 signaling by ERα (Beaulieu et 

al. 2004; Beaulieu et al. 2007; D'Astous et al. 2006), evidence suggests that ERβ enhances 

D2 signaling.  ERβ increases striatal levels of D2 receptors and DAT and also decreases 

the expression of RGS proteins that regulate D2 signaling (Le Saux and Di Paolo 2006; Le 

Saux et al. 2006; Morissette et al. 2008; Silverman and Koenig 2007).  These effects of ERα 

and ERβ on DA-responsive signaling pathways in postsynaptic striatal neurons may be 

secondary to presynaptic changes in DA release but potentially explain how these 

receptors differentially regulate DA-mediated behaviors.  Taken together, the present 

and previous studies suggest that enhancement of D1 signaling and/or attenuation of D2 
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signaling by ERα may contribute to increased COC-stimulated locomotion in females, 

while enhancement of D2 signaling by ERβ may increase the motivation to take 

psychostimulants. 

E2’s ability to enhance the response to an initial COC exposure may increase 

addiction vulnerability in females.  E2’s enhancement of locomotion is specific to 

psychostimulant-induced behavior as the present and previous studies demonstrate that 

E2 replacement in Ovx rats does not alter locomotion after exposure to novelty or saline 

(Eikelis and Van Den Buuse 2000; Walf and Frye 2010; Walf et al. 2008; Zhang et al. 

2008).  Some models suggest that the initial response to psychostimulants predicts 

addiction vulnerability and later drug intake (Davidson et al. 1993; Koob and Le Moal 

2001).  A previous study in rats found that a high initial locomotor response to COC 

correlates with high COC-seeking behaviors in self-administration protocols (Schramm-

Sapyta et al. 2011), though evidence for an opposite correlation have also been shown 

(Mandt et al. 2008).  The enhanced psychostimulant-induced behavior with ERα 

activation may provide a biological mechanism for the sex differences and E2 effects that 

have been observed in drug addicts and in preclinical studies with addictive drugs.   

By elucidating the mechanism through which E2 enhances DA 

neurotransmission and the response to psychostimulants in females, we will understand 

a biological basis for the sex differences observed in drug addiction and perhaps also in 

Parkinson’s Disease.  Knowledge of the mediating estrogen receptor, its downstream 
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targets, and the location of the effects may enable the development of targeted 

therapeutics that modulate DA neurotransmission and neuronal survival. 

8.6 Future Directions  

Future studies in our laboratory will further investigate the mechanism through 

which E2-induced activation of ERα enhances psychostimulant-induced locomotion.  

Future work will determine whether these behavioral effects are mediated by a 

presynaptic alteration of DA neurotransmission through the use of fast scan cyclic 

voltammetry (FSCV).  FSCV can be used to compare stimulated DA release and 

reuptake as well as the frequency and amplitude of spontaneous DA transients in Sham, 

Ovx, E2- and PPT-replaced mice.  Previous studies from our lab have shown that DA 

release and uptake are greater in female rats than in males (Walker et al. 2000) and that 

ovariectomy in rats reduces DA efflux after COC relative to Sham females (Walker et al. 

2012).  Comparisons within animals between behavior and voltammetry measures 

demonstrated that COC-stimulated behavior correlates with electrically-stimulated DA 

release in Sham but not Ovx females (Walker et al. 2012).   Future studies should 

investigate whether ovariectomy and E2 replacement in mice change DA 

neurotransmission and thereby alter psychostimulant-induced behaviors.   

Further questions regarding the mechanism through which E2 increases 

psychostimulant-induced behaviors in female mice remain unanswered.  The restoration 

of behavior in Ovx mice with 2 days of E2 replacement is consistent with a 
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transcriptional mechanism.  Previous studies have reported effects of E2 administration 

in Ovx rats on mRNA levels of DA and 5-HT receptors and transporters within the 

midbrain and striatum, but did not compare the effects of ERα and ERβ activation on 

gene expression (Zhou et al. 2002).  Gene expression analysis, such as through 

microarrays or PCR, on brain tissue from Sham, Ovx, and Ovx mice replaced with E2, 

PPT, or DPN could determine whether ERα activation alters expression of genes 

relevant to DA neurotransmission and/or behavior within the DA system.   

The mediating cell type of E2’s effects on DA-mediated behavior is also unclear.  

The localization of ERα suggests that local effects on DA neurons through afferents 

within the VTA and/or postsynaptic effects in target striatal neurons could mediate the 

increased COC-stimulated behavior in E2- and PPT-replaced Ovx mice.  Future studies 

should confirm whether these ERα-positive profiles in the VTA are indeed GABA 

neurons or whether they are glutamate neurons.  A careful, systematic analysis of 

double immunofluorescence for ERα and GAD 67 would determine whether GABA 

neurons express nuclear ERα and whether ERα expression exhibits topographical 

differences, particularly in the rostral-to-caudal axis.  Future work should investigate 

whether changes in ERα expression within the VTA may mediate the sex and E2-

induced differences in the DA-mediated behaviors found in the present study.  A 

comparison of ERα expression in male and female as well as Sham, Ovx, E2- and PPT-
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replaced Ovx mice would indicate whether the expression is sexually dimorphic and/or 

altered by hormonal manipulations.   
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Appendix A: “MouseMage” Behavior Observation 
Assistance Software 

Observation of the behaviors exhibited after psychostimulants proved to be an 

invaluable tool in the characterization and interpretation of the mouse behavior.  A 

disadvantage of this observation-based system and its post-hoc scoring is that this 

method is time consuming and can be susceptible to individual variability between 

experimenters.  Training of observers can mitigate differences in scoring between 

experimenters and experiments to improve consistency.  An automated system for 

recording and scoring observed behaviors through a computer program can provide 

further consistency and also reduce the time required for the process.   

No program existed that could be integrated into our behavioral observation 

protocol when we initiated the present studies.  To assist with future studies and 

encourage more widespread use of behavioral observation methods, we (Joseph Van 

Swearingen and Amanda Van Swearingen) have developed a user-friendly program 

called “MouseMage” that can record observed behaviors in real time, automatically 

store the data, and assign post-hoc scores according to user-defined scales.  We will 

provide a short description with some of the basic elements of the program and its use 

here.  Further information and software details are available upon request and on the 

website where the MouseMage program and its accompanying documentation are 

provided (http://code.google.com/p/mousemage/). 
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MouseMage was developed for the free and open source Android operating 

system on a touch-screen capable tablet computer (specifically the Asus Transformer 

Prime TF201).  The Android operating system allows users to adjust the coding as 

needed and can be used on a wide variety of computers, including tablets and smart 

phones.  The use of a touch screen system to enter data makes the program user-friendly 

and allows for quick data collection.  These factors are particularly important when, as 

in the present studies, observational data is collected in real time and over very short 

time periods.  However, MouseMage is not limited to real-time observations of mice as it 

can also be used in the scoring of rat behavior or of prerecorded behavior videos.   

The MouseMage program consists of 4 parts. The first part is on the initial 

“setup” screen that appears when the program is started, where the parameters of the 

data recording are entered (Figure 36).  The number of timepoints, individual animals, 

and observation bins are user-definable.  The “protocol” box is a dropdown menu from 

which a user-defined post-hoc scoring rubric can be selected.  These protocols can be 

separately programmed and imported into the MouseMage software.  Other notes (date, 

experiment, drug, observer, etc.) can be entered into the indicated box through a native 

touchscreen digital keyboard or an attachable external keyboard.  These parameters are 

used by the program to populate the observation bins and keep track of the entered 

data.  All of this information is saved with the raw data in the generated .csv file.  Once 

the parameters are defined, the “begin” button will start the observation process. 
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Figure 36: Setup screen for MouseMage program 

The initial screen upon startup of the MouseMage program is the setup screen, where the parameters of the data recording 

are entered.  The number of timepoints, individual animals, and observation bins are user-definable.  The default settings are 

from the present studies: 12 timepoints (every 5 minutes for 1 hour), 8 animals (number of open field chambers used), 2 bins (2 

consecutive 15 second bins).  This information is saved in the generated .csv file. 
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The second screen that appears after “begin” is selected is the data entry screen 

(Figure 37).  Behaviors are grouped into categories (e.g. “locomotion”, “sniffing”).  Each 

category has multiple buttons that denote the relative temporal duration of that 

behavior (e.g. “continuous”) or a subtype classification of the behavior (e.g. 

“exploratory/random” locomotion).  Some categories have text boxes where unusual or 

novel behaviors/observations can be entered using a keyboard.  Each button has a light 

grey bar by default.  When a particular behavior is observed, the corresponding button 

is pressed and turns this bar green (Figure 38).  These buttons can be pressed again to 

deactivate the selection.  Button selections will also be deactivated if certain other 

buttons are selected.  For example, temporal duration buttons within categories are 

exclusive.  If “intermittent” is selected and then “continuous” is pressed, the 

“intermittent” button will become grey again while “continuous” will turn green and be 

recorded in the data file.   

When the current observation bin is completed, the “Next” button in the upper 

right corner of the screen can be used to advance to the next bin.  The program will 

automatically change the timepoint, animal, and bin counters in the upper left as the 

user progresses through the observations.  “Previous” can be used to go back to the 

previous observation.  The “Start” and “Pause” in the upper right and the two gray 

“stopwatch” bars in the bottom right are currently inactive.  These features are included 

so that future updates to the program can attempt to provide internal, user-defined 
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timing capabilities into the program and allow MouseMage to automatically progress 

through the observation bins.  

The third and fourth parts of the MouseMage program are completed 

simultaneously in the background.  The MouseMage program automatically records the 

entered behavioral data each time the “Next” or “Previous” button is selected.  This 

data, along with the parameters entered at the initialization screen, are stored in a 

Microsoft Excel-readable .csv spreadsheet file created on the hard drive.  As the program 

saves the entered data, it also assigns post-hoc scores to each observation bin based on 

the scale selected during the setup phase.  The assigned scores are saved in the .csv files 

alongside the raw data.  These scales are scoring rubrics that users can define by editing 

the source code. With these coded rubrics, researchers can use their own post-hoc 

scoring scales and import them into the MouseMage program for their studies. 

MouseMage is open source and free to the public.  Users are allowed to change 

the code of the program and any of its components for use in their research so long as 

the original code is documented along with the alterations.  Scientists using this 

program in their research are asked to properly cite this program, its developers, and 

any changes made to the program in any resulting publication.  This program will 

remain free and open source under the terms of the GNU GPLv3. 
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Figure 37: MouseMage’s observational data entry screen 

The second screen of the MouseMage program where data is entered.  Behaviors are groups into categories (e.g. 

“locomotion”, “sniffing”).  The timepoint, animal, and bin numbers (upper left) will change as “Next” or “Prev” are selected and 

observations progress. 
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Figure 38: MouseMage's data entry screen with entered example data 

The data entry screen as data is recorded.  Pressing a button when the behavior is observed turns the button’s bar green to 

indicate that it has been selected.  This example data pattern (continuous patterned locomotion, intense continuous sniffing and 

head bobbing/weaving) would be assigned a score of 6 by the program according to the Van Swearingen mouse behavior scale. 
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