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Abstract 

Female sexual experience is a well established model of naturally motivated behaviors, 

activating the mesolimbic dopamine circuit which results in dopamine release within the 

nucleus accumbens.  Repeated exposure to sexual behavior, through dopamine release 

within the nucleus accumbens, will alter a number of behavioral and cellular endpoints. 

An unanswered question is whether structural plasticity within the nucleus accumbens 

accompanies these other changes following sexual experience, which would have 

significant implications on its function.  Using a DiOlistic labeling approach, we 

visualized medium spiny neurons within the nucleus accumbens core, nucleus accumbens 

shell and caudate-putamen, and determined that repeated sexual experience significantly 

increased spine density of medium spiny neurons specifically within the nucleus 

accumbens core.  Medium spiny neurons are generally segregated into one of two 

phenotypic populations, those that express dopamine D1 receptor expressing, and those 

that express dopamine D2 receptors.  These two phenotypes have opposing functions on 

intracellular signaling.  We found that increases in spine density of medium spiny 

neurons were limited to the dopamine D1 receptor expressing phenotype within the 

nucleus accumbens core.  Although these structural changes were defined by a 

dopaminergic receptor phenotype, altereations to spine density and structure suggest 

changes to glutamatergic input on spine heads; therefore increased dendritic spine density 

could indicate increased glutamatergic input into medium spiny neurons of the nucleus 

accumbens core.  Glutamatergic input is also modulated by dopamine signals via 

dopamine receptors located on the spine shaft and dendrite.  We therefore investigated 
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whether glutamatergic or dopaminergic innervation was altered as a result of repeated 

sexual experience using antibodies directed against the presynaptic markers, vesicular 

glutamate transporter and dopamine transporter.  We found no significant differences in 

glutamatergic innervation following sexual experience, as indicated by vesicular 

glutamate staining, and significant increases in dopamine transporter expression that were 

isolated to the caudal portion of the nucleus accumbens core.  Together, these data 

provide further evidence that sexual behavior can induce persistent structural changes 

within the mesolimbic circuit that have the capacity to impact the overall function and 

may play a role in the coincident behavioral and cellular plasticity that is observed. 
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Introduction and Background 

For an animal to survive there must be a neurobiological substrate that produces 

motivation to perform a variety of key behaviors such as eating, drinking and sexual 

behavior.  The expression of a particular behavior requires complex interactions among 

different brain regions resulting in the final behavioral output.  The focus of this 

dissertation is female sexual behavior, for which there are different behavioral 

components that can be operationally divided into the motivation to engage in sexual 

behavior (for example, solicitation) and the overt expression of the receptive sexual 

behavior posture (termed ‘lordosis’).  Identifying the brain regions that integrate these 

components of sexual behavior has been the focus of a large body of work.   

Female Sexual Behavior 

The majority of research regarding female sexual behavior has been performed in either 

rat or hamster models, and although the neurobiological substrates are the same, the overt 

behavior is quite different.  Female sexual behavior in rats is motorically active with the 

female hopping and darting around the cage, pausing momentarily allowing the male to 

mount, and quickly resuming high levels of activity, thereby “pacing” the interaction with 

the male (Peirce and Nuttall, 1961; Pfaff and Lewis, 1974; McClintock and Adler, 1978; 

Pfaff and Sakuma, 1979a, 1979b; Erskine, 1989; Erskine et al., 1989; Cohen and Pfaff, 

1992; Coopersmith and Erskine, 1994).  In contrast, female hamsters are very still, 

assuming a stereotyped dorsiflexion posture for the majority of a 10 minute pairing with a 

male (Figure 1) (Noble, 1973a, 1973b; Murphy, 1974; McClintock and Adler, 1978; 

Noble, 1979b, 1979a, 1980).  
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Figure 1 

 

Although the female hamster maintains the lordosis position for minutes on end during 

the pairing with the male, she still plays an active role in successful copulation with the 

male.  It has been demonstrated that the female hamster makes small movements of her 

perinium in the direction of the male’s thrust, thereby facilitating successful intromission 

(Noble, 1979a, 1980).  As these subtle perineal movements are quite difficult to measure, 

an alternative method was developed to quantify indirectly the female’s sexual 

proficiency by monitoring male sexual behavior.  Specifically, when paired with a male 

hamster, the number of male mounts that result in successful intromission are calculated 

(deemed the “hit rate”) and an increased hit rate indicates increased sexual proficiency of 

the female.   

Hormones controlling sexual receptivity 

In the female hamster, and other rodents, sexual receptivity to a male and activation of 

sexual behavior results from a complex interplay of circulating hormones and neural 

substrates within the brain.  The steroid hormones estradiol and progesterone are key in 

this process and levels of these ovarian hormones are tightly coupled to the overtly 

expressed behavior of the female (Beyer et al., 1967; Zucker, 1967a, 1967b; Powers, 

Figure 1. Female hamster 

lordosis. Pictured is a female 

hamster (left) engaging in 

sexual behavior with a male 

(right). The female is 

demonstrating the 

characteristic dorsoflexion of 

the spine, termed lordosis. 
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1970; Kow et al., 1974; Kow and Pfaff, 1975; Foreman and Moss, 1978; Sterner et al., 

1992; Freeman, 1994).  Hormone action within hypothalamic regions of the brain 

associated with sexual behavior are well defined (Malsbury et al., 1980; Barfield et al., 

1984; Meisel et al., 1987; Zhou et al., 2005), and produce significant alterations in the 

structure and function of their neural targets (Christensen et al.; Jones et al., 1985; Meisel 

and Pfaff, 1985; Chung et al., 1988; Meisel and Luttrell, 1990; Calizo and Flanagan-Cato, 

2000, 2002).  In addition to sites of action in the brain associated with sexual behavior, it 

has recently been demonstrated that treatment with estradiol, the primary ovarian 

estrogen, can have profound impact on the function of regions of the brain associated 

with motivation, specifically the nucleus accumbens (Mermelstein et al., 1996; Grove-

Strawser et al., 2010; Szego et al., 2010). 

Neural control of female sexual behavior 

The ventromedial nucleus of the hypothalamus has been identified as a critical brain area 

in the expression of sexual receptivity.  Lesions to the ventromedial nucleus of the 

hypothalamus in the female rat permanently disrupt the expression of lordosis (Malsbury 

et al., 1980; Lopez and Carrer, 1982; Mathews et al., 1983b; Mathews et al., 1983a; 

Chateau et al., 1987; Floody, 2002).  It is interesting that these hypothalamic lesions are 

devastating for the expression of sexual receptivity, while at the same time are without 

effect on solicitation behavior (Lopez and Carrer, 1982; Mathews et al., 1983b).  This 

indicates that hypothalamic structures, although necessary for the expression of lordosis, 

are not involved in the motivation to engage in sexual behavior.  In contrast, selective 

lesions to the nucleus accumbens significantly reduce the likelihood that a female will 
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engage in sexual solicitation (Rivas and Mir, 1990, 1991; Jenkins and Becker, 2001), 

indicating that the nucleus accumbens is a key site of activation for the motivation to 

engage in female sexual behavior (Becker et al., 2001b).  These studies demonstrate the 

overt expression of reflexive sexual behavior (i.e., lordosis) and the solicitory nature of 

the behavior can indeed be dissociated, indicating a separate and specific role for 

motivational neural circuits in the brain.  

Mesolimbic dopamine circuit 

The nucleus accumbens is central to a larger circuitry called the mesolimbic dopamine 

circuit.  This circuit is comprised of dopamine cell bodies within the midbrain ventral 

tegmental area that project to various forebrain areas, including but not limited to the 

nucleus accumbens, prefrontal cortex, hippocampus and amygdala (for review see 

Ikemoto, 2007).  The nucleus accumbens has been the focus of large bodies of work 

concerning motivation and has properties that make is a key locus for the regulation of 

behavioral plasticity (Groenewegen et al., 1996; Moore et al., 1999; Zahm, 2000; Kalivas 

and Volkow, 2005).  

The nucleus accumbens integrates both dopaminergic input from the ventral 

tegmental area and glutamatergic information from the pre-frontal cortex, hippocampus 

and basolateral amygdala to affect motor output (Fallon et al., 1978; Voorn et al., 1986; 

Weissenborn and Winn, 1992; Brog et al., 1993; Van Bockstaele et al., 1994; Van 

Bockstaele and Pickel, 1995; Moore et al., 1999; Wolf, 2002; Kalivas and Volkow, 2005; 

Ambroggi et al., 2008; Ishikawa et al., 2008; Gruber et al., 2009; Simmons and Neill, 

2009).  It is well established that there is a basal level of dopaminergic “tone” within the 
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nucleus accumbens, however current evidence suggests that phasic dopamine release that 

is associated with the presentation of a salient stimuli lies at the heart of behavioral 

plasticity (O'Donnell and Grace, 1994; Schultz and Dickinson, 2000; Waelti et al., 2001; 

Tobler et al., 2003; West et al., 2003; Tobler et al., 2005; Matsumoto and Hikosaka, 

2009; Wang and Tsien, 2011).    

Dopamine sensitization within the mesolimbic circuit as a result of sexual behavior 

Upon exposure to a motivating event, dopamine cell bodies within the ventral tegmental 

area begin burst firing, which induces a large, phasic release of dopamine within the 

nucleus accumbens (Grace, 1991; Schultz, 1998a, 1998b; Schultz and Dickinson, 2000).  

In vivo microdialysis studies have demonstrated that dopamine levels within the nucleus 

accumbens significantly increase during sexual behavior in both male and female rats and 

hamsters (Meisel et al., 1993; Mermelstein and Becker, 1995; Pfaus et al., 1995; Becker 

et al., 2001a; Jenkins and Becker, 2003b).  Specifically in the case of female hamsters, 

increased dopamine concentrations within the accumbens require vaginal stimulation by 

the male and are not simply activated by lordosis expression (Kohlert et al., 1997).  

Interestingly, the dynamics of dopamine release change in female hamsters over the 

course of the behavioral experience (Kohlert and Meisel, 1999), indicating that repeated 

sexual experience induces significant alterations to the overall function of the 

mesolimibic circuit which may mediate subsequent behavioral plasticity. 

Reward associated with female sexual experience 

One paradigm frequently used to evaluate the rewarding value of a behavior is that of 

conditioned place preference.  In this paradigm an animal has a choice to explore two 
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initially neutral compartments and a base-line preference for the compartments is 

measured.  A rewarding stimulus is then paired with one of these compartments, and 

following the pairing, the animal will show an increased preference for the conditioned 

compartment (Schechter and Calcagnetti, 1993; Tzschentke, 1998, 2007).  The 

conditioned place preference behavioral paradigm has been used to demonstrate the 

rewarding consequences of repeated sexual experience in both female hamsters (Meisel 

and Joppa, 1994) and female rats (Oldenburger et al., 1992; Martinez and Paredes, 2001; 

Jenkins and Becker, 2003b; Gonzalez-Flores et al., 2004; Parada et al., 2010).  Given the 

known role of the mesolimbic dopamine system in motivation and reward (Pierce and 

Kalivas, 1997; Tzschentke and Schmidt, 1998b, 1998a; Thomas and Malenka, 2003; 

Pierce and Kumaresan, 2006; Berridge, 2007; Carlezon and Thomas, 2009; Hedges et al., 

2010), it was postulated that perhaps dopamine release within the nucleus accumbens 

may underlie the acquisition of conditioned place preference following repeated sexual 

experience.  Systemic administration of either of two dopamine D2 antagonists, 

raclopride or sulpiride, immediately prior to providing female sexual experience, 

attenuated the acquisition of conditioned place preference though the females still 

displayed lordosis (Meisel et al., 1996).  These data support the idea that that dopamine is 

a key regulator of the rewarding consequences of engaging in sexual activity. 

Experience dependent plasticity - behavioral, cellular ,and molecular 

As mentioned previously, female hamsters actively participate in their copulatory 

experience by moving their perineum in the direction of the males’ thrust.  When paired 

with a male hamster, an experienced female hamster is able to improve this interactive 
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copulatory efficiency by refining the perineal movements to facilitate the male’s ability to 

gain vaginal insertion (Noble, 1979a; Bradley et al., 2005a).  Furthermore, females retain 

this increased copulatory efficiency for at least 6 weeks following their last sexual 

experience (Bradley et al., 2005a), demonstrating persistence in these behavioral changes.  

It was demonstrated that lesioning dopamine terminals within the nucleus accumbens, 

thereby preventing dopamine release, eliminated any increase in copulatory efficiency as 

a function of sexual experience (Bradley et al., 2005a).  Data from this study indicate that 

dopamine release within the accumbens is necessary to produce this behavioral plasticity 

indicating dopamine as a potential driving force behind not only the behavioral plasticity 

observed, but perhaps other forms of plasticity as well. 

In conjunction with these changes in female sexual behavior, a large amount of 

data exists demonstrating repeated female sexual experience also induces long term 

cellular and molecular changes within the nucleus accumbens.  Cellular activation in 

female hamsters, as indicated by the immediate early gene product c-Fos, significantly 

increases within the nucleus accumbens following sexual experience (Joppa et al., 1995; 

Bradley and Meisel, 2001), an effect isolated to the core of the nucleus accumbens. 

Sexual experience sensitizes dopamine release within the nucleus accumbens as 

well as significantly increasing cellular activation, so it therefore became important to 

evaluate whether any post-synaptic plasticity contributed to these effects as well.  

Medium spiny neurons within the accumbens are generally segregated into one of two 

phenotypes, either dopamine D1 or D2 receptor expressing medium spiny neurons.  

Dopamine receptors have been show to exist on the shafts of dendrites and dendritic 
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spines and are believed to modulate the glutamatergic signal received at the spine head 

(Freund et al., 1984; Goldman-Rakic et al., 1989; Levey et al., 1993; Smith et al., 1994; 

Hersch et al., 1995).  The family of dopamine receptors is G-protein coupled (Neves et 

al., 2002; Girault and Greengard, 2004).  The dopamine D1 receptor is Gαs/olf coupled, 

which when activated stimulates adenylyl cyclase activity, resulting in the accumulation 

of cAMP and activation of various downstream signaling pathways.  The dopamine D2 

receptor is Gαi/o coupled, whose activation directly opposes that of the dopamine D1 

receptor, resulting in decreased levels cAMP.  As these receptors for the most part are not 

thought to co-exist within individual neurons (Hersch et al., 1995), cAMP accumulation 

can be a valuable tool to indicate the overall balance of this system. 

To investigate postsynaptic signaling changes, tissue homogenates from sexually 

experienced and naïve animals were evaluated for cAMP accumulation following 

incubation with dopamine.   Significant increases of cAMP resulted from dopamine 

stimulation in homogenates from sexually experienced female hamsters, which was 

blocked by the use of the selective dopamine D1 antagonist SCH-23390.  There was no 

effect of direct stimulation of either the Gα subunit or adenylate cyclase (Bradley et al., 

2004), nor were there changes in mRNA level (Bradley et al., 2005b), receptor protein or 

receptor binding (unpublished observations) of either the dopamine D1 or D2 receptor.  

These results suggest that the increase in cAMP accumulation was the consequence of 

increased coupling between the dopamine D1 receptor and its associated G-protein. 

Long term STRUCTURAL plasticity following repeated sexual experience 
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In addition to the aforementioned forms of plasticity, sexual behavior has been shown to 

induce structural plasticity of neurons as well, specifically of dendritic spines (Leuner 

and Gould; Flanagan-Cato et al., 2006; Meisel and Mullins, 2006; Pitchers et al., 2009).  

Dendritic spines are small protrusions, generally with long thin shafts and round, bulbous 

heads, which line the dendritic trees of most neurons.  Heads of dendritic spine receive 

the majority of excitatory, glutamatergic neurotransmission in the central nervous system 

(Tashiro and Yuste, 2003) and are therefore in a position to exert an extraordinary 

influence over the overall excitability of the neuron.  These structures are quite dynamic 

in nature, able to extend and retract in minutes based upon information in their immediate 

environment (Matsuzaki et al., 2004; Noguchi et al., 2005; Honkura et al., 2008; 

Srivastava et al., 2008; Srivastava et al., 2010).  It is well established that the structure of 

individual dendritic spines is closely coupled to their functional contribution.  One 

common nomenclature used to identify sub-types of spine morphology consists of stubby, 

filapodial, long thin and mushroom type spines (Figure 2).  Within this nomenclature, 

stubby spines are thought to be the least mature, captured during the initial protrusion 

from the dendritic shaft.  If appropriate growth cues are present in the environment, 

stubby spines continue to grow and become filapodial spines; extremely dynamic in 

nature, investigating their environment via rapid actin cycling, seeking a viable pre-

synaptic contact.  Once a pre-synaptic contact is made, the heads of the dendritic spines 

begin to round-out and grow; a well defined head with a long-thin spine shaft is of 

intermediate maturity and referred to as ‘long-thin’ spines.  The most mature spine sub-

type is a mushroom spine, with a very large spine head and a short, thin shaft.  These 
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mushroom spines are considered ‘consolidated’ in that they are the least dynamic of all 

spine sub-types and can carry significant glutamate-induced current (Harris et al., 1992; 

McKinney et al., 1999; Matsuzaki et al., 2001; Matsuzaki et al., 2004). 

Figure 2 

  

 Many studies have demonstrated the link between the structure of dendritic spines 

and their function (Matsuzaki et al., 2001; Matsuzaki et al., 2004; Noguchi et al., 2005; 

Beique et al., 2006; Asrican et al., 2007).  Work by Matsuzaki and coulleagues (2001) in 

cultured hippocampal neurons was the first to conclusively demonstrate that the geometry 

of the spine head was a critical determining factor in the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor density within a single spine.  Specifically, 

AMPA receptors are abundant in large, mushroom spines, which contain over 140 

AMPA receptors/spine.  In contrast, AMPA receptors have a very sparse distribution in 

thin/filapodial spines (Matsuzaki et al., 2001).  Further work demonstrated that repetitive 

stimulation of single spines using 2-photon uncaging of glutamate resulted in selective 

enlargement of these stimulated spines and increased AMPA receptor mediated currents.  

This plasticity was dependent in part on NMDA receptor activation and actin 

polymerization, which was able to initiate spine head enlargement within seconds of 

Figure 2. Dendritic 

spine morphologies.  
Sketches of different 

dendritic spine 

morphologies, in order 

from least mature 

(stubby) to most mature 

(mushroom). 
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stimulation (Matsuzaki et al., 2004).   It is of note that NMDA content and NMDA 

receptor-dependent calcium currents are not correlated with spine head volume, and 

perhaps surprisingly, glutamate-induced calcium currents are in fact inversely 

proportional to spine head volume (Matsuzaki et al., 2001; Noguchi et al., 2005), leading 

to the description of filopodial/long thin spines as “silent” synapses.  Elegant 2-photon 

uncaging experiments conducted in vivo in the neocortex of adult mice have now 

demonstrated that the same rules apply in vivo, as the spine head volume is proportional 

to the number of AMPA receptors inserted and the amplitude of glutamate-induced Ca
2+

 

transients are inversely proportional to the spine head volume (Matsuzaki et al., 2004; 

Noguchi et al., 2011). Additional evidence indicates that narrow spine necks not only 

contribute to creating a microdomain for signaling within the spine head (Noguchi et al., 

2005), but also serve to restrict free diffusion of receptors (e.g., AMPA receptors) within 

the post synaptic density and signaling molecules within the spine head (Lee et al., 2012). 

These data provide concrete functional evidence for previous anatomical evidence (Harris 

and Stevens, 1989; Nusser et al., 1998; Takumi et al., 1999a; Takumi et al., 1999b) and 

illustrate how evaluating the structure of dendritic spines can provide powerful 

information regarding the function of a synapse. 

As their name suggests, medium spiny neurons within the nucleus accumbens 

have very high densities of dendritic spines along their dendrites. Studies evaluating the 

consequences of sexual behavior on dendritic spine density of medium spiny neurons 

within the nucleus accumbens in male rats have demonstrated significant increases in 

spine density in both the shell and the core of the nucleus (Pitchers et al., 2009), 
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suggesting increased glutamatergic input into these neurons.  Preliminary data from our 

laboratory using Golgi staining has indicated that female sexual experience has the 

capacity to induce significant increases in dendritic spine density within the nucleus 

accumbens as well; however the core and shell were not evaluated individually, nor was 

the specific morphology of the new spines identified (Meisel and Mullins, 2006).  Given 

that c-Fos activation following repeated sexual experience (Bradley and Meisel, 2001) 

and estradiol effects on structure of dendritic spines (Staffend et al., 2011) are isolated to 

the nucleus accumbens core, it is important to determine whether increases in spine 

density occur across the accumbens as with males, or perhaps they too would be 

restricted to the core as suggested by c-Fos and estradiol data. 

Nucleus accumbens microcircuitry 

Studies conducted over the course of decades have aimed to elucidating the complex 

circuitry of the striatum (Tonnaer et al., 1989; Weissenborn and Winn, 1992; Brog et al., 

1993; Van Bockstaele and Pickel, 1995; Schultz and Dickinson, 2000; Waelti et al., 

2001; Wolf, 2002; Tobler et al., 2003; West et al., 2003; Kalivas et al., 2005; Ambroggi 

et al., 2008; Ishikawa et al., 2008; Gruber et al., 2009; Matsumoto and Hikosaka, 2009; 

Simmons and Neill, 2009; Wang and Tsien, 2011).  In more recent years, the nucleus 

accumbens has gained attention because of its demonstrated role in motivated and 

addictive-like behaviors (for review see Ikemoto, 2007, 2010).  It has long been 

established that the nucleus accumbens receives dense dopaminergic inputs from cell 

bodies originating in the ventral tegmental area (Fallon et al., 1978; Voorn et al., 1986).  

Immunostaining with horseradish peroxidase revealed the high density of very large 
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dopamine varicosities throughout the nucleus accumbens with the majority making 

asymmetric axodendritic synapses (Voorn et al., 1986), indicating synapses on the 

dendritic spine.  Further studies have demonstrated that although dopamine terminals do 

make axosomatic contacts, the majority are axodendritic and axospinous (Freund et al., 

1984; Sesack and Pickel, 1992; Smith et al., 1994) occurring along the dendritic or spine 

shaft or at the spine head.  This positioning of the dopaminergic synapses allows 

dopamine signals to exert extensive modulation to signals received at the spine head 

(O'Donnell and Grace, 1994, 1995; Surmeier et al., 2007; McGinty and Grace, 2009a, 

2009b). 

 As discussed in the previous section, glutamate is the major excitatory 

neurotransmitter within the central nervous system, and the majority of glutamatergic 

neurotransmission occurs on the heads of dendritic spines.  This holds true for the 

dendritic spines of medium spiny neurons within the nucleus accumbens, which receives 

extensive glutamatergic innervation from brain regions such as the prefrontal cortex, 

amygdala and hippocampus (Totterdell and Smith, 1989; Sesack and Pickel, 1990, 1992) 

and it is well documented that individual medium spiny neurons and even single spines 

can receive both glutamatergic and dopaminergic innervations simultaneously (Totterdell 

and Smith, 1989; Sesack and Pickel, 1990, 1992; Sesack and Grace, 2010).  It can be 

speculated that the extent of the convergence may be greater in the nucleus accumbens 

core as compared to the shell given the more extensive dendritic trees of medium spiny 

neurons from the core of the nucleus accumbens (Meredith et al., 1992; Zahm and Brog, 

1992).  As such, the density of dendritic spines within the nucleus accumbens core and 
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shell may also be an indicator for the density of either glutamatergic or dopaminergic 

innervations into the accumbens. 

 Pre-synaptic innervation of either glutamatergic or dopaminergic afferents in the 

nucleus accumbens can be assessed by many different means.  Glutamate is synthesized 

in the cytoplasm locally at the synapse and must undergo transport into synaptic vesicles 

via one of three vesicular glutamate transporters for glutamate release at the synapse 

(Fremeau et al., 2001; Herzog et al., 2004).  Vesicular glutamate transporter 1 (VGLUT1) 

is expressed in glutamate neurons of the cortex, hippocampus and cerebellum.  Specific 

to the interests of our laboratory, VLGUT1 is expressed by the glutamatergic efferents of 

the prefrontal cortex, hippocampus and amygdala projecting to the nucleus accumbens, 

indicating that evaluation of VLGUT1 expression within the nucleus accumbens may 

prove a valuable pre-synaptic marker to indicate possible functionality of newly formed 

spines. 

 Tyrosine hydroxylase is the rate-limiting enzyme in the conversion of L-tyrosine 

to L-3,4-dihydroxyphenylalanine, the dopamine precursor.  When stained for tyrosine 

hydroxylase, dopamine cell bodies and processes of the ventral tegmental area become 

densely labeled using a variety of labeling techniques (Spiga et al.; Fallon et al., 1978; 

Freund et al., 1984; Voorn et al., 1986; Sesack and Pickel, 1990, 1992; Smith et al., 

1994).  An alternative to tyrosine hydorxylase labeling is evaluation of dopamine 

transporter expression.  Dopamine transporter (DAT) is an integral membrane protein 

that clears dopamine from the synaptic cleft into the neural cytosol, thus terminating the 

dopaminergic signal and facilitating the regulation of dopamine neurotransmission.  It has 
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been demonstrated that dopamine axons within the striatum form a lattice network such 

that all areas of the striatum are within one micron of a dopamine synapse (Moss and 

Bolam, 2008).  DAT and tyrosine hydroxylase co-localize throughout the striatum and 

nucleus accumbens (Nirenberg et al., 1996; Hersch et al., 1997), therefore, evaluating 

DAT expression via immunolabeling becomes a viable option to assess possible 

contributions to alterations in dopamine fiber density within the nucleus accumbens 

following sexual experience.  

 My dissertation examins the structural plasticity within the nucleus accumbens 

associated with repeated sexual experience by evaluating changes in the architecture of 

dendritic spines.  The experiments in this dissertation aimed to identify a reliable, robust 

method of labeling dendritic spines, determine whether the steroid hormone, estradiol, 

had any significant impact on the structure of medium spiny neurons within the nucleus 

accumbens and finally to identify whether repeated sexual experience induced structural 

changes in medium spiny neurons, and if so, if they localized to a particular phenotype of 

medium spiny neuron.  Given the existing literature, I hypothesize that repeated sexual 

experience will induce significant structural changes within the nucleus accumbens and 

predict these changes would be isolated to the dopamine D1 receptor expressing 

phenotype of medium spiny neurons.  These experiments, in sum, are designed to 

delineate the persistent structural changes within the accumbens following female sexual 

behavior and assess how these changes in structure might impact the overall function of 

the nucleus accumbens. 
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CHAPTER 2 

DiOlistic Labeling: A Qualitative and Quantitative Approach 
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RATIONALE 

In order to reliably identify and analyze the fine structures of dendritic spines, I first had 

to establish a protocol that was reproducible, robust and flexible for use with confocal 

microscopy and immunofluorescents.  Gan and colleagues (Gan et al., 2000) first 

described a fluorescent labeling method enabled high-throughput fluorescent labeling of 

entire neuronal arborizations within tissue slice.    However, my laboratory had never 

used this technique and since its first described use, each laboratory that had published 

utilizing the technique dramatically altered the protocol.  Therefore, I took a qualitative 

and quantitative approach in evaluating each permutation that we had identified in the 

literature in order to establish a reliable, reproducible DiOlisitic labeling protocol.   

 

INTRODUCTION 

For over a century, the “gold standard” for neuronal labeling and dendritic spine 

quantification has been the Golgi staining method. Golgi staining has allowed for great 

exploration and discovery into neuronal architecture and has played a central role in the 

advent of neurobiology. At the same time, Golgi staining has proven to be limited in that 

it is very difficult to combine it with other histological techniques. The lipophilic 

dialkylcarbocyanine, DiI, although traditionally used for anterograde and retrograde 

neuronal tracing, has proven to be a remarkably effective method of fluorescent, neuronal 

cell membrane labeling using a “DiOlistic” approach (Gan et al., 2000); a ballistic 

delivery of DiI coated micro-carriers to tissue slices. DiI is uniformly incorporated into 

the cellular membrane through lateral diffusion at rates of 0.2–0.6 μm/day in fixed tissue 
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and even more rapidly in living tissue (Invitrogen product sheet, MP00282, June 25, 

2008). When ballistically delivered to tissue sections or cell culture, individual DiI coated 

tungsten particles (micro-carriers) enter the soma, capturing the DiI in the neuronal 

membrane and permitting the DiI to diffuse along the membrane of a single neuron, 

illuminating the fine neuronal architecture of dendritic spines (Forlano and Woolley; Gan 

et al., 2000; Shen et al., 2008; Shen et al., 2009).  

 The disadvantage of DiI, however, is that once incorporated it may leak out of 

membranes. This is especially true if the target tissue is permeabilized, where the 

integrity of the cellular membrane is disrupted. This of course limits the flexibility and 

half- life of DiI for use with techniques that require permeabilization, such as 

immunofluorescence. To improve the water solubility and staining persistence after 

fixation and permeabilization, Molecular Probes developed the Cell Tracker™ CM-DiI 

which conjugates to thiol-containing proteins and peptides contained in the cell 

membrane. As a result of this conjugation, CM-DiI is retained in the cell membrane 

throughout fixation, permeabilization, and embedding procedures (Brandt et al., 1995; 

Andrade et al., 1996). Because CM-DiI is approximately 100 times more expensive than 

DiI, it is useful to determine whether permeabilization and imaging parameters of a given 

protocol require the use of CM-DiI rather than traditional DiI.  

 The present study describes a side-by-side comparison of DiI vs. CM-DiI using a 

DiOlistic labeling technique under various fixation and permeabilization conditions to 

evaluate dye incorporation and integrity within neuronal membranes, specifically 

dendritic arbors and dendritic spines. By evaluating DiI and CM-DiI incorporation and 
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integrity under matched conditions, it is possible to determine under which experimental 

conditions the additional cost of CM-DiI may become necessary. Neely et al. (Neely et 

al., 2009) have published a nice set of protocols that offer conditions for combining 

DiOlistic labeling with immunocytochemistry and fluorescent tract tracing. The 

effectiveness of these methods is presented visually, though the power of DiOlistic 

labeling is in quantitative measurements of the fine structure of dendrites, especially 

spines. Here we compare the impact of procedural variations in DiOlistic labeling using 

both DiI and CM-DiI on neuronal morphology, emphasizing quantitative analyses of 

these variations in protocol on resultant spine densities and morphology. 

 

MATERIALS AND METHODS 

Animals  

Adult female Syrian hamsters (Charles Rivers Laboratories, Wilmington, MA, USA) 

were individually housed in polycarbonate cages and kept under a 14:10 light:dark cycle, 

with lights out at 13:00 hours. Food and water were available to the animals ad libitum. 

For ballistic labeling of neurons, the animals were anesthetized with an ip injection of 0.2 

ml Sleepaway (26% sodium pentobarbital, 7.8% isopropyl alcohol, 20.7% propylene 

glycol, distilled water; Fort Dodge Animal Health, Fort Dodge, IA, USA) and 

transcardially perfused with 25 mM phosphate buffered saline (PBS, pH = 7.2) for 3 min 

at a flow rate of 25 ml/min, followed by 1.5 or 4% paraformaldehyde in 25 mM PBS for 

20 min. All animal procedures were in accordance with the National Institutes of Health 
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Guidelines for the Care and Use of Laboratory Animals and approved by the University 

of Minnesota IACUC. 

Tissue preparation  

After perfusion, brains were removed, blocked coronally at the level of the cerebellum 

and post-fixed for 1 h in 1.5 or 4% paraformaldehyde in PBS. Brains were Vibratome 

(Lancer Series 1000, St. Louis, MO, USA) sectioned in 150 or 300 μm serial, coronal 

sections through the nucleus accumbens. Sections were placed in 25 mM PBS until 

labeled with DiI. 

PreparatIon of DiI/CM-DiI-coated “bullets”  

Coating of particles with lipophilic dye DiI was adapted from methods described 

elsewhere (Gan et al., 2009). Briefly, 2 mg of the carbocyanine fluorescent dyes, DiI, or 

CM-DiI (Molecular Probes, Carlsbad, CA, USA), was dissolved in 75 μl methylene 

chloride and applied to 90 mg of 1.3 μm tungsten particles (Bio-Rad, Hercules, CA, 

USA) spread evenly on a glass slide. Tungsten particles were allowed to dry, then were 

scraped from the slide and collected into 10 ml of 10 mg/ml polyvinylpyrrolidone (PVP; 

Sigma-Aldrich, St. Louis, MO, USA) dissolved in deionized water. The suspension was 

sonicated for 10 min with intermittent vortexing. Tefzel tubing (Bio-Rad) was pre-coated 

with 10 mg/ml PVP and dried under 0.4 liters per minute (LPM) nitrogen gas flow. The 

DiI or CM-DiI/PVP suspension was quickly drawn into the Tefzel tubing and allowed to 

settle for 3 min. The PVP solution was withdrawn slowly from the tubing making certain 

not to disturb the tungsten. The Tefzel tubing was slowly rotated 360° and dried for 20 
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min under 0.4 LPM nitrogen gas flow. After drying, the tubing was cut into 1.3 mm 

segments (bullets) and stored desiccated at 4°C in the dark until use. 

DelIvery of DiI/CM-DiI-coated tungsten particles  

A Helios Gene Gun (Bio-Rad) with a modified barrel (O'Brien et al., 2001) was used for 

delivery of DiI/CM-DiI-coated tungsten particles. Spacers were attached to the modified 

barrel to establish a consistent distance between the Gene Gun and brain. A 70-μm nylon 

mesh filter (Plastok Associates Ltd., Birkenhead, Merseyside, UK) was secured at the 

head of the barrel to prevent large clusters of tungsten particles from reaching the tissue. 

The Gene Gun was loaded with either the DiI or CM-DiI “bullets.” Immediately prior to 

labeling, PBS was removed from the well containing the sections. Ten, 20, 30, and 40 

mm spacers were each tested at 75, 100, 125, 150, 175, and 200 pounds per square inch 

(PSI) for delivery of DiI coated tungsten particles, with one bullet shot per brain section. 

Combinations of spacing and helium pressure were evaluated to determine an optimal 

distance/pressure combination that resulted in sufficient penetration of DiI/CM-DiI into 

the tissue without causing damage to the tissue section. Labeled sections were 

resuspended in PBS and dye was allowed to diffuse through neuronal membranes for 4, 

8, 12, 24, or 48 h in the dark at room temperature or 4°C. Slices were post-fixed for 1 h in 

4% paraformaldehyde in PBS, and then placed in PBS until mounted on Superfrost slides 

(Brain Research Laboratories, Newton Highlands, MA, USA) using 5% n-propyl-gallate 

in glycerin. Coverslips were sealed to prevent dehydration of tissue.  

Immunofluorescence  
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After DiI/CM-DiI labeling, tissue sections that underwent immunofluorescence labeling 

were permeabilized in 0.3, 0.1, or 0.01% Triton-X in PBS for 15 min. Sections were 

blocked in 0.01% Triton-X, 10% BSA in PBS for 30 min. Following blocking, sections 

were incubated with anti-Human Neuronal Protein HuC/HuD (10 μg/ml, Molecular 

Probes, Carlsbad, CA, USA) overnight at 4°C and then overnight at room temperature 

(48 h total). Sections were washed three times in 0.1% BSA in PBS. Sections were 

incubated in an anti-mouse biotinylated secondary (1:500, Vector Laboratories, 

Burlingame, CA, USA) with 0.1% BSA in PBS for 1 h at room temperature, followed by 

three washes in 0.1% BSA in PBS. Following washes, sections were incubated with a 

streptavidin conjugated Alexa Fluor 488 (1:100, Invitrogen, Carlsbad, CA, USA) with 

0.1% BSA in PBS for 30 min at room temperature. Sections were washed three times in 

0.1% BSA in PBS, mounted on Superfrost slides and coverslipped using 5% n-propyl-

gallate in glycerin. Coverslips were sealed to prevent dehydration of tissue. 

Confocal imaging  

A Leica TCS SPE confocal microscope (Leica, Mannheim, Germany) was used to image 

DiI impregnated cells. DiI was imaged with excitation and emission specified to the 

manufacturer’s spectral characteristics (Molecular Probes, Carlsbad, CA, USA). The 

complete dendritic profile of each DiI impregnated neuron was captured using a 20Χ lens 

and XY pixel distribution of 512 Χ 512 at a frequency of 400 Hz. The neuron was 

scanned at 1.0 μm increments along the Z-axis and reconstructed using Leica LAS AF 

software to determine distance from the soma to the branch level of tar- get dendrites 

prior to dendrite/spine imaging. Imaged dendritic segments of medium spiny neurons 
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from the nucleus accumbens core (NAc Core), shell (NAc Shell), and caudate/putamen 

(CPu) were 70–200 μm from the soma (Shen et al., 2009). After distance from soma was 

determined, magnification was increased to 63Χ oil immersion. Frame size was 

maintained at 512 Χ 512 and an optical zoom of 5.61 was utilized to allow for maximum 

distribution of pixel size (60 nm) to tissue dimensions (60.91 nm) without over sampling. 

Z-stacks of dendritic segments were taken at 0.12 μm steps, with a maximum of 200 

steps. Images of three DiI impregnated cells were captured per brain region (NAc Shell, 

NAc Core, CPu) per animal, as well as three high power dendritic segments from each 

cell, yielding a total of nine dendritic segments per brain region. Images were captured 

for both DiI and CM-DiI immediately and 2 weeks following tissue impregnation.  

Quantitation and analysis of dendritic spine density and spine head morphology  

Dendritic Z-stacks were reconstructed using the Surpass module of the Imaris software 

package (Version 7.0, Bitplane Inc., St. Paul, MN, USA). Dendritic shafts and spines 

were manually traced in the XY plane using the Auto Depth function of the Filament 

module. After tracing, accurate reconstruction of the diameter of the dendritic shaft, spine 

neck, and head was made possible using the diameter function with a contrast threshold 

of 0.7. Spine head classifications of stubby, filopodial, long thin, and mushroom were 

completed through the Classify Spines wizard in the Imaris software package. Criteria for 

spine head classifications have been described elsewhere (Harris et al., 1992; McKinney 

et al., 1999).  

Data analysis  
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Spine density was calculated by summing the total number of spines per dendritic 

segment length and calculating average number of spines/10 μm. These values were then 

averaged to yield the number of spines/10 μm for each animal. Student’s t-test was used 

to evaluate statistical differences between treatment groups. Total spine population and 

counts of each spine class (stubby, filopodial, long thin, and mushroom) were summed 

for each treatment group. A χ2 test was used to determine significant differences in spine 

morphology. 

 

RESULTS 

Qualitative observations  

Optimization of tissue preparation for use with DiI or CM-DiI  

Perfusion with 1.5% paraformaldehyde allowed DiI coated tungsten particles to penetrate 

cell somas, resulting in crisp visualization of DiI through the cell membrane. Tissue 

collected from animals perfused with 4% paraformaldehyde resulted in diffuse 

background fluorescence of the entire tissue slice without clear illumination of individual 

soma or dendritic arborizations (data not shown). Dendritic labeling was observed in both 

150 and 300 μm tissue sections indicating effective penetration of DiI coated tungsten 

particles in slices of varying thicknesses. Based on the results from these early 

experiments, all further experiments reported were conducted under transcardial 

perfusion conditions with 1.5% paraformaldehyde.  

Optimization of DiI/CM-DiI-coated tungsten particles delivery  
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Previous experiments conducted in our laboratory using the Helios Gene Gun (Bio-Rad) 

without the modified barrel resulted in poor tissue penetration with very low DiI labeling 

efficiency. Consistent with earlier reports of tissue penetration (O'Brien et al., 2001), 

when used with the modified barrel, bullets from the same batch preparation resulted in 

excellent labeling efficiency and tissue penetration. Combinations of 10, 20, and 30 mm 

spacers with 75, 100, 125, 150, 175, and 200 PSI helium delivery resulted in an 

unacceptable level of tissue damage. The combination of the 40 mm spacer with 100 PSI 

helium pressure yielded even distribution of DiI coated tungsten particles across the 

tissue, with sufficient penetration into the tissue allowing for illumination of complete 

dendritic arbors. The thicker 300 μm sections were not disturbed by the pressure of 

delivery of tungsten particles whereas the positioning of 150 μm sections was disrupted 

in the dish and occasionally tore during DiI delivery. The 300-μm sections also appeared 

to have a greater number of completely filled cells (including full dendritic arborizations) 

throughout the tissue slices.  

 Early experiments aimed to elucidate optimal conditions for effective DiI 

labeling. Diffusion of DiI was evaluated at 4, 8, 12, 24, and 48 h and qualitative analysis 

of neuronal fluorescence intensity, background fluorescence, and dendritic arborization 

length were documented. Observations indicated that 4–12 h of diffusion was insufficient 

to completely fill dendritic arborizations. Diffusion conditions 24 h and longer, either in 

the dark or under ambient light conditions, or at room temperature or 4°C, were sufficient 

to illuminate complete dendritic arborizations. Although the aforementioned conditions 

were sufficient, differences in fluorescent intensity of the cell soma and fine structures of 
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dendritic arborizations and spines were noted between tissues incubated at room 

temperature vs. 4°C, with brighter fluorescent labeling observed in tissue incubated at 

room temperature. Finally, allowing DiI to diffuse for 24 h in the dark (at room 

temperature) resulted in the lowest background fluorescence when compared to tissue 

slices that were incubated under similar conditions for 48 h. These results indicate that 

diffusion in the dark at room temperature for 24 h is optimal for DiI diffusion.  

Combining DiI or CM-DiI with immunofluorescence  

Initial permeabilization with 0.01% Triton-X 100 in PBS was insufficient to allow 

immunocytochemical visualization with fluorescent labeling. Treatment with either 0.3 or 

0.1% Triton-X 100 produced good tissue permeabilization, however, in tissue sections 

treated with 0.3% Triton-X 100 the DiI appeared to “leak” from the cell membrane 

during diffusion, resulting in lower fluorescent intensity of the cell membrane and higher 

background fluorescence. Therefore initial permeabilization using 0.1% Triton-X 100 

was used for subsequent experiments. It is important to note that when coupling the DiI 

technique with immunofluorescence, only the 150-μm sections resulted in visible 

antibody labeling suggesting that there was inadequate reagent penetration in the 300-μm 

sections.  

Quantitative analysis  

Comparison of DiI vs. CM-DiI integrity in non-permeabilized tissue  

Images of whole cells and dendritic segments were captured for tissues treated with both 

DiI and CM-DiI immediately following tissue mounting and 2 weeks following tissue 

mounting to evaluate the stability and integrity of the two dyes in non-permeabilized 
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tissue sections. In these sections, there was no qualitative difference between field views 

of tissues treated with DiI vs. CM-DiI (data not shown). Whole cell imaging of non-

permeabilized DiI and CM-DiI treated tissue sections demonstrates that, whether imaged 

immediately following mounting or 2 weeks following mounting, dye integrity and 

therefore image quality, appears to remain intact (Figure 3). 

Figure 3 

 

No significant differences were observed under oil immersion imaging (63×) of non-

permeabilized dendritic segments from DiI and CM-DiI treated tissues (Figure 4). 

 

 

 

 

 

Figure 3. Whole cell 

images of non-

permeabilized DiI and 

CM-DiI labeled tissues. 
DiI labeled cell imaged 

(A) immediately or (B) 2 

weeks following tissue 

mounting. CM-DiI 

labeled cell imaged (C) 

immediately or (D) 2 

weeks following tissue 

mounting. Images 

illustrate micro-carrier 

clumps commonly seen 

with DiOlistic labeling. 

Scale bar is 20 μm. 
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Figure 4 

  

Spine density of dendritic segments was analyzed in the DiI and CM-DiI treated tissues 

to investigate dye stability and integrity over time. No significant differences in spine 

density were observed between DiI treated tissues imaged immediately following 

mounting or 2 weeks following tissue mounting (Figure 5A). Interestingly, significant 

increases in spine density were observed among images captured from CM-DiI treated 

tissues 2 weeks following tissue mounting (t(16) = 2.145, p < 0.05, two tailed; Figure 

5B), potentially as a result of increased CM-DiI labeling. Images of dendritic segments 

were further analyzed to investigate potential differences in the manner in which DiI or 

CM-DiI filled dendritic segments and spines. When compared to DiI treated tissues, 

significant decreases in spine density were observed in CM-DiI tissues from images 

captured immediately following tissue mounting (t(16) = 2.186, p < 0.05, two tailed; 

Figure 4. Images of non-

permeabilized dendritic 

segments, labeled with 

either DiI or CM-DiI. 
DiI labeled dendritic 

segment imaged (A) 

immediately or (B) 2 

weeks following tissue 

mounting. CM-DiI 

labeled dendritic segment 

imaged (C) immediately 

or (D) 2 weeks following 

tissue mounting. Scale 

bar is 2 μm. 



 

 30 

Figure 5C), however these differences were no longer present 2 weeks after tissue 

mounting (Figure 5D). Table 1 provides the numeric values for the graphs in Figure 5.  

In addition to spine density, spine morphology was also analyzed in an effort to 

determine dye integrity of DiI and CM-DiI over time in fine dendritic structures. Spines 

were classified into one of four morphological subtypes: stubby, filopodial, long thin, and 

mushroom. Despite significant differences in spine density present in tissue sections 

imaged immediately following mounting between DiI and CM-DiI groups, no significant 

differences in the distribution of spine morphologies were observed in any of the 

comparisons made (Figures 6A–D). 

Table 1 

 

 

 

 

 

 

 

Table 1: Spine 

densities 

(mean±SE) for 

the different 

procedural 

conditions 

graphed in 

Figures 5 and 

10. 
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Figure 5 

                 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Spine density analysis of non-permeabilized DiI and CM-

DiI treated tissues. (A) No significant differences were observed in 

spine density of DiI treated tissue from images captured immediately 

or 2 weeks following tissue mounting. (B) Significantly higher spine 

densities in CM-DiI treated tissue were observed 2 weeks following 

mounting compared with dendrites imaged immediately (*p < 0.05). 

(C) Non-permeabilized CM-DiI treated tissues had a significantly 

lower spine density than non-permeabilized DiI treated tissue 

immediately following tissue mounting (*p < 0.05). (D) Two weeks 

following tissue mounting, no significant differences in spine density 

were observed between DiI and CM-DiI treated tissues. 



 

 32 

Figure 6 

           

 

 

 

 

Comparison of DiI vs. CM-DiI integrity in permeabilized tissue  

As with non-permeabilized tissue, images of whole cells and dendritic segments from 

permeabilized tissues were captured for both DiI and CM-DiI treated tissues immediately 

following tissue mounting and 2 weeks following tissue mounting to evaluate the stability 

and integrity of the two dyes. Immediate imaging of permeabilized tissue indicated that 

DiI and CM-DiI labeled neuronal arborizations in a similar manner in 0.1% Triton-X 100 

treated tissue, without loss of fluorescent intensity (Figures 7A,B). Furthermore, 

permeabilization, as indicated by uniform antibody labeling, occurred throughout the 

Figure 6. Spine morphology analysis of DiI and CM-DiI treated tissues. 
(A,B) No significant differences in spine morphology were observed in DiI or 

CM-DiI treated tissues of non-permeabilized tissues between images captured 

immediately or 2 weeks following mounting. (C,D) No significant differences 

in spine morphology were observed between DiI and CM-DiI treated tissues of 

non-permeabilized tissues imaged either immediately or 2 weeks following 

tissue mounting 
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tissue, and was not impacted by DiI variations (Figures 7C,D). These data also 

demonstrate that both DiI and CM-DiI can be coupled with immunofluorescent labeling 

and successfully imaged immediately following tissue mounting (Figures 7E,F).  

Figure 7 

 

Comparing whole cell images of DiI and CM-DiI indicates that when imaged 

immediately following mounting, no qualitative differences were observed between the 

two types of dye (Figures 8A,B). High power imaging (63× oil immersion) of dendritic 

segments reinforced this observation (Figures 9A,B). However, when assessing the long 

Figure 7. 

Immunofluorescent 

labeling can be combined 

with DiI and CM-DiI 

labeling. (A) Permeabilized 

DiI treated tissue. (C) 

Permeabilized Hu stained 

tissue from the same field 

shown in (A). (E) Overlay 

of (A,C) demonstrating co-

localization of DiI and 

immunofluorescent Hu 

signal (yellow). (B) 

Permeabilized CM-DiI 

treated tissue. (D) 

Permeabilized Hu stained 

tissue from the same field 

shown in (B). (F) Overlay 

of (B,D) demonstrating co-

localization of CM-DiI and 

immunofluorescent Hu 

signal (yellow). Scale bar is 

20 μm. 
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term stability of DiI vs. CM-DiI in permeabilized tissue 2 weeks after mounting, there 

was a greater stability of the CM-DiI label in both whole cells and dendritic segments, 

judged by fluorescent signal, photo-bleaching, and final image quality (Figures 8C,D 

and 9C,D).  

Figure 8 

 

 

 

 

 

 

 

 

 

Figure 8. Whole cell 

images of permeabilized 

DiI and CM-DiI labeled 

tissues. DiI labeled cell 

imaged (A) immediately or 

(B) 2 weeks following 

tissue mounting. 

Permeabilized CM-DiI 

labeled cell imaged (C) 

immediately or (D) 2 

weeks following tissue 

mounting. Images illustrate 

micro-carrier clumps and 

the axonal labeling 

occasionally seen with 

DiOlistic labeling. Scale 

bar is 20 μm. 
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Figure 9 

  

Spine density and spine morphology were also analyzed in the permeabilized tissues. 

Within dye treatment groups (DiI immediate vs. 2 weeks post-mounting and CM-DiI 

immediate vs. 2 weeks post-mounting), no significant differences were observed between 

images captured immediately following tissue mounting and those captured 2 weeks after 

mounting (Figures 10A,B). However, tissue labeled with CM-DiI yielded significantly 

higher spine densities when compared to DiI, both immediately (t(16) = 2.782, p < 0.05, 

two tailed) and 2 weeks following mounting (t(16) = 3.040, p < 0.01, two tailed; Figures 

10C,D). Please see Table 1 for means and SE associated with Figure 10. Nonetheless, no 

significant differences in the composition of spine morphologies were observed in any of 

the comparisons made (Figures 11A–D). 

 

 

Figure 7. Images of 

permeabilized dendritic 

segments, labeled with 

either DiI or CM-DiI. DiI 

labeled dendritic segment 

imaged (A) immediately or 

(B) 2 weeks following tissue 

mounting. CM-DiI labeled 

dendritic segment imaged (C) 

immediately or (D) 2 weeks 

following tissue mounting. 

For both DiI (B) and CM-DiI 

(D) dendritic segments, 

qualitative degradation of 

image quality is apparent 2 

weeks following tissue 

mounting. Scale bar is 2 μm. 
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Figure 10 

           

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Spine density analysis of permeabilized dendritic segments. 
CM-DiI yields significantly higher spine density measurements both 

immediately and 2 weeks following imaging when compared to DiI 

treated tissues. (A,B) No significant differences in spine density were 

observed in DiI or CM-DiI treated tissues when imaged either 

immediately or 2 weeks following mounting. (C,D) CM-DiI treated 

tissues yielded significantly higher spine densities when compared to DiI 

treated tissues at both immediate imaging (*p < 0.05) and imaging 2 

weeks following mounting (**p < 0.01). 
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Figure 11 

       

 

 

 

 

DISCUSSION 

DiOlistic labeling is an effective means of illuminating neuronal morphology of 

individual neurons, including soma, dendritic arborizations, and spines in cell culture and 

tissue sections (Gan et al., 2000; Shen et al., 2008; Gan et al., 2009; Shen et al., 2009; 

Staffend et al., 2011). This method has become increasingly popular, however reported 

protocols differ in conditions for cell/tissue fixation, type of dye used, dye delivery, and 

Figure 11. Spine morphology analysis of permeabilized DiI and CM-DiI 

treated tissues. (A,B) No significant differences in spine morphology were 

observed in DiI or CM-DiI treated tissues of permeabilized tissues between 

images captured immediately or 2 weeks following mounting. (C,D) No 

significant differences in spine morphology were observed between DiI and CM-

DiI treated tissues of permeabilized tissues either immediately or 2 weeks 

following tissue mounting. 
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diffusion times, with no report on the impact these different conditions have on the 

quality of labeling. This is especially true with respect to quantitative evaluation of fine 

neuronal structures such as dendritic spines. Therefore, we executed DiOlistic labeling of 

tissue slices with two common variations of dyes, DiI and CM-DiI, under a variety of 

fixation, delivery, and diffusion conditions to determine which of these provide optimal 

labeling of individual neuronal cell bodies and processes. Further, as one of the benefits 

of this method is its potential for combination with other histological labeling procedures 

we evaluated the impact of permeabilization on labeling quality with both DiI and CM-

DiI. 

Optimization of tissue preparation  

Amid the DiOlistic literature, a variety of fixation conditions are reported. Standard 

perfusion protocols report the use of 4% paraformaldehyde for transcardial perfusions; in 

DiOlistic protocols both 4 and 1.5% paraformaldehyde fixation is reported. To 

investigate this apparent discrepancy, we ran side-by-side experiments using both 4 and 

1.5% paraformaldehyde. Consistent with previous reports (Neely et al., 2009), we found 

that the milder fixation condition of 1.5% paraformaldehyde resulted in superior DiI 

labeling when compared to their 4% paraformaldehyde counterpart. In our hands, 

conditions resulting from 1.5% transcardial perfusion were necessary for clear DiI 

impregnation into tissue of either 150 or 300 μm section thickness. DiI labeling of tissues 

fixed with 4% paraformaldehyde resulted in diffuse, indiscriminate labeling and 

extremely high background, regardless of whether the tissue section was 150 or 300 μm 

thick. Based on our experience, we are surprised that fixation with 4% paraformaldehyde 
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prior to labeling with DiI has been reported successfully by other groups (Gan et al., 

2000; Moolman et al., 2004; Oberheim et al., 2008; Yu et al., 2009; Cui et al., 2010; Li et 

al., 2010). We can imagine that different combinations of aldehyde concentration and 

fixation durations could produce acceptable results. Still, our recommendation is that 

initial fixation with 1.5% paraformaldehyde generates the most consistent and superior 

results. 

Optimization of DiI delivery  

Gold or tungsten particles (“micro-carriers”) can be coated with the carbocyanine dye of 

choice at varying concentrations. Based on our reading of the literature, either of these 

micro-carriers may be used with appropriate amounts of DiI to effectively label neurons 

of culture or slice. Our choice of tungsten over gold was simply based on economy, as the 

tungsten particles are more inexpensive. The pressure and distance under which the 

micro-carriers are delivered to the tissue are less forgiving, leading to reports of having to 

“shoot” the tissue of interest multiple times to obtain necessary densities of DiI labeling 

(Gan et al., 2000; Moolman et al., 2004). Wide ranges of helium pressure and spacing 

between the gene gun and the tissue section are also reported (Neely et al., 2009; Forlano 

and Woolley, 2010; Seabold et al., 2010). More unfortunate is the tendency of many 

articles to completely omit details of pressure (Pignatelli and Marshall, 2010) or delivery 

distance (Moolman et al., 2004; Oberheim et al., 2008; Shen et al., 2009). Therefore, our 

goal was to establish a delivery protocol that could be executed consistently by 

establishing clear, defined parameters of delivery of DiI coated micro-carriers. Consistent 

with previous reports (O'Brien et al., 2001), we found that delivery of DiI coated tungsten 
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particles using the standard configuration of the Helios Gene Gun (Bio-Rad) resulted in 

inconsistent and poor labeling of our neuronal tissue slices and an unacceptable level of 

tissue damage. Therefore, we used the recommended modified barrel to improve the 

depth of tissue penetration and consistency of DiI labeling while reducing tissue damage 

(O'Brien et al., 2001). Various combinations of pressure and spacing were evaluated. It 

was determined that the use of the 40-mm spacer under 100 PSI helium pressure 

produced consistent DiI labeling density with- out significant tissue damage. Pressures 

below 100 PSI could not be reliably delivered with the helium regulator in our laboratory; 

therefore we are unable to report on micro-carrier delivery at lower pressures and lesser 

spacing.  

 To improve the image quality of DiI impregnated neurons, it was necessary to 

determine optimal diffusion conditions prior to imaging. Diffusion times often go 

unreported (Gan et al., 2000; Wu et al., 2004; Oberheim et al., 2008; Pignatelli and 

Marshall, 2010). When times are reported they range from 0 to 48 h following fixation, 

under several diffusion temperatures, e.g., 4°C or room temperature (O'Brien and 

Lummis, 2002; Moolman et al., 2004; Wu et al., 2004; Neely et al., 2009; Shen et al., 

2009; Yu et al., 2009; Cui et al., 2010; Forlano and Woolley, 2010; Li et al., 2010; 

Seabold et al., 2010). As both time and temperature potentially can have profound effects 

on the kinetics of dye diffusion, we evaluated diffusion quality (as judged by neuronal 

fluorescence, background fluorescence, and contrast) at several time points and two 

temperatures. We found that diffusion of DiI in the dark at room temperature for 24 h 
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provided complete filling of the dendritic arbors and yielded the greatest contrast between 

the fluorescence of the cell and background tissue. 

Combining DiI with immunofluorescence  

Coupling DiOlistic analyses of cellular morphology with specific neuronal phenotypes 

provides an emerging powerful research tool. As mentioned, DiI is a lipophilic 

carbocyanine tracer which diffuses through the cellular membrane. Consequently, if the 

membrane is permeabilized for fluorescent immunocytochemical protocols, the dye 

potentially can “leak” from the membrane into the surrounding tissue.   

 Our approach was to evaluate different detergent concentrations previously used 

with immunocytochemistry to evaluate which was most effective at allowing 

permeabilization, as indicated by antibody labeling, as well as maintaining DiI labeling. 

For immunocytochemical labeling, 0.3% Triton-X 100 is a standard detergent 

concentration, though other concentrations have been used in conjunction with DiOlistic 

labeling (Neely et al., 2009; Seabold et al., 2010). Like others (Neely et al., 2009) we 

found that 0.01% Triton-X 100 did not permeabilize the tissue enough to produce 

adequate immunocytochemical labeling. The 0.3% Triton-X 100 concentration produced 

good immune-labeling, but the DiI was not well maintained in the cellular membrane. 

With a 0.1% Triton-X 100 concentration, we were able to successfully incorporate DiI or 

CM-DiI with immunofluorescent antibody labeling in tissue slices. 

DiI vs. DM-diI in non-permeabilized and permeabilized tissues  

To increase the retention of DiI within the membrane, Molecular Probes (Carlsbad, CA, 

USA) developed a number of lipophilic carbocyanine derivatives which “incorporate a 
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mildly thiol-reactive chloromethyl substituent that confers aldehyde fixability via 

conjugation to thiol-containing peptides and proteins” (Molecular Probes MP06999). The 

result is a dye that Molecular Probes claims is “retained in cells throughout fixation, 

permeabilization, and paraffin embedding procedures” (Molecular Probes MP06999). 

This increased stability comes with a cost as CM-DiI, for example, is approximately 100 

times more expensive than the “first generation” lipophilic carbocyanine tracers, like DiI. 

Given this, we decided to execute a side-by-side trial, directly comparing the stability of 

DiI vs. CM-DiI in permeabilized and non-permeabilized tissue.  

 Our statistical analysis of spine density in non-permeabilized tissue revealed no 

differences among the DiI labeled tissues between those imaged immediately and those 

imaged 2 weeks following mounting. This suggests that without permeabilization, DiI 

remains effectively incorporated into the cellular membrane. When the tissues treated 

with CM-DiI were analyzed, we were surprised to find a significant increase in spine 

density at the 2-week time point when compared to the group imaged immediately 

following mounting.   

 In comparison to DiI, the reduced initial spine density for CM-DiI is resolved 

when the spine densities of DiI and CM-DiI were evaluated 2 weeks following mounting. 

These data raise the possibility that different diffusion kinetics exist between DiI and 

CM-DiI. This prospect is further reinforced when evaluating the differences between 

spine density of CM-DiI in non-permeabilized and permeabilized tissue imaged 

immediately following mounting. The additional diffusion time of approximately 48 h 

that is built into the permeabilization steps of the immunostaining protocol seems to 
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resolve differences in spine density in the time following tissue mounting. This additional 

diffusion time could account for the differences in spine density observed between non-

permeabilized and permeabilized CM-DiI treated tissue. Together, these results indicate 

that for experiments conducted using non-permeabilized tissue, CM-DiI is not necessary, 

and the first generation of lipophilic carbocyanine dyes will work effectively. 

Conclusion 

Given the literature, a variety of labeling and diffusion conditions can produce acceptable 

levels of DiOlistic labeling. Our goal was to explicitly compare specific methodological 

components to deter- mine a DiOlistic protocol that produces reproducible labeling 

density and image quality, and that could be combined with other histological methods. 

Our conclusions regarding the use of DiI and CM-DiI are summarized in Table 2.  

Table 2: Summary of optimal DiOlistic protocol conditions for both DiI and CM-DiI 

 

 When evaluating DiI and CM-DiI integrity over time, we determined that the 

additional cost of CM-DiI is not necessary for experiments executed with non-

permeabilized tissue, and that it is possible to effectively combine DiOlistic labeling with 

immunofluorescence using weak detergent conditions, such as 0.1% Triton-X 100. Under 

permeabilized conditions, we found that the use of CM-DiI is preferred because of its 
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increased retention in membranes and stability over time. Taken together, the methods 

outlined above provide a reproducible protocol for DiOlistic labeling, with the option of 

coupling this labeling with immunofluorescence. Importantly, the experiments above 

outline the most cost effective means of executing a particular labeling experiment, 

without compromising the quality of the images or data acquired. 
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Chapter 2 

Estradiol reduces dendritic spine density in the ventral striatum of female Syrian hamsters 
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RATIONALE 

The overarching goal of my dissertation work was to identify structural changes within 

the nucleus accumbens associated with repeated sexual behavior in female hamsters.  The 

presence of the steroid hormones estradiol and progesterone are necessary to bring the 

female hamster into a sexually receptive state.  It is well established that estradiol has a 

significant impact on the structure and function of neurons in a number or brain regions 

including, but not limited to the hippocampus, prefrontal cortex and ventromedial nucleus 

of the hypothalamus.  In the case of the hippocampus, progesterone seems to augment 

structural the effects of estradiol treatment.  In a separate literature, estradiol in female 

rats has been demonstrated to augment release of dopamine in the striatum and increase 

the locomotor response to psychostimulants.   

 

INTRODUCTION 

The striatum is not historically thought of as a site of estradiol action, yet there is an 

expansive literature on physiological and molecular effects of estradiol treatment in this 

brain region (Morissette et al., 2008). These actions of estradiol impact a number of 

functional endpoints (Becker, 2000; Korol, 2004), as well as having consequences for 

multiple disease states such as Huntington’s (Tunez et al., 2006), schizophrenia, 

Parkinson’s (Cyr et al., 2002; Bourque et al., 2009), and drug addiction (Becker and Hu, 

2008). Cumulatively, these data suggest an important role of estradiol regulation in the 

striatum. 
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 Within this rich literature, studies evaluating estradiol effects in the striatum have 

focused largely on synaptic transmission and intracellular signaling and have neglected to 

evaluate whether estradiol exerts effects on the morphology of striatal neurons. This 

appears to be a significant omission, as fluctuations in circulating estradiol affect not only 

neuronal physiology, but also neuronal architecture in a wide variety of brain areas 

including the CA1 region of the hippocampus, the ventromedial nucleus of the 

hypothalamus (VMN), the medial nucleus of the amygdala, and the prefrontal cortex 

(McEwen, 2002; Cooke and Woolley, 2005). In the CA1 region of the hippocampus, high 

levels of estradiol increase spine density in pyramidal neurons (Woolley and McEwen, 

1992, 1993). These increases in spine density are associated with enhanced neuronal 

excitability (Woolley, 1998), and improved cognitive performance in rats (Walf and Frye, 

2008). In the prefrontal cortex, estradiol treatment significantly increases dendritic spine 

density of primary cortical neurons in both rats and monkeys (Hao et al., 2006; Chen et 

al., 2009) and is associated with increased performance on delayed reaction tasks. In the 

VMN, estradiol treatment results in differential regulation of the nucleus causing 

increases in spine density of one neuronal population and simultaneous decreases in spine 

density of another (Calizo and Flanagan-Cato, 2000, 2002). These morphological 

changes are implicated in the expression of female sexual behavior in rats (Calizo and 

Flanagan-Cato, 2000). 

 To investigate the regulatory role of estradiol on medium spiny neurons of the 

striatum, including both the caudate nucleus and nucleus accumbens, we took a 

“DiOlistic approach” (Gan et al., 2000) to evaluate potential changes in spine density or 
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morphology in female Syrian hamsters. Our results demonstrate that estradiol treatment 

produced a significant decrease in spine density and morphology in the nucleus 

accumbens, with no effect on dendritic spines in the caudate nucleus. To our knowledge, 

our results are the first in vivo evidence that estradiol has a regulatory effect on neuronal 

morphology in the nucleus accumbens. 

 

MATERIALS AND METHODS 

Animals 

Female Syrian hamsters (Charles Rivers Laboratories, Wilmington, MA) were 

individually housed in polycarbonate cages and kept under a 14:10 light:dark cycle, with 

lights out at 13:00 hour. Food and water were available to the animals ad libitum. At 3–5 

months of age, 16 female hamsters were bilaterally ovariectomized using Nembutal 

anesthesia (85 mg/kg, i.p., Abbott Laboratories, Abbott Park, IL). After a 10-day 

recovery, 10 μg of estradiol benzoate dissolved in 0.1 ml of cottonseed oil (n = 8) or 0.1 

ml cottonseed oil alone (n = 8) was administered to the females s.c. daily for 2 

consecutive days. After 1 day, the animals were anesthetized using 0.2 ml Sleepaway 

(Fort Dodge Animal Health, Fort Dodge, IA) and transcardially perfused with 25 mM 

phosphate buffered saline (PBS, pH = 7.2) for 3 min at 25 ml/min, followed by 1.5% 

paraformaldehyde in 25 mM PBS for 20 min. All animal procedures were in accordance 

with the National Institutes of Health Guidelines for the Care and Use of Laboratory 

Animals and approved by the University of Minnesota IACUC. 

Tissue preparation 
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Brains were removed, blocked at the level of the cerebellum, and post-fixed for 1 h in 

1.5% paraformaldehyde in PBS. Brains were Vibratome (Lancer Series 1000, St. Louis, 

MO) sectioned in 300 μm serial, coronal sections, from the level of the nucleus 

accumbens through the hippocampus. Sections were placed in 25 mM PBS until labeled 

with DiI. 

Perparation of DiI-coated “bullets” 

Coating of particles with lipophilic dye DiI was adapted from methods described 

elsewhere (Gan et al., 2000; Shen et al., 2008; Gan et al., 2009). Briefly, 2 mg 

carbocyanine fluorescent DiI (Molecular Probes, Carlsbad, CA) was dissolved in 75 μl 

methylene chloride. DiI was applied to 90 mg of 1.3 μm tungsten particles (BioRad, 

Hercules, CA) spread evenly on a glass slide. Tungsten particles were allowed to dry and 

then were scraped from the slide and collected into 10 ml of 10 mg/ml 

polyvinylpyrrolidone (PVP; Sigma-Aldrich, St. Louis, MO) dissolved in deionized water. 

The suspension was sonicated for 10 min with intermittent vortexing. Tefzel tubing 

(BioRad) was pre-coated with 10 mg/ml PVP and dried under 0.4 LPM nitrogen gas 

flow. The DiI/PVP suspension was quickly drawn into the Tefzel tubing and allowed to 

settle for 3 min. The PVP solution was withdrawn slowly from the tubing making certain 

not to disturb the DiI coated tungsten. The Tefzel tubing was slowly rotated 360° and 

dried for 20 min under 0.4 LPM nitrogen gas flow. After drying, the tubing was cut into 

1.3 mm segments (bullets) and stored at 4°C with desiccant in the dark until use. 

Delivery of DiI-coated tungsten particles 
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A Helios Gene Gun (BioRad) with a modified barrel (O'Brien et al., 2001) was used for 

delivery of DiI-coated tungsten particles. A 40 mm spacer was attached to the modified 

barrel to maintain a consistent placement and distance between the Gene Gun and brain 

section. A 70 μm nylon mesh filter (Plastok Associates Ltd, Birkenhead Merseyside, UK) 

was secured at the head of the barrel to prevent large clusters of tungsten particles from 

reaching the tissue. The Gene Gun was loaded with DiI “bullets”. Immediately prior to 

labeling, PBS was removed from the well containing the sections. DiI-coated particles 

were delivered at 100 PSI helium pressure and one DiI bullet was shot per brain section. 

Labeled sections were re-suspended in PBS and dye was allowed to diffuse through 

neuronal membranes for 24 h in the dark at room temperature. Slices were post-fixed for 

1 h in 4% paraformaldehyde in PBS, and then placed in PBS until mounted on Superfrost 

slides (Brain Research Laboratories, Newton Highlands, MA) using 5% n-propyl-gallate 

in glycerin. 

Confocal imaging 

A Leica TCS SPE confocal microscope (Leica, Mannheim, Germany) was used to image 

DiI impregnated cells. DiI was imaged with excitation and emission specified to the 

manufacturer’s spectral characteristics (Molecular Probes, Carlsbad, CA). The complete 

dendritic profile of each DiI impregnated neuron was captured using a 20× lens and xy 

pixel distribution of 512 × 512 at a frequency of 400 Hz. The neuron was scanned at 1.0 

μm increments along the z-axis and reconstructed using Leica LAS AF software (Leica) 

to determine distance from the soma to the branch level of target dendrites prior to 

dendrite/ spine imaging. Dendritic segments of CA1 pyramidal neurons were imaged at a 
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distance of 250–400 μm from the soma (Woolley and McEwen, 1993). Dendritic 

segments of medium spiny neurons from the nucleus accumbens core (NAc core), shell 

(NAc shell), and caudate/ putamen (CPu) were 70–200 μm from the soma (Shen et al., 

2009). After distance from soma was determined, magnification was increased to 63× oil 

immersion. Frame size was maintained at 512 × 512 and optical zoom of 5.61 was 

utilized to allow for maximum distribution of pixel size (60 nm) to tissue dimensions 

(60.91 nm) without over sampling. Z stacks of dendritic segments were taken at 0.12 μm 

steps, with a maximum of 200 steps. Images of three DiI impregnated cells were captured 

per brain region (CA1, NAc shell, NAc core, CPu) per animal, as well as three high 

power dendritic segments from each cell, yielding a total of nine dendritic segments per 

brain region. 

Quantitation and analysis of dendritic spine density and spine head morphology 

Dendritic Z stacks were reconstructed using the Surpass module of the Imaris software 

package (version 7.0, Bitplane Inc., St. Paul, MN). Dendritic shafts and spines were 

manually traced in the xy plane using the AutoDepth function of the Filament module. 

After tracing, accurate reconstruction of the diameter of the dendritic shaft, spine neck 

and head was made possible using the diameter function with a contrast threshold of 0.7. 

Spine head classifications of stubby, filapodial, long thin and mushroom were completed 

through the Classify Spines wizard within the Imaris software package. Criteria for spine 

head classifications have been described elsewhere (Harris et al., 1992; McKinney et al., 

1999). 
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Data analysis 

Spine density was calculated by summing the total number of spines per dendritic 

segment length and calculating average spine density/10 μm. These values were then 

averaged to yield the spine density/10 μm for each animal. A Student t test was used to 

evaluate statistical differences between treatment groups.   

Total spine population and counts of each spine class (stubby, filapodial, long 

thin, and mushroom) were summed for each treatment group. A χ2 test was used to 

determine significant differences in spine morphology. 

 

RESULTS 

Changes in dendritic spine density with estradiol treatment 

Figure 12 shows a representative medium spiny neuron (MSN) and dendritic segment. 

Figure 12A illustrates the complete DiI impregnation of a nucleus accumbens core MSN 

neuron. An image generated from 63× oil immersion captures how well DiI is taken up 

into the fine structures of thin spines (Figure 12B). Filling of spines and dendrites allows 

for accurate reconstruction of the dendrite and spine heads using the diameter function of 

the Filament module in Imaris (Figure 12C). 

 

 

 

 

 



 

 53 

Figure 12 

        

 

 

 

In estradiol-treated females, spine density of CA1 pyramidal neurons was significantly 

increased by 43% t(12) = 4.17, p < 0.01, two tailed) with 17.35 ± 2.98 spines/10 μm 

compared to 12.12 ± 1.45 spines/10 μm in control females (Figure 13A). The opposite 

effect was observed In the NAc core (Figure 13B), where dendritic spine density was 

significantly decreased (t(12) = 2.49, p < 0.05, two tailed). No significant change in 

dendritic spine density was seen with estradiol treatment in either the NAc shell (Figure 

13C) or CPu (Figure 13D). The apparent basal spine differences between the NAc core 

and NAc shell are consistent with previous reports (Meredith et al., 1992). 

 

 

 

 

 

Figure 12: Image of a representative DiI-labeled medium spiny 

neuron. (A) Low power fluorescent picture of a nucleus accumbens core 

medium spiny neuron. Scale bar is 20 μm. (B) DiI-labeled dendritic 

segment. Scale bar is 5 μm. (C) Computer rendering of the dendritic 

segment shown in (B) 
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Figure 13 

   

 

 

 

 

 

 

 

 

 

Figure 13: Estradiol treatment increases spine density within the nucleus 

accumbens core. (A) CA1 pyramidal neurons treated with estradiol served as an 

internal positive control. Estradiol treatment significantly increased spine density 

within CA1 pyramidal neurons of the hippocampus. **p < 0.01. (B) Estradiol 

treatment significantly decreased spine density within NAc core medium spiny 

neurons. *p < 0.05. (C,D) Estradiol had no significant effect on the spine density 

of NAc shell or caudate medium spiny neurons. 
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Dendritic spine morphology 

Spines were classified into one of four groups: stubby, filapodial, long thin or mushroom. 

Spine classification provided normative values for the total spine number per treatment 

group, populations counts for each spine subtype in a given brain region, as well as 

percentage of total spine population (Table 3).  

 In CA1 pyramidal neurons, estradiol treatment uniformly increased all spine 

subtypes, resulting in the significant increase in spine density observed. This global 

increase in all spine subtypes occurred without significantly altering the proportions of 

any given spine subtype in relationship to the total spine population (Table 3). In the 

NAc core, the percentages of long, thin, filapodial and stubby spine subtypes were 

significantly different between estradiol treated and control groups (Figure 14A). With 

estradiol treatment, long thin spines constituted a smaller percentage of total spine 

population than in the control group (p < 0.0001, two-tailed; Figure 14A). The opposite 

relationship (Figure 14A) was seen with filapodial (p < 0.01, two-tailed) and stubby 

spines (p < 0.0001, two-tailed), as these spine subtypes constituted greater percentages of 

the total spine population in the estradiol treated group when compared with the control 

group. 
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Table 3: Spine morphology classification following estradiol treatment. 

Brain 

region 

Stubby Filapodial Long thin Mushroom Total 

estradiol 

Total 

oil 
Estradiol Oil Estradiol Oil Estradiol Oil Estradiol Oil 

CA1 161 125 981 788 324 225 90 75 1,556 1,231 

CA1 

%total 

(%) 

10.4 10.1 63.1 64.0 20.8 18.3 5.8 6.1   

NAc 

shell 
191 107 603 641 291 409 159 140 1,244 1,297 

NAc 

shell 

%total 

(%) 

15.4 8.2 48.8 49.4 23.4 31.5 12.8 10.8   

NAc 

core 
130 71 897 851 403 570 135 132 1,565 1,624 

NAc 

core 

%total 

(%) 

8.3 4.4 57.3 52.4 25.8 35.1 8.6 8.1   

CPu 116 110 658 708 257 302 114 112 1,145 1,232 

CPu 

%total 

(%) 

10.1 8.9 57.5 57.5 22.5 24.5 10.0 9.1   

 

 Despite the fact that no change in spine density was observed in the NAc shell, 

significant differences in long thin and stubby spine morphology were observed. Similar 

to the changes in the NAc core, estradiol treatment resulted in a significant decrease in 

the proportion of long thin spines in the total population (p < 0.0001, two-tailed; Figure 

14B). Also, the percentage of total spines constituted by the stubby spine subtype was 

significantly higher in the estradiol treated group as compared to controls (p < 0.0001, 

two-tailed). No significant differences in spine morphology were observed in the CPu 

(data not shown). 
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Figure 14 

        

 

DISCUSSION 

The goal of this experiment was to evaluate the effects of estradiol treatment on spine 

morphology in the striatum. We believe this is the first report of estradiol effects on 

dendritic architecture and spine morphology in the nucleus accumbens. 

Validation of DiOlistic approach 

As a positive control for estradiol effects on striatal neurons, we examined changes in 

CA1 pyramidal neuron spine density following estradiol treatment. This effect of 

estradiol treatment on CA1 pyramidal neurons has been well-established in female rats 

using Golgi staining techniques (Woolley et al., 1990; Woolley and McEwen, 1992, 

1993). Indeed, in our female hamsters, estradiol yielded similar increases in dendritic 

Figure 14: Estradiol 

treatment results in a 

deconstruction of mature 

spines in the nucleus 

accumbens. a Estradiol 

treatment significantly 

reduces the number of long 

thin spines (***p < 0.0001) 

and increases the number of 

filapodial (**p < 0.01) and 

stubby (***p < 0.0001) 

spines of medium spiny 

neurons in the NAc core. b 

Estradiol significantly 

decreases the number of long 

thin spines (***p < 0.0001) 

and increases the number of 

stubby spines (***p < 

0.0001) in the NAc shell. 
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spine density. Our normative data on spine density in the nucleus accumbens compared 

favorably to those of Shen et al. (2009), who used the same DiOlistic approach. 

Estradiol effects on medium spiny neurons 

Our results demonstrate that estradiol treatment impacts spine density and morphology of 

medium spiny neurons in the nucleus accumbens, with some differences in the response 

of neurons in the shell and core regions. There are multiple reports of estradiol’s ability to 

modulate spine density in several brain areas, including the hippocampus (Woolley et al., 

1990; Woolley and McEwen, 1992, 1993), prefrontal cortex (Hao et al., 2006), medial 

nucleus of the amygdala (de Castilhos et al., 2008), and ventromedial nucleus of the 

hypothalamus (Frankfurt et al., 1990; Calizo and Flanagan-Cato, 2000, 2002; de 

Castilhos et al., 2008). We can now add the nucleus accumbens to that growing list. 

Initially, we were surprised by the decrease in spine density in the core of the nucleus 

accumbens. However, there is precedent from studies of the ventromedial nucleus of the 

hypothalamus (Calizo and Flanagan-Cato, 2000, 2002), where estradiol decreased 

dendritic spine density selectively in neurons projecting to the midbrain central gray. 

 Estradiol also altered the morphological distribution of spine subtypes within the 

nucleus accumbens core and shell. Spine morphology is a reflection of spine maturity, 

stability and excitability (Hering and Sheng, 2001; Wang and Zhou, 2010). One common 

nomenclature classifies spines into four main categories in order of increasing maturity: 

stubby, filapodial, long thin and mushroom. With maturity of the spines comes an 

associated stability and functionality. As postsynaptic densities are proportional to the 

number of docked vesicles available for release presynaptically (Schikorski and Stevens, 
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1997), larger spine heads have a greater potential contribution to the synaptic excitability 

of the cell. In the core and shell of the accumbens, we observed a “deconstruction” of 

spines from more to less mature offering the possibility that estradiol treatment decreases 

synaptic excitability of both the core and shell medium spiny neurons independent of 

changes in spine density. 

 Within the shell and core of the nucleus accumbens, subpopulations of medium 

spiny neurons exhibit differences in dendritic morphology and spine densities (Meredith 

et al., 1992). Because the DiI technique yields a small number of labeled neurons, there is 

always the fear that treatment differences in dendritic morphology result from sampling 

phenotypically different sets of neurons. That said, the dispersion pattern with ballistic 

delivery of DiI should not produce a selection bias in labeling of medium spiny neurons. 

Therefore, it seems unlikely that the effects of estradiol on spine density in the core of the 

nucleus accumbens and on spine morphology in both the core and shell are an artifact of 

systematic labeling of different neuronal subtypes between the hormone treatment 

groups. Still, it would be a valuable addition to this technique to consistently characterize 

neuronal phenotypes of the DiI l labeled neurons. 

Estradiol modulation of the striatum: direct and indirect actions 

Decreases in spine density and destabilization of mature spines could result from 

estradiol acting directly on the medium spiny neurons within the nucleus accumbens or 

through indirect modulation via inputs from various afferent brain regions. It is well 

established that estradiol can exert direct effects in the striatum. Mermelstein and 

colleagues (Mermelstein et al., 1996) demonstrated that estradiol has the ability to reduce 



 

 60 

L-type Ca2+ currents of striatal neurons within seconds of application, an effect 

determined to be mediated through membrane bound estrogen receptors (ERs). Recent 

work indicates that these rapid effects are a result of ERs coupling to and activating 

mGluR3 signaling (Grove-Strawser et al., 2010) in a way that could affect postsynaptic 

EPSPs (Anwyl, 1999). There are also reports of presynaptic localization of mGluR3 

receptors in the striatum (Tamaru et al., 2001), along with physiological evidence that 

activation of these receptors results in reduced presynaptic glutamate release (Schoepp, 

2001; Ferraguti and Shigemoto, 2006). Estradiol can modulate presynaptic glutamate 

release (Szego et al., 2010) though whether this is through ER coupling to mGluR3 is not 

known. The limitations of this as a sole mechanism of estradiol action on medium spiny 

neurons are the common distributions of ERs (Skynner et al., 1999; Donahue et al., 2000) 

and membrane interactions with MGluR3 receptors (Grove-Strawser et al., 2010) across 

the dorsal and ventral striatum. Given the discrepant actions of estradiol on spine density 

between these striatal subdivisions, it is unlikely that a direct mechanism is the sole 

action of estradiol on these neurons. 

 In both the hippocampus and ventromedial hypothalamus, estradiol acts on 

neurons secondary to those in which spine density changes are noted (Woolley and 

Cohen, 2002). Here too, modulation of afferent signaling may play a role in the changes 

in dendritic spine density in the nucleus accumbens and help explain the differential 

effects seen across the dorsal and ventral striatum. The nucleus accumbens receives 

strong glutamatergic input from both the prefrontal cortex (Sesack et al., 1989) and 

hippocampus (Kelley and Domesick, 1982). Many of these afferents synapse onto 
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nucleus accumbens medium spiny neurons, which possess bi-stable resting membrane 

potentials (O'Donnell and Grace, 1995). Hippocampally derived excitatory inputs are 

necessary to drive these neurons into their upstate (O'Donnell and Grace, 1995). Further, 

it is only when these neurons are in their upstate that stimulation from the prefrontal 

cortex can elicit an action potential in nucleus accumbens medium spiny neurons 

(O'Donnell and Grace, 1995). Within this scheme, estradiol may impact medium spiny 

neurons to create a quiescent state which is reflected by a down regulation of spines. Our 

working hypothesis is that estradiol is exerting its effects both directly and indirectly: 

directly by decreasing the synaptic excitability of nucleus accumbens neurons and 

indirectly by modulating the integrated function of the prefrontal cortex–hippocampus–

nucleus accumbens circuit as a whole. 

Functional Implications 

Our results are significant because they contribute a new piece to the complex puzzle of 

estradiol regulation of neuronal physiology. In the intact female, cyclical release of 

estradiol induces a fertile period and primes the female to become receptive to 

reproductive behaviors. Our data offer the possibility that part of this neuronal priming is 

down-regulation of accumbal excitability through destabilization of mature spines and 

decreases in spine density. 

 We know that the nucleus accumbens is part of a circuit that modulates the 

motivational components of female sexual behavior (Meisel and Mullins, 2006). The 

question then is how does a reduction in spine density relate to an increase in sexual 

motivation? One answer to this question comes from the literature on the modulation of 



 

 62 

neuronal responsiveness in the nucleus accumbens by drugs of abuse. For example, 

during periods of acute cocaine withdrawal or following a cocaine challenge after a 

period of prolonged withdrawal there is decreased synaptic excitability (as measured by 

changes in AMPA and NMDA mediated currents) of medium spiny neurons in the core 

of the nucleus accumbens (Kourrich et al., 2007). Both acute withdrawal and cocaine 

challenges produce an increase in self-administration of cocaine (Shaham et al., 2003) 

suggesting that the reduced excitability in the core of the nucleus accumbens increases 

the motivation for drug seeking. If, as our spine data indicate, estradiol produces an 

analogous decrease in nucleus accumbens synaptic excitability in the natural state, this 

may provide a mechanistic basis for our observed increases in sexual motivation (Bradley 

et al., 2005b; Meisel and Mullins, 2006). 

 Unlike drugs, such as cocaine, which produce persistent (i.e., sensitized) 

alterations in the nucleus accumbens (Robinson and Kolb, 2004), our reading of the 

literature is that estradiol results in more transient effects on the nucleus accumbens 

(Hedges et al., 2009). These transient effects of estradiol are matched by surprisingly 

rapid modifications of spines, which may occur within several hours of estradiol 

exposure (Mukai et al., 2007). It is clear that estradiol treatment has profound effects on 

synaptic architecture and excitability of medium spiny neurons in the nucleus accumbens. 

Further, these decreases in spine density and destabilization of spines identify a novel 

action of estradiol in this region with potential as a therapeutic target for the treatment of 

addiction. 
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CHAPTER 4 

Impact of Sexual Experience on the Structure of Medium Spiny Neurons 
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RATIONALE 

Preliminary data from our laboratory indicated that repeated exposure to female sexual 

behavior results in an increase in spine density within the nucleus accumbens.  After 

establishing that estradiol treatment significantly reduces spine density specifically within 

the nucleus accumbens core, it was necessary to revisit this experiment evaluating spine 

density of medium spiny neurons within the nucleus accumbens, in the context of the 

core and shell subdivisions.  

 Medium spiny neurons are generally segregated into one of two general 

phenotypes, either dopamine D1 receptor or dopamine D2 receptor expressing neurons.  

Dopamine D1 and D2 receptors have opposing functions within the cell, and therefore the 

balance of the activity between these two populations can have significant impact on the 

overall function of the mesolimbic circuit.  In this light, I evaluated whether changes in 

spine density occurred on a particular neuronal phenotype of either dopamine D1 receptor 

or dopamine D2 receptor expressing medium spiny neurons.   

 Spine heads are the major site of excitatory neurotransmission within the central 

nervous system.  Therefore, any increase in spine density suggests increased 

glutamatergic input into a cell.  Specifically within the nucleus accumbens, glutamate 

signaling at the spine head is modulated by dopaminergic signaling along the spine shaft.  

Given these data, I labeled tissue slices for the presynaptic markers, vesicular glutamate 

transporter 1 (VLGUT1) or dopamine transporter (DAT), and evaluated whether 

presynaptic contacts of either glutamate or dopamine were altered by repeated exposure 

to sexual experience. 
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INTRODUCTION 

Activity of the mesolimbic dopamine circuitry is a well established component of the 

regulation of motivated behavior (Kelley et al., 2005; Hedges et al., 2010; Robinson et 

al., 2011; Lenard and Karadi, 2012).  A fundamental property of the mesolimbic 

dopamine system it its exquisite plasticity, which is presumed to regulate adaptive 

changes in motivated behaviors (Bradley et al., 2005a; Hedges et al., 2009; Hedges et al., 

2010; Pitchers et al., 2012).  Sexual behavior has emerged as one such model motivated 

behavior in which synaptic plasticity within the mesolimbic system is accompanied by 

behavioral changes associated with increased reproductive success (Bradley et al., 2005a; 

Pitchers et al., 2009; Pitchers et al., 2012). 

 It is well documented that repeated sexual experience induces long term 

biochemical and molecular changes within in the mesolimbic circuit, specifically within 

the nucleus accumbens (NAc) (Bradley and Meisel, 2001; Bradley et al., 2004; Hedges et 

al., 2009; Pitchers et al., 2010; Pitchers et al., 2012).  Heightened mesolimbic dopamine 

release following sexual experience (Kohlert and Meisel, 1999) is accompanied by 

enhanced coupling of dopamine receptors to G-proteins, resulting in activation of 

signaling pathways and nuclear transcription factors mechanistically linked to long-term 

modifications of dendritic structure (Muly et al., 2001; Penzes et al., 2001; Penzes et al., 

2011).  Indeed, of the more interesting findings from this emerging literature has been the 

identification of increased density of dendritic spines in medium spiny neurons (MSNs), 

the principal neuron within the NAc, following male or female sexual experience (Meisel 

and Mullins, 2006; Pitchers et al., 2009).  MSNs are generally thought to express one of 
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two main dopamine receptor subtypes, either dopamine D1-like or D2-like receptors, 

which generally have opposing effects on cellular excitability (Thompson et al., 2005).  

As alterations to a select MSN phenotype could have significant impact on the overall 

functional output of the NAc (Albin et al., 1989; DeLong, 1990; Ikemoto, 2007; Sesack 

and Grace, 2010), an important but unstudied question centers on whether the persistent 

structural plasticity that occurs following sexual experience is cell-type specific. 

 In this study we therefore evaluated whether increases in spine density of MSNs 

were localized to neurons containing either dopamine D1 or D2 receptors and whether 

these changes to dendritic architecture were accompanied by alterations to either 

glutamatergic or dopaminergic innervation.  As previous reports have demonstrated 

increased dopamine D1 signaling following female sexual experience, we also evaluated 

whether sexual experience induced any alterations in dopamine receptor protein 

expression or binding.  Here we identify for the first time selective increases in dendritic 

spine density restricted to the dopamine D1 receptor expressing MSN population 

following experience with a natural motivated behavior.   

MATERIALS AND METHODS 

Animals 

Adult female Syrian hamsters (Charles Rivers Laboratories, Wilmington, MA, USA) 

were individually housed in polycarbonate cages and kept under a 14:10 light:dark cycle, 

with lights out at 13:00 hours. Food and water were available to the animals ad libitum.  

All animal procedures were in accordance with the National Institutes of Health 
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Guidelines for the Care and Use of Laboratory Animals and approved by the University 

of Minnesota IACUC. 

Surgery 

Female hamsters were bilaterally ovariectomized under sodium pentobarbital anesthesia 

(Nembutal; 8.5 mg per 100 gm body weight, i.p.) and allowed to recover for 1 week prior 

to behavioral testing.   

Sexual experience 

Ovariectomized female hamsters were primed for sexual experience once a week by 

giving two daily sc injections of estradiol benzoate (10 μg in 0.1 ml of cottonseed oil) 

approximately 48 and 24 h prior to the sexual behavior test followed by an sc injection of 

progesterone (500 μg in 0.1ml of cottonseed oil) 4–6 h prior to the sexual behavior test. 

Females that received sexual experience (n=8 per experiment) were presented with a 

sexually experienced male hamster for a 10 min session 4–6 h after the progesterone 

injection. Each male and female was paired only once during the duration of the sexual 

experience tests. Female controls (n=8 per experiment) received the same hormone 

regime, but remained in their home cages for the duration of the experiment.  All animals 

were sacrificed one week following the final sexual experience pairing. 

Tissue preparation 

Radioligand point binding and Western blotting 

Animals were anesthetized using 0.2 ml Sleepaway (26% sodium pentobarbital, 7.8% 

isopropyl alcohol, 20.7% propylene glycol, distilled water; Fort Dodge Animal Health, 

Fort Dodge, IA, USA) and rapidly decapitated.  Brains were removed and a 2 mm 
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coronal section was taken at the level of the nucleus accumbens.  One mm bilateral tissue 

punches were collected from the nucleus accumbens and caudate.  Tissue collected from 

the left side of the punch was processed for later Western blotting and tissue collected 

from the right side of the section was processed for radioligand receptor point binding.  

Tissue was stored at -80 ºC until further processing. 

DiI labeling 

One week following the last pairing for sexual behavior, female animals were 

anesthetized with an ip injection of 0.2 ml Sleepaway (26% sodium pentobarbital, 7.8% 

isopropyl alcohol, 20.7% propylene glycol, distilled water; Fort Dodge Animal Health, 

Fort Dodge, IA, USA) and transcardially perfused with 25 mM phosphate buffered saline 

(PBS, pH = 7.2) for 3 min at a flow rate of 25 ml/min, followed by 1.5% 

paraformaldehyde in 25 mM PBS for 20 min. After perfusion, brains were removed, 

blocked coronally at the level of the cerebellum and post-fixed for 1 h in 1.5 

paraformaldehyde in 25 mM PBS. Brains were Vibratome (Lancer Series 1000, St. Louis, 

MO, USA) sectioned in 300 μm serial, coronal sections through the nucleus accumbens. 

Sections were placed in 25 mM PBS until labeled with DiI. 

Vessicular glutamate and dopamine transporter staining 

One week following the last pairing for sexual behavior, female animals were 

anesthetized with an ip injection of 0.2 ml Sleepaway (26% sodium pentobarbital, 7.8% 

isopropyl alcohol, 20.7% propylene glycol, distilled water; Fort Dodge Animal Health, 

Fort Dodge, IA, USA) and transcardially perfused with 25 mM phosphate buffered saline 

(PBS, pH = 7.2) for 3 min at a flow rate of 25 ml/min, followed by 4% paraformaldehyde 
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in 25 mM PBS for 20 min. After perfusion, brains were removed, blocked coronally at 

the level of the cerebellum and post-fixed for 1 h in 4% paraformaldehyde in PBS then 

placed in a 10% sucrose solution in PBS overnight at 4°C.  

Radioligand point binding estimation of D1-like and D2- like receptors 

Point binding experiments were performed as previously described, with minor 

modifications (Vidi, et al., 2008). Expression levels of D1-like and D2-like were 

estimated using saturating concentrations of [
3
H]SCH-23390 (60 Ci/mmol, Amersham 

Biosciences, Piscataway, NJ) and [
3
H]spiperone (98 Ci/mmol, PerkinElmer Life and 

Analytical Sciences, Waltham, MA), respectively.  Tissue was resuspended in 1 ml of 

binding buffer (50 mM HEPES, 4 mM MgCl2, pH 7.4) and homogenized via polytron for 

10 sec. 100 µl aliquots of these homogenates were added to assay tubes to determine total 

and non-specific binding (defined by 5 µM +/- butaclamol HCl, Sigma-Aldrich, St. 

Lewis, MO). D1-like binding conditions were performed in the presence of 6 nM 

[
3
H]SCH-23390. D2-like binding was performed in the presence of 50 nM ketanserin 

tartrate (to prevent labeling of non D2-like receptors, Sigma-Aldrich, St. Lewis, MO) and 

1 nM [
3
H]spiperone. All conditions were performed in duplicate. Assays were floated in 

a 37 
o
C water bath for 30 min before harvesting via filtration onto FB glass fiber plates 

with ice cold wash buffer (10 mM TRIS HCl, 0.9% NaCl) using a Packard Filtermate cell 

harvester (PerkinElmer). After air-drying overnight, Microscint-O scintillation fluid was 

added to the plates and radioactivity was determined with a Packard TopCount 

scintillation counter (PerkinElmer). Specific binding for each sample was determined as 

the difference between the average counts for total versus nonspecific binding. The 
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specific binding values were normalized to the amount of protein added per well, as 

determined by a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL). 

Western blots 

Tissue punches collected from the right side of the accumbal section were homogenized 

in 1% SDS processing buffer (1% SDS, 50 mM NaF, 3.3 mM EGTA, 1% Halt protease 

inhibitor cocktail and 1% Halt phosphatase inhibitor cocktail; Thermo Scientific, 

Rockford, IL).  Following homogenization, protein was quantified using the BioRad 

protein DC assay per manufacturer’s instructions (BioRad).  Laemmli Sample buffer 

(BioRad, Hercules, CA, USA) and β-mercaptoethanol (Sigma-Aldrich) were added to the 

homogenate (50 and 10% of the total homogenate volume, respectively) before the 

mixture was heated for 10 min to 95°C. 50 μg of total protein was loaded into each lane 

and separated on a 10% polyacylamide gel (BioRad) and transferred to a nitrocellulose 

membrane. The membrane was blocked at room temperature for 1 h in a Tris buffered 

saline (TBS) solution containing 5% non-fat dried milk. The membrane was incubated 

overnight at 4°C with an antibody for dopamine D1 receptor (1:1000, Abcam Inc., 

Cambridge, MA), dopamine D2 receptor (1:200, Santa Cruz biotechnology, Inc., Santa 

Cruz, CA) and GAPDH (1:20,000), diluted in TBS containing 5% milk and 0.1% Tween 

20. The next day, the membrane was washed with 0.1% Tween 20-TBS and incubated for 

1 h at room temperature with a secondary antibodies IRDye680 (1:10,000) and IRDye 

800 (1:10,000).  Blots were scanned using the Odyssey imaging system (Li-Cor 

Biosciences, Lincoln, NE).  Student’s t-test was used to evaluate statistical differences 

between treatment groups. 
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Preparation of DiI coated “bullets”  

Coating of tungsten particles with lipophilic dye DiI was adapted from methods described 

elsewhere (Gan et al., 2000; Shen et al., 2008; Gan et al., 2009; Staffend and Meisel, 

2011). Briefly, 2 mg of the carbocyanine fluorescent dyes, DiI (Molecular Probes, 

Carlsbad, CA, USA), was dissolved in 75 μl methylene chloride and applied to 90 mg of 

1.3 μm tungsten particles (Bio-Rad) spread evenly on a glass slide. Following 

application, tungsten particles were allowed to dry, then scraped from the slide and 

collected into 10 ml of 10 mg/ml polyvinylpyrrolidone (PVP; Sigma-Aldrich, St. Louis, 

MO, USA) dissolved in deionized water. The suspension was sonicated for 10 min with 

intermittent vortexing. Tefzel tubing (Bio-Rad) was pre-coated with 10 mg/ml PVP and 

dried under 0.4 liters per minute (LPM) nitrogen gas flow. The DiI/PVP suspension was 

quickly drawn into the Tefzel tubing and allowed to settle for 3 min. The PVP solution 

was withdrawn slowly from the tubing making certain not to disturb the tungsten. The 

Tefzel tubing was slowly rotated 360° and dried for 20 min under 0.4 LPM nitrogen gas 

flow. After drying, the tubing was cut into 1.3 mm segments (bullets) and stored with 

desiccant at 4°C in the dark until use. 

Delivery of DiI-coated tungsten particles 

A Helios Gene Gun (Bio-Rad) with a modified barrel (O'Brien et al., 2001) was used for 

delivery of DiI-coated tungsten particles. A 40mm spacer was attached to the modified 

barrel to establish a consistent distance between the Gene Gun and brain section. A 70-

μm nylon mesh filter (Plastok Associates Ltd., Birkenhead, Merseyside, UK) was secured 

at the head of the barrel to prevent large clusters of tungsten particles from reaching the 
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tissue. The Gene Gun was loaded with DiI “bullets.” Immediately prior to labeling, PBS 

was removed from the well containing the sections. One bullet was shot per brain section 

at a distance of 40mm at 100 pounds per square inch (PSI) for delivery of DiI coated 

tungsten particles. Labeled sections were re- suspended in PBS and dye was allowed to 

diffuse through neuronal membranes for 24h in the dark at room temperature. Slices were 

post-fixed for 1 h in 4% paraformaldehyde in 25 mM PBS, and then placed in 25 mM 

PBS until mounted on Superfrost slides (Brain Research Laboratories, Newton 

Highlands, MA, USA) using 5% n-propyl-gallate in glycerin. Coverslips were sealed to 

prevent dehydration of tissue. 

Immunofluorescence 

Dopamine D1 and D2 receptors 

Following DiI labeling, tissue sections were permeablized in 25 mM PBS with 0.1% 

Triton-X 100 for 15 min.  Following permeablization, sections were blocked in 10% BSA 

in 25 mM PBS for 1 h.  Alternate sections were placed in 25 mm PBS plus 0.1% bovine 

serum albumin (BSA; wash buffer) with primary antibody, either anti-dopamine D1 

(1:200) or anti-dopamine D2 (1:200) receptor, and incubated for 60 h at 4°C.  Following 

incubation in primary antibody the sections were rinsed three times for 10 min in wash 

buffer, and then incubated in biotinylated-secondary antibody for 1 h at room temperature 

(1:200, Jackson ImmunoReasearch Laboratories, Inc., West Grove, PA). The sections 

were then washed three times for 10 min in wash buffer before being incubated in 

streptavidin DTAF conjugate (1:200, Jackson ImmunoReasearch Laboratories, Inc.) for 1 

h at room temperature. Following this incubation, the sections were washed three times 
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for 10 min in wash buffer then mounted on slides and coverslipped while still wet with 

5% n-propyl galate in glycerin. 

Vessicular glutamate and dopamine transporter staining 

Serial coronal sections (40 μm) were cut from frozen tissue through the rostral-caudal 

demension of the nucleus accumbens and placed into 25 mm PBS plus 0.1% bovine 

serum albumin (BSA; wash buffer).  Alternate sections were placed in primary antibody 

for either anti-dopamine transporter (1:2000, Millipore, Temecula, CA) or anti-vesicular 

glutamate transporter (1:2000, Millipore) in wash buffer plus 0.3% Triton-X 100 for 24 h 

at room temperature, followed by 24 h at 4°C. Following incubation in primary antibody 

the sections were rinsed three times for 10 min in wash buffer, and then incubated in 

biotinylated-secondary antibody for 1 h at room temperature (1:200, Jackson 

ImmunoReasearch Laboratories, Inc., West Grove, PA). The sections were then washed 

three times for 10 min in wash buffer before being incubated in streptavidin Cy3 

conjugate (1:500, Jackson ImmunoReasearch Laboratories, Inc.) for 30 min at room 

temperature. Following this incubation, the sections were washed three times for 10 min 

in wash buffer then mounted on slides and coverslipped while still wet with 5% n-propyl 

galate in glycerin. 

Confocal imaging 

Dendritic spines (thick sections) 

A Leica TCS SPE confocal microscope (Leica, Mannheim, Germany) was used to image 

DiI impregnated cells. DiI was imaged with excitation and emission specified to the 

manufacturer’s spectral characteristics (Molecular Probes, Carlsbad, CA, USA). The 
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complete dendritic profile of each DiI impregnated neuron was captured using a 20Χ lens 

and XY pixel distribution of 512 Χ 512 at a frequency of 400 Hz. The neuron was 

scanned at 1.0 μm increments along the Z-axis and reconstructed using Leica LAS AF 

software to determine distance from the soma to the branch level of target dendrites prior 

to dendrite/spine imaging. Imaged dendritic segments of medium spiny neurons from the 

nucleus accumbens core (NAc Core), shell (NAc Shell), and caudate/putamen (CPu) 

were 70–200 μm from the soma (Shen et al., 2009).  After distance from soma was 

determined, magnification was increased to 63Χ oil immersion. Frame size was 

maintained at 512 Χ 512 and an optical zoom of 5.61 was utilized to allow for maximum 

distribution of pixel size (60 nm) to tissue dimensions (60.91 nm) without over sampling. 

Z-stacks of dendritic segments were taken at 0.12 μm steps, with a maximum of 200 

steps. Images of three DiI impregnated cells were captured per brain region (NAc Shell, 

NAc Core, CPu) per animal, as well as three high power dendritic segments from each 

cell, yielding a total of nine dendritic segments per brain region per animal. Imaging 

began immediately following tissue impregnation/mounting.   

 For tissue dual labeled with either dopamine D1 or dopamine D2 receptors, 

DTAF was imaged with excitation and emission specified to the manufacturer’s spectral 

characteristics (Jackson ImmunoResearch Inc.) and this channel was overlayed with the 

DiI channel to establish the morphology of either dopamine D1 or dopamine D2 positive 

cells.  Only cells that were positive for either dopamine D1 or dopamine D2 and 

colocalized with DiI were imaged per the methods above. 

Vessicular glutamate and dopamine transporter (frozen sections) 
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A Leica TCS SPE confocal microscope (Leica, Mannheim, Germany) was used to image 

tissue sections labeled with either VGLUT1 or DAT, which were both tagged with the 

Cy3 fluorophore.  Excitation and emission of Cy3 (Jackson ImmunoReasearch 

Laboratories, Inc.) was appropriate to manufacturer’s spectral characteristics.  The 

complete 40 μm thickness of the slice was captured using a 63X oil immersion lens using 

a 5.61 optical zoom and XY pixel distribution of 512 Χ 512 at a frequency of 400 Hz.  

The tissue section was scanned every 0.29 μm along the Z-axis until the entire thickness 

of the slice was imaged.   

Data analysis   

Quantitation and analysis of dendritic spine density and spine morphology 

Dendritic Z-stacks were reconstructed using the Surpass module of the Imaris software 

package (Version 7.1.1, Bitplane Inc., St. Paul, MN, USA). Dendritic shafts and spines 

were manually traced in the XY plane using the Auto Depth function of the Filament 

module. After tracing, accurate reconstruction of the diameter of the dendritic shaft, spine 

neck, and head was made possible using the diameter function with a contrast threshold 

appropriate to the individual image, generally between 0.1-0.5. Spine head classifications 

of stubby, filopodial, long thin, and mushroom were completed through the Classify 

Spines wizard in the Imaris software package. Criteria for spine head classifications have 

been described elsewhere (Harris et al., 1992; McKinney et al., 1999).   

Spines 

Spine density was calculated by summing the total number of spines per dendritic 

segment length and calculating average number of spines/10 μm. These values were then 
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averaged to yield the number of spines/10 μm for each animal. Student’s t-test was used 

to evaluate statistical differences between treatment groups. Total spine population and 

counts of each spine class (stubby, filopodial, long thin, and mushroom) were summed 

for each treat- ment group. A χ2 test was used to determine significant differences in 

spine morphology. Spine branch number was calculated by summing the total number of 

spine branch points per dendritic segment length and averaging those values across all 

segments per brain region per animal. Student’s t-test was used to evaluate statistical 

differences between treatment groups. 

Vessicular glutamate transporter 1 and dopamine transporter density 

Z-stack images were reconstructed using the Surpass module of the Imaris software 

package (Bitplane Inc.).  The Spot function was used to define a region of interest that 

was 5 μm x 40 μm x 40 μm for a total volume of 8000 μm
3
.  The automated wizard 

within the Spot function was used to threshold intensity and size of fluorescent labeling 

obtained from immunofluorescent staining in thin tissue sections (Figure 15).  The total 

spot count was collected and used in a Bonferroni t-test to evaluate whether statistical 

differences existed between rostral-caudal dimensions or treatment groups. 
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Figure 15 

                               

 

 

 

RESULTS 

Sexual experience does not alter dopamine binding affinity 

Repeated sexual experience had no significant effect on dopamine binding affinity 

(Figure 16) to either dopamine D1 or dopamine D2 receptors in tissue homogenates from 

either the nucleus accumbens or caudate nucleus.   

Figure 16 

        

 

 

 

Figure 16: Dopamine D1 and D2 binding. No significant differences in 

binding for either dopamine D1 ([
3
H]SCH-23390) or D2 ([

3
H]spiperone) 

receptor sub-types in the (A) nucleus accumbens or (B) caudate were 

observed following repeated sexual experience in female hamsters. 

Figure 15.  DAT and VGLUT1 histology with spot analysis.  Compressed Z-

stack images (40 μm) with overlay of spot analysis (5 μm into Z-plane from tissue 

surface).  Spots were defined using the automated wizard within the Spot function 

of the Imaris software package, utilizing a fluorescence intensity threshold and 

background subtraction to identify labeled puncta. Scale bar = 5 μm. 
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Sexual experience does not alter dopamine receptor protein expression 

Western blots of either dopamine D1 or dopamine D2 receptor labeling were normalized 

to GAPDH (Figure 17).  Statistical analysis revealed no significant differences in 

dopamine D1 or D2 receptor expression following sexual experience in either the nucleus 

accumbens or caudate nucleus. 

Figure 17 

          

 

 

 

Sexual experience significantly increases spine density within the nucleus 

accumbens core 

Figure 18 shows representative dendritic segments from medium spiny neurons of the 

nucleus accumbens core from naïve females (Figure 18A) or females who received 

sexual experience once per week for 6 consecutive weeks (Figure 18B).  Images 

presented were taken under 63X oil immersion with 5.61X optical zoom.  Scale bar is 5 

µm. 

 

 

Figure 17: Western blotting.  No significant differences in total protein for 

either the dopamine D1 or D2 receptor were detected in either the (A) 

nucleus accumbens or (B) caudate following repeated sexual experience in 

female hamsters. 
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Figure 18 

           

 

 

 

A significant increase in spine density following repeated female sexual behavior was 

also observed in the medium spiny neurons of the nucleus accumbens core (t(14) =5.23, 

p<0.001, two tailed) (Figure 19A).  No significant changes in spine density were 

observed in the nucleus accumbens shell (Figure 19C) or caudate (data not shown) 

following the 6 week sexual experience paradigm. 

 

 

 

 

 

 

 

Figure 18: Dendritic segments of medium spiny neurons. Oil immersion 

images of dendritic segments of medium spiny neurons from the nucleus 

accumbens core from (A) sexually naïve or (B) sexually experience females.  

Scale bar = 5 μm. 
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Figure 19  

            

 

 

 

 

Increases in dendritic spine density are restricted to dopamine D1 receptor 

expressing medium spiny neurons 

In a parallel group of animals, potential co-localization of spine density changes and 

dopamine receptor expression was evaluated (Figure20).  Following sexual experience, 

significant increases in spine density were observed (t(6) =5.23, p<0.001, two tailed. 

Figure 21A) in the dopamine D1 receptor expressing population of medium spiny 

Figure 19: Spine density and morphology of medium spiny neurons from 

the nucleus accumbens core or shell. (A) Sexual experience significantly 

increased spine density of medium spiny neurons within the nucleus 

accumbens core (***p<0.001) and (B) significantly shifted spine morphology, 

reducing stubby spines (***p<0.001) with higher proportions of filapodial 

(****p<0.001) and long thin spines (*p<0.05). (C) Sexual experience had no 

significant effect on spine density of medium spiny neurons within the 

nucleus accumbens shell, however (D) significant increases in long thin spines 

(*p<0.05) with concurrent decreases in mushroom (**p<0.01) and stubby 

spines (***p<0.001) were identified. 
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neurons within the nucleus accumbens core with no significant differences in spine 

density observed in dopamine D2 receptor expressing medium spiny neurons (t(6) =0.63, 

p>0.05, two tailed. Figure 21B).  No significant differences in spine density in either 

dopamine D1 or D2 expressing medium spiny neurons were observed the nucleus 

accumbens shell (D1: t(6) =2.35, p>0.05, two tailed; D2: t(6) =2.263, p>0.05, two tailed). 

No significant differences in spine density were observed in dopamine D1 receptor 

expressing medium spiny neurons within the caudate (t(6) =0.07, p>0.05, two tailed), 

however, a small but significant increase in spine density of dopamine D2 receptor 

expressing medium spiny neurons was observed  following sexual experience (t(6) 

=2.666, p <0.05, two tailed). 
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Figure 20 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Colocalization of either dopamine D1 or D2 

immunolabeled medium spiny neurons with DiI. (A) DiI labeled 

medium spiny neuron from the nucleus accumbens core. (B) The same 

medium spiny neuron labeled for D1 receptors (arrow). (C) Overlay of 

images from (A) and (B) showing co-localization of DiI and D1 label. 

(D) Confocal image of a dendritic segment from the DiI/D1-positive 

medium spiny neuron shown in (C). (E) DiI labeled medium spiny 

neuron from the nucleus accumbens core, (F) labeled for D2 receptors 

(arrow). (G) Co-localization of DiI (E) and D2-positive (F) cell used to 

determine phenotype specific spine density. (H) Confocal image of a 

dendritic segment from the DiI/D1-positive medium spiny neuron shown 

in (G). Scale bar = 5 μm. 
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Figure 21 

         

 

 

 

 

 

Alterations to dendritic spine morphology following repeated sexual behavior 

Spines were classified into one of four categories in maturing order: stubby (least 

mature), filapodial, long thin or mushroom (most mature).  Summation of all four spine 

categories for a given treatment group provided normative values for the total spine 

number per treatment group, population counts for each spine subtype in a given brain 

region, as well as the percentage of total spine population. 

Figure 21: Spine density and morphology from either D1 or D2 

positive medium spiny neurons in the nucleus accumbens core. (A) 
Significant increases in spine density resulting from sexual experience 

were restricted to the dopamine D1 population (**p<0.001), (B) with no 

significant differences detected in the dopamine D2 population (p>0.05).  

(C) Shifts in spine morphology depicted in Figure 5B were isolated to the 

dopamine D1 population with significantly fewer stubby (****p<0.001) 

and mushroom (*p<0.05) spines with greater proportions of filapodial 

(****p<0.001) spines. (D) No significant differences in spine 

morphology were observed in the dopamine D2 population. 
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Following repeated sexual behavior, significant shifts in spine morphology were 

observed in all three brain regions that were analyzed.  Specifically, within the nucleus 

accumbens core, repeated sexual experience resulted in a significant reduction of stubby 

spines (χ
2

(1) = 77.45, p<0.001, two-sided), with concurrent significant increases in both 

filapodial (χ
2

(1) = 15.99, p<0.001, two-sided) and long thin spines (χ
2

(1) = 4.08, p<0.05, 

two-sided) (Figure 19B).  In the nucleus accumbens shell, as similar pattern of change 

was observed with significant decreases of stubby spines (χ
2

(1) = 11.48, p<0.001, two-

sided)  and significant increases of long thin spines (χ
2

(1) = 3.89, p<0.05, two-sided).  In 

addition to these changes, significant decreases in mushroom spines were also observed 

in the nucleus accumbens shell following repeated sexual behavior (χ
2

(1) = 7.10, p<0.01, 

two-sided) (Figure 19D).  In medium spiny neurons of the caudate of females who had 

received repeated sexual experience, significant decreases in the number of stubby spines 

were observed (χ
2

(1) = 10.10, p<0.01, two-sided) (data not shown), with no significant 

changes observed in any other spine subtype.   

Shifts in spine morphology occur within dopamine D1 receptor expressing medium 

spiny neurons 

Repeated sexual behavior significantly decreases stubby spines (χ
2

(1) = 24.03, p<0.001, 

two-sided) and mushroom spines (χ
2

(1) = 5.65, p<0.05, two-sided), with concurrent 

increases in filapodial spines (χ
2

(1) = 20.78, p<0.001, two-sided) within the dopamine D1 

population of medium spiny neurons in the nucleus accumbens core (Figure 21C).  No 

significant shifts in spine morphology were observed in the dopamine D2 receptor 

expressing population of the nucleus accumbens core (Figure 21D).  Within the nucleus 
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accumbens shell, a significant increase in filapodial spines (χ
2

(1) = 8.860, p<0.01, two-

sided) was observed in the D1 population, with a concurrent decrease in long thin spines 

(χ
2

(1) = 7.532, p<0.01, two-sided) and no significant changes in either stubby or 

mushroom spines.  A small but significant increase in mushroom spines was observed 

(χ
2

(1) = 5.019, p<0.05, two-sided) in the D2 population of the nucleus accumbens shell, 

with no significant changes in stubby, filapodial or long thin spine subtypes (data not 

shown).  The only effect of sexual experience on spine morphology that was observed in 

the dopamine D1 receptor expression phenotype of the caudate was a significant increase 

in stubby spine distribution (χ
2

(1) = 5.565, p<0.05, two-sided) in the D1 phenotype, with 

no significant differences in D1 filapodial, long thin or mushroom spines or D2 stubby, 

filapodial, long thin or mushroom spines (data not shown). 

Sexual experience significantly increases dopamine transporter expression in the 

caudal nucleus accumbens core  

To probe rostral-caudal differences of dopamine transporter innervation between naïve 

and experienced females, a Bonferroni t-test was used to probe possible interactions and 

revealed a main effect of experience on dopamine transporter in the caudal accumbens 

core (t(36) =2.74, p<0.05. Figure 22).  Rostral-caudal gradients in dopamine transporter 

expression were consistently observed in naïve animals. 
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Figure 22 

                                 

 

 

Sexual experience has no effect on vesicular glutamate transporter 1 innervation 

A Bonferroni t-test was used to determine whether there was an effect of experience on 

vesicular glutamate transporter 1 (VGLUT1) innervation.  No significant differences in 

VGLUT1 innervation were detected at any rostral-caudal level analyzed in either the 

nucleus accumbens or caudate, although graded expression of VLGUT1 was observed 

(data not shown).   

 

DISCUSSION 

Here we report that repeated exposure to female sexual behavior results in significant 

increases in spine density that are isolated to the dopamine D1 receptor expressing 

population within the nucleus accumbens core.  These increases in spine density are 

Figure 22: Increased dopamine transporter innervation following 

sexual experience.  Sexual experience resulted in significant increases 

in dopamine transporter in the caudal nucleus accumbens core (p<0.05).  
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accompanied by significant shifts in spine morphology, which are also isolated to the 

dopamine D1 receptor expressing population and found across the core and shell sub-

regions of the nucleus accumbens.  Structural plasticity within the mesolimbic system is 

known to result from various behavioral histories including male and female sexual 

behavior (Meisel and Mullins, 2006; Pitchers et al., 2009), environmental enrichment 

(Kolb et al., 2003a; Kolb et al., 2003b) and induction of salt appetite (Roitman et al., 

2002).  Here we add to that knowledge base with the first report of regional and 

phenotypic specific structural plasticity following exposure to a naturally motivated 

behavior. 

Alterations to Spine Structure 

It is well established that both the density and morphology of dendritic spines have strong 

correlations to the overall excitatory input into a given cell (Baude et al., 1995; Kasai et 

al., 2003; Lippman and Dunaevsky, 2005).  For example, greater spine densities for the 

most part indicate greater glutamatergic receptor densities, with more mature spine 

morphologies (Harris et al., 1992; McKinney et al., 1999), i.e. mushroom spines, 

providing greater functional synaptic contributions (Matsuzaki et al., 2001; Matsuzaki et 

al., 2004; Lippman and Dunaevsky, 2005; Hotulainen and Hoogenraad, 2010; Kasai et 

al., 2010). 

The increased dendritic spine density in the D1 population of medium spiny 

neurons superficially suggests increased glutamatergic drive localized to this neuronal 

population (Lippman and Dunaevsky, 2005; Hotulainen and Hoogenraad, 2010), an 
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observation mitigated by a shift in morphology towards filapodial and long thin spine 

subtypes.  These spine types, especially the filapodial, posses what are termed ‘silent 

synapses’ (Matsuzaki et al., 2001; Matsuzaki et al., 2004), in that they lack AMPA 

receptor insertion into the postsynaptic density.  Because these spines express a “full 

complement” of NMDA receptors, the suggestion is that neurons with “silent synapses” 

are poised to shift to an increased state of excitation when activated by a large 

depolarizing force (Matsuzaki et al., 2001; Matsuzaki et al., 2004).  What this may mean 

for female hamsters receiving repeated sexual experience is that the medium spiny 

neurons are in a dynamic, plastic state (Pitchers et al., 2012), which may be a cellular 

basis for persistent elevations in the efficiency of sexual interactions with males (Bradley 

et al., 2005a). 

 The idea that sexual experience produces an increase in silent synapses is 

consistent with our measurements of density of VGLUT1 innervation, which is primarily 

localized to cortical, hippocampal and amygdalar glutamatergic afferents (Fremeau et al., 

2001).  In this case, we saw no changes in glutamatergic afferent innervation as a 

function of sexual experience indicating that these spines may not be making new 

synaptic connections.    

Cell type specific alterations to the dopamine D1 population 

Few recent studies have demonstrated structural plasticity within the nucleus accumbens 

following such behavior as male or female sexual experience (Meisel and Mullins, 2006; 

Pitchers et al., 2009), or induction of salt appetite (Roitman et al., 2002).  Despite this 

knowledge, data relating to cell-type specific alterations to structure or function of the 
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mesolimbic circuit is virtually non-existent following natural behavior.  Conversely, it is 

well established that drugs of abuse activate the mesolimbic circuit, and in this literature, 

ensuing cell-type specific modifications are much clearer.    

 Reports of changes in spine density within the nucleus accumbens following drug 

treatments are consistent, but the specifics of cell-type and structural persistence vary 

depending on duration of administration and the time point at which spines were 

analyzed (Li et al., 2004; Lee et al., 2006; Shen et al., 2009; Dobi et al., 2011; Kim et al., 

2011).  When spine densities are evaluated immediately following extended 

administration of cocaine, increases in spine density have been reported to occur in both 

dopamine D1 and D2 populations of medium spiny neurons (Lee et al., 2006), while 

others report increases that are restricted to the dopamine D1 population (Dobi et al., 

2011; Kim et al., 2011).  Many experimental parameters can impact this outcome such as 

duration of cocaine treatment and/or withdrawal period, but the commonality among 

these studies is that persistent increases in spine density are isolated to the dopamine D1 

population of medium spiny neurons (Lee et al., 2006; Kim et al., 2011).  Thus, the 

prolonged increases in spine density of dopamine D1 medium spiny neurons following 

reproductive experience indicates a mechanism through which naturally occurring life 

events can create vulnerability for drug addiction (Hedges et al., 2010). 

 In addition to cell-type specific alterations to the structure of medium spiny 

neurons, it is clear that repeated exposure to drugs of abuse such as cocaine has the 

capacity to alter electrophysiological properties of medium spiny neurons in a cell-
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specific manner (Dobi et al., 2011; Kim et al., 2011).  Recent electrophysiological work 

performed in slices from mice that underwent repeated cocaine treatment reveal 

significant reductions in membrane excitability occurring simultaneously with significant 

increases in frequency of miniature excitatory postsynaptic currents which were isolated 

to dopamine D1 medium spiny neurons (Kim et al., 2011).  In contrast, dopamine D2 

receptor expressing medium spiny neurons display a decreased frequency of miniature 

excitatory postsynaptic currents with no change in excitability (Kim et al., 2011).  These 

alterations to intrinsic membrane properties as well as basal synaptic transmission 

required prolonged treatment with cocaine, as they were not induced following a single 

treatment.  These results suggest that repeated cocaine treatment induces differential 

physiological alterations in dopamine D1 vs D2 receptor expressing medium spiny 

neurons.  Given analogous changes in the structure of dopamine D1 medium spiny 

neurons following either sexual experience or cocaine administration, an important 

question remains as to whether similar cell-type specific alterations in electrophysiology 

would be mirrored in dopamine D1 neurons following sexual behavior and what 

neurobiological component might be driving these functional and structural changes. 

Dopamine sensitization 

During sexual behavior in female rats and hamsters dopamine is released in the nucleus 

accumbens (Mitchell and Stewart, 1989; Damsma et al., 1992; Mermelstein and Becker, 

1995; Fiorino and Phillips, 1999; Kohlert and Meisel, 1999), an effect that is augmented 

by prior sexual experience (Mitchell and Stewart, 1989; Damsma et al., 1992; 

Mermelstein and Becker, 1995; Fiorino and Phillips, 1999; Kohlert and Meisel, 1999).  
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Although dopamine sensitization within the accumbens is a well established component 

of naturally motivated behaviors (Mitchell and Stewart, 1989; Damsma et al., 1992; 

Mermelstein and Becker, 1995; Bassareo and Di Chiara, 1999a, 1999b; Fiorino and 

Phillips, 1999; Kohlert and Meisel, 1999), very little literature exists regarding alterations 

to the function of the mesolimbic circuit that could account for this sensitized dopamine 

response.   

 One possibility that could lead to this sensitized dopamine response would be that 

sexual experience could affect patterns of afferent dopaminergic innervation to the 

nucleus accumbens.  Ultrastructural analysis of 3-dimensional reconstructions indicates 

that dopamine terminals synapse approximately every 1 micron throughout striatal 

neurons (Moss and Bolam, 2008).  In addition, in vivo imaging of axonal boutons in 

neocortex have demonstrated that although a subpopulation of boutons appear and 

disappear, the overall densities remain stable (Holtmaat et al., 2008).  Despite the 

apparent stability of dopaminergic inputs onto target neurons we found significant 

increases in the expression of dopamine transporter within the caudal nucleus accumbens 

core following sexual experience.  Our tentative view at this point is that dopaminergic 

inputs are indeed affected by sexual experience, though this is a finding that certainly 

needs verification by other methods. 

Implications of structural changes on cellular function 

The isolation of the structural effects of sexual experience to dopamine D1 responsive 

medium spiny neurons has a number of implications, one of which is related to 

intracellular signaling.  Synaptic dopamine can bind to dopamine D1 receptors, 
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traditionally coupled to a Gαs/olf regulatory subunit, resulting in increased intracellular 

cAMP, a cellular response that is traditionally viewed as excitatory (Neves et al., 2002; 

Girault and Greengard, 2004).  In contrast, activation of the Gαi coupled dopamine D2 

receptor reduces cAMP levels and thereby are considered inhibitory (Neves et al., 2002; 

Girault and Greengard, 2004).  As the medium spiny neurons of the nucleus accumbens 

are generally segregated into one of these two phenotypes, each contributing 

approximately half of the overall neuronal population, the differential D1 and D2 

neuronal responses to dopamine is well positioned to determine nucleus accumbens 

neural throughput (Ungless and Grace, 2012).     

 It is interesting in this context that repeated sexual experience affects the coupling 

of dopamine D1 receptors to stimulatory G proteins, such that equimolar concentrations 

of dopamine yield greater cAMP accumulation in nucleus accumbens homogenates from 

sexually experienced females compared with homogenates from  naïve females (Bradley 

et al., 2004).  One hypothesis to account for these differences in cAMP activation is that 

sexual experience could increase expression of D1 receptor.  We tested this possibility 

using a receptor binding assay in tissue homogenates from sexually experienced and 

naïve females in parallel with Western blot measurements of total receptor protein.  In 

fact, sexual experience does not yield either changes in binding of either the dopamine 

D1 or D2 receptor or changes in receptor proteins.  Dopamine D1 super-sensitivity 

manifest intracellularly via increases in cAMP accumulation is a well described 

phenomenon that occurs following repeated activation of either dopamine D1 or D2 

receptors (Breese et al., 1987; Missale et al., 1989; Hu et al., 1992) and could easily 



 

 93 

account for the augmented cAMP response we observe following repeated sexual 

behavior.  Separate literature has described activation of cAMP and subsequent 

downstream phosporylation of the nuclear cAMP responsive element binding protein 

(pCREB) as a necessary step in new dendritic spine growth (Murphy and Segal, 1997; 

Segal and Murphy, 1998).  Thus it appears that this augmented intracellular signaling 

could be one step in the mechanistic basis for the persistent alterations to the dendritic 

structure of dopamine D1 medium spiny neurons. 

Broader implications 

Collectively, the results of our research would implicate dopamine release acting 

preferentially on D1 containing medium spiny neurons in the core of the nucleus 

accumbens to produce persistent structural changes.  The fact that these cellular events 

occur primarily in the core of the nucleus accumbens suggests an anatomical link to 

regions of the dorsal striatum regulating the transition from voluntary action to 

compulsive habit (Everitt and Robbins, 2005; Everitt et al., 2008; Belin et al., 2009).  

Perhaps the cellular events that underlie sexual behavior form a mechanism for the 

rewarding consequences (Oldenburger et al., 1992; Meisel and Joppa, 1994; Martinez and 

Paredes, 2001; Jenkins and Becker, 2003a; Gonzalez-Flores et al., 2004; Parada et al., 

2010) of sexual experience as well as altering patterns of sexual interactions with males 

that would be predicted to increase reproductive success (Bradley et al., 2005a; Hedges et 

al., 2009).  At this intersection of reward and behavior, it is of particular note that the 

plasticity observed following female sexual behavior occurs within the core of the 

nucleus accumbens, sensitizing the mesolimbic circuitry one step towards the neural 
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transition from voluntary to automated processes (Everitt and Robbins, 2005; Belin et al., 

2009).  It is ironic that these mechanisms of behavioral plasticity that have adaptive 

consequences for an individual’s natural biology may simultaneously create a trigger for 

behavioral pathologies, such as addiction, nested in this circuitry (Hedges et al., 2010).  
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CHAPTER 5 

Overall Discussion and Conclusion 
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 The work of this dissertation has demonstrated that the steroid hormone, estradiol, and 

female sexual experience can induce significant structural changes that are restricted to 

the core of the nucleus accumbens.  Estradiol treatment, which is necessary to produce 

sexual behavior in females, results in significant reductions of spine density within the 

nucleus accumbens core.  Conversely, repeated sexual experience results in significant 

increases in spine density that are isolated to the dopamine D1 receptor population of 

medium spiny neurons within the nucleus accumbens core.  No significant changes of 

vesicular glutamate 1 innervation were detected as a result of repeated sexual experience.  

Evaluation of dopamine transporter revealed that sexual experience resulted in significant 

increases that were isolated to the caudal nucleus accumbens core. 

 It is clear from this work and others that experience with naturally motivated 

behaviors result in significant cellular, behavioral and morphological plasticity within the 

mesolimbic circuit (Bradley and Meisel, 2001; Colantuoni et al., 2001; Colantuoni et al., 

2002; Roitman et al., 2002; Avena and Hoebel, 2003a, 2003b; Avena et al., 2004; Avena 

et al., 2005; Bradley et al., 2005b; Rada et al., 2005; Meisel and Mullins, 2006; Avena et 

al., 2008; Pitchers et al., 2009; Pitchers et al., 2010; Pitchers et al., 2012).  The 

presumption is that these plastic changes lay the mechanistic foundation for changes in 

behavior that are biologically advantageous. 

Behavioral plasticity 

In our sexual experience paradigm, female hamsters learn subtle adjustments in their 

sexual behavior posture such that it increases the copulatory efficiency with the males 

(Bradley et al., 2005a).  This change in copulatory efficiency is inferred to have the 
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biological impact of increasing reproductive success.  One biochemical candidate that 

could underly this behavioral plasticity is a transcription factor, ΔFosB, a member of the 

Fos family of transcription factors (Chen et al., 1997).  ΔFosB is uniquely stable and has 

been shown to accumulate over time consequent to experience with a number of natural 

behaviors including male (Wallace et al., 2008; Pitchers et al., 2010) and female (Meisel 

and Mullins, 2006; Hedges et al., 2009) sexual behavior, wheel running (Werme et al., 

2002), sucrose intake (Wallace et al., 2008) and instrumental responding for food 

(Olausson et al., 2006).  ΔFosB also accumulates with repeated exposures to drugs of 

abuse and is implicated in enhancing motivation and reward of these behaviors (Nestler, 

2001). Work from our laboratory (Hedges et al., 2010) indicates the aforementioned 

behavioral plasticity can be augmented or “sped up” by the over-expression ΔFosB in the 

nucleus accumbens.  For example, over-expression of ΔFosB decreased the number of 

pairings necessary to induce conditioned place preference (a measure of sexual reward) 

and facilitated copulatory interactions with males, together indicating that augmenting the 

normal biochemical plasticity of the mesolimbic circuit can enhance behavioral plasticity 

that is observed following natural behavioral experiences.  Just as augmenting normal 

biochemical processes enhances behavioral plasticity, the converse appears to be true as 

well.  Experiments involving male sexual behavior which prevented the normal activation 

of ΔFosB through inactivation by a dominant negative dimerization partner demonstrate 

that the function of ΔFosB is necessary for the normally observed facilitation of sexual 

behavior observed over time (Pitchers et al., 2010).  Together, these data suggest that the 

biochemical changes that occur following a natural behavior such as sexual behavior my 
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lay the neural ground work for adaptations in behavior that could be advantageous to the 

animals’ future interactions. 

Structural plasticity 

The work described above demonstrates a clear link between certain aspects of cellular 

plasticity which are necessary for later behavioral plasticity, but it is less clear in the case 

of structural plasticity.  Although structural plasticity is reported following both natural 

reward (Roitman et al., 2002; Meisel and Mullins, 2006; Pitchers et al., 2009) and drugs 

of abuse (Li et al., 2004; Ferrario et al., 2005; Lee et al., 2006; Kim et al., 2011) the 

functional purpose these new spines serve is not really known.  Within the drug literature 

there have been many attempts to identify and disrupt the driving forces behind observed 

increases in spine density.  Various groups have demonstrated that by blocking cocaine-

induced alterations of the function of dopamine transporter (Martin et al., 2011), the 

small GTPase, Rac1 (Dietz et al., 2012), or the transcription factor, MEF2 

(Pulipparacharuvil et al., 2008), cocaine’s effects on increasing dendritic spine density 

can be eliminated.  Although these data do demonstrate regulation of cocaine-induced 

spine density, the impact of manipulating these structural changes on measures of 

behavioral plasticity following cocaine treatment was not measured.   

Many molecular markers are altered as a result of repeated exposures to drugs like 

cocaine (Kumar et al., 2005; Renthal et al., 2009; Russo et al., 2009; Maze et al., 2010), 

but far fewer are positioned to play a role in structural plasticity.  One downstream target 

of ΔFosB, histone methyltransferase G9a, is downregulated following repeated exposures 

to cocaine (Maze et al., 2010).  Using conditional mutagenesis and viral-mediated gene 
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transfer, Maze and colleagues overexpressed G9a, reversing the normal pattern of 

increased dendritic spine density of nucleus accumbens neurons and enhanced 

conditioned place preference for cocaine (Maze et al., 2010), thus linking increases in 

spine density within the nucleus accumbens to the enhanced conditioned place preference 

that is observed following repeated cocaine treatments.   

Contribution of a second downstream target of ΔFosB, cyclin-dependent kinase-5 

(Cdk-5) (Bibb et al., 2001; Kumar et al., 2005) to structural and behavioral plasticity has 

been implicated.  Cocaine-induced increases in dendritic spine density were attenuated in 

rats receiving 28 consecutive days cocaine treatment in conjunction with daily infusions 

of the Cdk-5 inhibitor, roscovitine (Norrholm et al., 2003).  In separate work by the same 

group, inhibiting Cdk-5 in the nucleus accumbens, again with roscovitine, significantly 

enhanced cocaine-induced locomotor sensitization and conditioned reinforcement as 

determined by lever responses in a self-administration paradigm (Taylor et al., 2007).  

Together these data demonstrate that inhibition of Cdk-5 function by roscovitine blocks 

cocaine-induced increases in dendritic spine density and enhance cocaine-induced 

locomotion and motivation for drug, suggesting that new spine formation may be 

“protective” to cocaine-induced increases in locomotion and motivation for drug. 

A second transcription factor implicated in addiction, nuclear factor kappa B 

(NFĸB), is rapidly activated by cocaine treatment and has an established role in 

modulating the expression of many genes linked to cellular structure (Ang et al., 2001).  

Viral-mediated gene transfer which constitutively activated NFĸB resulted in significant 

increases of dendritic spine density within the nucleus accumbens (Russo et al., 2009).  
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Conversely, expression a dominant negative construct that prevented the activation of 

NFKB was able to eliminate both cocaine-induced increases in spine density as well as 

block the rewarding effects of cocaine as indicated by the disruption of conditioned place 

preference (Russo et al., 2009).  Although all valuable and elegant studies, the genetic 

targets, whether histone methyltransferase G9a, Cdk-5 or NFĸB, are all positioned to 

orchestrate any number of complex cellular interactions outside of simply directing actin 

dynamics at the level of the spine.  Therefore, the question still remains as to whether the 

structural plasticity observed following drug treatment or natural reward in fact plays a 

role in the behavioral plasticity observed. 

In perhaps the most direct assessment of spine functionality, Toda and colleagues 

(2010) demonstrated that direct inhibition of actin polymerization with a micro-injection 

of latrunculin into the nucleus accumbens prevented cocaine-induced increases in spine 

density associated with withdrawal as well as increases in spine head diameter following 

cocaine challenge (Toda et al., 2010).  This same treatment was able to inhibit the 

sensitized locomotor response that was observed in control animals (Toda et al., 2010).  It 

is of note that inhibition of spine formation via inhibition of Cdk-5 vs direct inhibition of 

actin polymerization had opposing effects on behavior, such that roscovitine treatment 

augmented cocaine-induced locomotor response (Taylor et al., 2007) where latrunculin 

treatment inhibited the cocaine-induced locomotor response (Toda et al., 2010).  

Although both roscovitine and latrunculin successfully inhibited spine formation, these 

behavioral data are contradictory, suggesting that the behavior effects observed with 
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roscovitine treatment could result from the promiscuity of Cdk-5 and not the direct 

impact that Cdk-5 has on spine dynamics. 

Pathological Behavior? 

Regarding both natural behaviors and drugs of abuse, sensitization, whether behavioral or 

cellular, appears to require a particular pattern of repeated exposures to the rewarding 

stimuli over a condensed period of time (Robinson et al., 1988; Kohlert and Meisel, 

1999; Colantuoni et al., 2001; Colantuoni et al., 2002; Avena and Hoebel, 2003a; Avena 

et al., 2004; Avena et al., 2005), leading to the question of whether a particular behavioral 

pattern (independent of the specific behavior) induces these forms of plasticity?  If we 

evaluate the pattern of mating that is used in laboratory models (e.g., 5 consecutive days 

of sexual interactions for males or 1 sexual interaction/week for 6 weeks for females) we 

can compare this with the presumed frequency of sexual interactions in the wild.  The 

situation is not so clear with males, as it is conceivable that male rats could mate daily.  

For female hamsters the calculations are clearer.  Once mated, female hamsters have an 

average gestation of 16 days  (Purdy and Hillemann, 1950; Krehbiel, 1952; Soderwall et 

al., 1960), with the offspring weaned about 3-4 weeks later.  If the females mated within 

the next 4 days, this would mean that a female hamster would typically mate perhaps 

once (rather than 6 times) every 6 weeks.  Over the course of a breeding season, the 

female could be expected to mate perhaps 3-4 times.  Because we prevent pregnancy in 

our laboratory females, we can compress the time between matings yielding a “binge-

like” pattern of mating that may yield the behavioral and cellular sensitization we 

observe. 
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 We can further consider a more common form of binging in the context of food 

intake.  Animals must eat to live and it has been demonstrated that food intake does 

activate the mesolimbic system, resulting in release of dopamine within the nucleus 

accumbens (Di Chiara and Tanda, 1997; Bassareo and Di Chiara, 1999a, 1999b).  So why 

isn’t every animal “addicted” to food?  Although dopamine is released at the initiation of 

a meal, dopamine levels fall back to baseline over the course of a meal (Di Chiara and 

Tanda, 1997; Bassareo and Di Chiara, 1999a, 1999b).  In this regard, evaluating the 

neurobiological alterations to the mesolimbic circuit that occur over transition from 

“normal” to “binge-like” eating behavior provide a powerful means of assessing both 

normal and pathological function and the associated plasticity.  Food restriction models, 

with intermittent access to highly palatable foods such as sucrose, are commonly used as 

a means of inducing binge-like eating behaviors (Colantuoni et al., 2001; Colantuoni et 

al., 2002; Avena and Hoebel, 2003b; Avena et al., 2004; Avena et al., 2005).  

Microdialysis of sucrose-dependent rats demonstrates that food restriction with 

intermittent access to sucrose can induce a sensitized dopamine response in the nucleus 

accumbens (Rada et al., 2005) similar to that which is seen following sexual experience 

(Mitchell and Stewart, 1989; Pfaus et al., 1990; Damsma et al., 1992; Mermelstein and 

Becker, 1995; Pfaus et al., 1995; Fiorino and Phillips, 1999; Kohlert and Meisel, 1999) or 

drugs of abuse (Robinson et al., 1988; Hooks et al., 1992).  It is of note that sucrose 

dependency and dopamine sensitization only occurs following prolonged food restriction 

with daily intermittent access to sucrose following food deprivation, again suggesting that 
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it is not the behavior itself, but the condensed binge pattern of behavior that elicits these 

plastic changes within the mesolimbic circuit. 

 Like these examples of natural behaviors, simple experience with drugs does not 

produce changes in neural plasticity or pathological responses to drugs, e.g., sensitization.  

In fact it would be surprising to most people to learn that only a minority of drug (e.g., 

cocaine) users ever become addicted (United, 2008).  In vivo microdialysis studies have 

demonstrated that a single exposure to a drug of abuse, such as cocaine, will induce 

dopamine release within the nucleus accumbens (Di Chiara and Imperato, 1988), 

however a “sensitized” dopamine response requires repeated treatment over a condensed 

period of time (Robinson et al., 1988).  Persistent cellular adaptations, such as alterations 

the electrophysiological profile (Dobi et al., 2011; Kim et al., 2011) or alterations to spine 

density (Li et al., 2004; Lee et al., 2006; Dobi et al., 2011; Kim et al., 2011; Li et al., 

2012) that are often associated with the pathology of drug addiction are not present after 

a single treatment and similarly require repeated exposure to the drug of abuse over a 

condensed period of time,  together suggesting there is something unique to the plasticity 

associated with this binge-like behavior. 

 Another integral component of behavioral or drug-induced plasticity concerns the 

cellular and molecular consolidation that occurs following a behavioral experience, and 

in the drug literature is termed “withdrawal”.  In the case of drug treatment, acute 

treatments appear to produce transient effects on behavior or synaptic plasticity  

(Boudreau and Wolf, 2005).  Conversely, repeated, prolonged treatment has the capacity 

to induce enduring elevations of behavioral sensitization and synaptic plasticity (Ferrario 
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et al., 2005), and withdrawal from these prolonged treatments seem not to ameliorate, but 

augment these effects.  These observations demonstrate that repeated intermittent 

experience with drugs or natural behaviors (Fiorino and Phillips, 1999; Bradley and 

Meisel, 2001; Afonso et al., 2009) produces an enduring hyper-responsivity to drugs of 

abuse (Segal, 1975; Post and Rose, 1976; Robinson and Becker, 1986).  Because most 

drug users relapse at some point following treatment for drug abuse (United, 2008), it 

seems paradoxical to think that drug treatment programs could actually be promoting 

patterns of neural plasticity that promote an individual’s addiction. 

Final thoughts 

The work in this dissertation adds to our ever changing views of the malleability 

of the brain and how this underlying plasticity can be biologically adaptive.  

Synaptic plasticity is an essential component of motivated and other learned 

behaviors, which contribute to animals successfully navigating their day-to-day 

environment.  Just as clear, however, is that this plasticity can have a similar 

impact on motivated behaviors that have detrimental outcomes, as highlighted 

by addictive behavioral patterns.  It will be necessary to identify cellular, 

molecular and structural alterations that form the basis for adaptive behaviors 

and distinguish them from patterns of plasticity unique to the development of 

maladaptive behaviors.  In this way therapeutic approaches can be developed 

that specifically target disease states, while sparing behavioral patterns that are 

important for daily like. 
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