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Abstract 

Astrocytes are the most numerous glial cell of the brain, and are implicated in various psychiatric 

disorders including addiction. Previous research on male rats demonstrates cocaine-induced 

changes in surface area, volume, and synaptic colocalization in astrocytes of the nucleus 

accumbens (NAc), a reward center of the brain. However, it is unknown whether the effects of 

cocaine on astrocytes in male rats are also observed in females. Thus, the goal of my Honors 

Thesis was to test the hypothesis that prolonged abstinence following cocaine self-administration 

(SA) would lead to a reduction in morphometric features and synaptic colocalization of NAc 

astrocytes in female rats. Twenty-four female Sprague-Dawley rats underwent 10-days of long-

access (6 h/day) self-administration of cocaine or saline, followed by 45 days of abstinence. 

Fluorescently-labelled astrocytes in the NAc were imaged and analyzed for morphological 

properties and synaptic colocalization. My results revealed no significant differences between 

saline and cocaine groups in astrocyte morphology and synaptic contact, suggesting the effects of 

cocaine on astrocytes in male rats do not extend to females. This study demonstrates a sex 

difference in the cellular effects of cocaine self-administration, and indicates that female 

astrocytes may display protective factors against cocaine-induced astrocyte retraction.   
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Introduction 

Astrocytes 

The term astrocyte is derived from a Greek word meaning “star,” which alludes to an 

astrocyte’s many fine projections that encapsulate blood vessels and contact neighboring 

neurons. Astrocytes are the most numerous glial cell of the brain, and are essential to central 

nervous system function (Sofroniew & Vinters, 2010; Volterra & Meldolesi, 2005). For example, 

astrocytes perform integral roles in synaptic development and function, and in the regulation of 

blood flow and energy levels among neurons (Allen & Barres, 2009; Kim, Healey, Sepulveda-

Orengo, & Reissner, 2018; Sofroniew & Vinters, 2010).  

Communication among astrocytes has been observed, as well as bidirectional 

communication with neurons (Allen & Barres, 2009). Communication with neurons and 

synapses allow astrocytes to play a significant role in synaptic function; astrocytes can respond 

to neuronal activity with calcium signals, and can participate in the uptake and release of 

neurotransmitters such as glutamate (Berlinguer-Palmini et al., 2014; Kalivas, 2009; Scofield, 

2018). Thereby, the term “tripartite synapse” was coined, as reflection of the integral role that 

astrocytes play in synaptic function and plasticity (Araque, Parpura, Sanzgiri, & Haydon, 1999).  

Among the additional ways in which astrocytes communicate with and modulate synaptic 

function is regulation of glutamate homeostasis, which is defined as the balance of extracellular 

glutamate between the synapse and extrasynaptic space (Kalivas, 2009). Astrocytes express the 

cystine-glutamate exchanger (xC-), which releases glutamate into the extracellular space, in a 1:1 

exchange for cystine uptake (Paixao & Klein, 2010). Astrocytes also predominantly express 

GLT-1, the primary high-affinity glutamate transporter (Anderson & Swanson, 2000). GLT-1 is 

responsible for clearing glutamate from the synaptic space, and thereby protects neurons from 
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overstimulation and excitotoxicity (Soni, Reddy, & Kumar, 2014). Both of these mechanisms, 

though appearing to play contradicting roles, are critical in the maintenance of glutamate 

homeostasis. Glutamate homeostasis is impaired in various neurological processes and 

psychiatric disorders, including drug abuse and relapse, implicating a role for astrocytes in these 

conditions (Kim, Healey, et al., 2018; Paixao & Klein, 2010). 

Astrocytes and Addiction  

Addiction, defined clinically as a substance use disorder, is characterized by 

preoccupation with drug use and compulsive drug-seeking despite negative consequences 

(American Psychatric Association, 2013). At the neural level, addiction is largely characterized 

as a disorder of drug-induced neuronal plasticity (Kalivas, 2009). In other words, the chronic use 

of a psychoactive drug results in modifications at the cellular and molecular level within the 

brain’s reward circuitry, which are believed to mediate the behaviors characteristic of a 

substance use disorder.  

Research on the biological underpinnings of relapse to drug use have focused primarily 

on the corticostriatal circuit, and how drugs of abuse modify this pathway. For instance, chronic 

cocaine use results in changes in glutamate homeostasis in the nucleus accumbens (NAc), a 

seminal reward region of the brain (Kalivas, 2009; Reissner & Kalivas, 2010). This disruption in 

glutamate homeostasis is likely to be due to a combination of various mechanisms, including 

astroglial uptake by GLT-1 and release of extracellular glutamate by xC- (Kalivas, 2009).  

Animal studies have revealed a significant reduction in basal extracellular glutamate 

levels in the NAc following cocaine self-administration and withdrawal (McFarland, Lapish, & 

Kalivas, 2003), which has been attributed to the downregulation of the cystine-glutamate 
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transporter (xC-) (Moran, McFarland, Melendez, Kalivas, & Seamans, 2005). In contrast, 

following chronic cocaine use, a reinstatement/ relapse event causes an efflux of glutamate into 

the synaptic space (Reissner & Kalivas, 2010), where this physiological response has been linked 

to the decreased expression of GLT-1 in the NAc (Kim, Sepulveda-Orengo, Healey, Williams, & 

Reissner, 2018; Reissner & Kalivas, 2010). GLT-1 as well as xC- are demonstrated to be critical 

mechanisms in cocaine relapse. For example, ceftriaxone has been identified as an effective 

intervention to attenuate cocaine relapse, by upregulation of GLT-1 and xC- in the NAc, an 

effect blocked by pharmacological knockdown of GLT-1 and xC- (LaCrosse et al., 2017; 

Trantham-Davidson, LaLumiere, Reissner, Kalivas, & Knackstedt, 2012). Further, recent studies 

have demonstrated the experience of withdrawal from cocaine as a requirement for the observed 

decrease in gene expression of GLT-1 in the NAc of male rats (Kim, Sepulveda-Orengo, et al., 

2018). This disruption in glutamate homeostasis, accompanied by a reduction in the expression 

of astroglial glutamate transporters and exchangers in the NAc following cocaine intake, 

highlight the importance of astrocytes in cocaine addiction and relapse (Baker et al., 2003; 

Kalivas, 2009).  

Along with an impairment in astrocyte-mediated mechanisms critical to maintaining 

glutamate homeostasis, chronic cocaine use induces morphological changes in astrocytes 

(Scofield et al., 2016). Short-access (2h/day) self-administration of cocaine followed by 

extinction training results in a reduction in size, volume, synaptic contact, and GFAP expression 

of astrocytes in the NAc (Scofield et al., 2016).  Interestingly, these drug-induced changes 

observed are specific to the NAc, and require the period of extinction or withdrawal (Testen, 

Sepulveda-Orengo, Gaines, & Reissner, 2018). This finding by Testen et al. suggests that the 

cocaine-induced changes in NAc astrocytes are directly related to the experience of withdrawal 
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from cocaine (Testen et al., 2018). Further, unpublished data from the Reissner lab has revealed 

that long access (6 h/day) to cocaine self-administration followed by forced abstinence of 45 

days has a profound effect (~40% reduction) on astrocyte morphology in male rats, suggesting 

these drug-induced changes are long lasting and do not repair over time. However, there is no 

data available on whether this same effect occurs in female rats. In fact, overall, there is a current 

lack of data on how the female brain, and particularly female astrocytes, respond to drugs.   

Sex Differences 

Animal models of addiction have revealed that females demonstrate differences in 

cocaine-seeking behavior in comparison to their male counterparts. In self-administration, 

females tend to have increased lever pressing, though infusion intake tends to be similar among 

groups (Fuchs, Evans, Mehta, Case, & See, 2005). Males and females tend to have a similar 

behavioral response to cocaine, and have similar levels of c-Fos in response to cocaine-

conditioned cues (Zhou et al., 2014). Nevertheless, there are opposing findings on the sex 

differences in conditioned place preference (CPP) of cocaine. For example, Becker et al. 

(Becker, Perry, & Westenbroek, 2012) found that female rats develop CPP to lower doses of 

cocaine, and have higher levels of reinstatement at higher doses of cocaine when compared to 

males. Fuchs et al. (Fuchs et al., 2005), on the other hand, found that females trained on higher 

doses of cocaine had lower levels of reinstatement than males.  

Estrogen levels have been proposed to play a role in drug-seeking behavior, but a 

consensus among the scientific community does not exist. However, recent studies are 

highlighting potential sex differences dependent upon sex hormones. For instance, Johnson et al. 

(Johnson et al., 2019) revealed an increased vulnerability to drug cues during the estrus phase of 

the rat estrous cycle, when estrogen levels are elevated. Specifically, female rats in estrus 
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exhibited heightened motivation to administer cocaine, measured by increased behavioral 

response to cues, and increased activation of the NAc (Johnson et al., 2019). In addition, the 

intervention of ceftriaxone failed to attenuate cocaine seeking in females in estrus, in comparison 

to males as well as females in other phases (Bechard, Hamor, Schwendt, & Knackstedt, 2018). 

These recent findings suggest that females in estrus display increased vulnerability to addiction 

and relapse (Bechard et al., 2018; Johnson et al., 2019), and highlight the need for further 

research on how the female brain responds to drugs, as many questions on sex differences in 

drug use and addiction remain. 

The Current Study 

To address this gap in the literature, the current study was designed to investigate the 

morphological properties of astrocytes in the NAc of female rats following long access to 

cocaine followed by forced abstinence. This project utilized the rodent model of cocaine self-

administration for 10 days, followed by 45 days of forced abstinence, the same behavioral 

paradigm which has a ~40% reductive effect on morphometric features and synaptic 

colocalization of NAc astrocytes in male rats (Kim et al., unpublished observations). Self-

administration is considered to be a valid representation of human drug abuse, as the subjects 

control their intake (Panlilio & Goldberg, 2007). The animal is trained to administer a drug by 

pressing an active lever, which is accompanied by auditory (tone) and visual (light) cues. Active 

lever pressing is an operant response to the reinforcing properties of the drug, thereby allowing 

for measurement of the rate of intake and escalation, as well as the motivation to administer the 

drug.  

All animals in this study received chronic indwelling catheters as well as a viral 

microinjection containing DNA encoding Lck-GFP, a fluorescent tag for astrocytes, to allow for 
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individual cell imaging under the control of an astrocyte-specific promoter. Two groups—the 

control and experimental group—had the same behavioral experience but the control group 

received the non-rewarding infusion of saline rather than cocaine. After self-administration and 

abstinence, sections of the nucleus accumbens were taken from each animal and 

immunohistochemistry was performed. Fluorescently-labelled astrocytes were imaged and 3D 

reconstructed for quantitative analysis of properties including surface area, volume, and synaptic 

contact. I hypothesized that I would observe a similar effect of cocaine on the morphological 

properties of astrocytes in the NAc of female rats following cocaine self-administration and 

abstinence, indicating that this is a conserved phenomenon, independent of sex differences. 
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Methods 

Animal Care and Procedures 

Animal Care. Twenty-four adult female Sprague-Dawley rats (200-225 g, upon arrival) 

were purchased from Envigo. Upon arrival, rats were housed in individual, temperature and 

humidity-controlled cages, at an Association for Assessment and Accreditation of Laboratory 

Animal Care International (AAALAC) approved facility. Rats were on a 12-hour reverse light-

dark cycle (dark 7A.M. – 7P.M.), with all procedures performed during the dark cycle. All 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of North Carolina at Chapel Hill, and followed NIH guidelines.  

Surgical Procedures. Rats were anesthetized with ketamine (100 mg/ml), xylazine 

(7mg/ml), and given meloxicam analgesia (4 mg/ml). Catheters were implanted into the right 

jugular vein for intravenous administration, with an exit on the back and medial to the shoulder 

blades. Catheters were flushed with an antibiotic gentamicin (100 mg/ml, 0.1 ml) and an 

anticoagulant heparin (100 U/ml, 0.1 ml), daily, throughout self-administration. Catheter patency 

was confirmed before self-administration with propofol (1 mg/ 0.1 ml). Immediately following 

catheter implantation, rats received microinjections of an adeno-associated virus (AAV) 

containing Lck-GFP to fluorescently label astrocytes under control of the GfaABC1D promoter 

(Scofield et al., 2016; Testen et al., 2018). Rats were secured into a stereotaxic instrument, and 

the virus was injected bilaterally into the nucleus accumbens core (NAc, 6°, coordinates (mm): 

+1.5 anterior/posterior, +2.6 medial/lateral, -7.2 dorsal/ventral). The virus was infused at 1 µl per 

injection site, at a rate of 0.1 µl/min through a 26-gauge injection cannula. Microinjections were 

followed by a 15-minute diffusion time and a slow removal of the injection cannula over 1-2 
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minutes to ensure the virus dispersed into the region of interest. Rats were given one week of 

post-operative recovery before behavioral testing. 

Estrous Samples. Vaginal swabs were taken from each rat for determination of the stage 

in the estrous cycle, starting four days prior and on the day the rats were sacrificed. Cotton-

tipped applicators (Medline), softened with saline, were inserted slightly into the vagina to 

collect vaginal fluid. Two samples from each animal were collected, and transferred onto glass 

slides. The slides were treated for Wright’s stain, and examined under a light microscope (Nikon 

Eclipse 50i) at 10X to identify cell types (Cora, Kooistra, & Travlos, 2015; Goldman, Murr, & 

Cooper, 2007). 

The stage of the estrous cycle was defined by the relative abundance of each cell type: 

neutrophils, nucleated epithelial cells, and anucleated keratinized epithelial cells (Cora et al., 

2015). Images were analyzed with knowledge of surrounding days, in order to accurately 

determine the stage in the cycle (Cora et al., 2015). Images of estrous swab samples are provided 

in Appendix A, along with a description of how images are classified.  

Behavioral Training  

Behavioral training was conducted in a rat operant conditioning chamber (Med 

Associates, Fairfax, VT). Prior to self-administration, rats were trained to press the active lever 

to administer a single food pellet (45 mg/ pellet, BioServ) for 6 hours, or until completion of 100 

active lever presses.   

Rats were assigned into two groups, saline (n=12) or cocaine (n=12) self-administration. 

Both groups had the same behavioral experience, but the control group received saline, rather 

than cocaine. Ten days of self-administration were conducted on a fixed-ratio 1 (FR1) schedule 
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during 6-hour (long-access) sessions, in which an active lever press resulted in an intravenous 

infusion of cocaine or saline (0.75 mg/kg per infusion), auditory and visual cues (tone and light), 

and was followed by a 20-second time out period. During the first 2 days of self-administration, 

cocaine self-administering rats were limited to 80 infusions – following that, intake was 

unrestricted. Following 10 days of self-administration, rats experienced 45 days of forced 

abstinence in their home cages, where they were handled twice weekly. Rats were on a restricted 

diet during the first three days of self-administration—otherwise, rats were provided unlimited 

food (Envigo Teklad laboratory animal diet). Water was unrestricted throughout the experiment.  

Tissue Preparation 

On the 45th day of withdrawal, rats were anesthetized with pentobarbital (50 mg/ml, 0.8-

1.8 ml). Transcardial perfusion was performed using 200 ml of phosphate buffer (1X PB), 

followed by 200 ml of 4% paraformaldehyde (PFA) to fix the tissue. Brains were extracted, and 

post-fixed in 4% PFA for 3 hours. The samples were then transferred to a 30% sucrose solution 

(in 1X PBS) for 2 days to cryoprotect the tissue. Sections (100 µm) of the NAc were collected 

using a cryostat (Leica Biosystems Inc., Buffalo Grove, IL, United States) and placed into a 

glycerol solution (50/50 Glycerol/1X PBS) as free-floating sections. Sections were stored at        

-20°C until imaging was performed.  

NAc sections with the best fluorescent expression were selected for 

immunohistochemistry for glial fibrillary acidic protein (GFAP) and a post-synaptic density 

marker, PSD-95. Sections were washed (3 x 5 min) in 1X PBS, and then blocked in 10% normal 

goat serum (NGS, Sigma-Aldrich, St. Louis, MO, United States) and 2% Triton X-100 (Thermo 

Fisher Scientific, Waltham, MA, United States) in 1X PBS for 1 hour at room temperature. The 

sections were then incubated in a primary antibody cocktail: rabbit anti-GFAP (Z0334, Dako) 
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and mouse anti-PSD-95 (6G6-1C9, Thermo Fisher Scientific, Waltham, MA, United States) 

diluted 1:500 in 10% NGS and 0.4% PBST. The sections incubated for 3 days at 4°C while 

shaking, and were flipped midway through the incubation to ensure uniform staining. Next, 

sections were transferred to a new well plate where they were washed with 1X PBS (3 x 10 min). 

Secondary antibodies, goat anti-rabbit Alexa Fluor 647 (A32733, Thermo Fisher Scientific, 

Waltham, MA, United States) and goat anti-mouse Alexa Fluor 594 (A11032, Thermo Fisher 

Scientific, Waltham, MA, United States), were diluted 1:100 in 10% NGS and 0.4% PBST, and 

incubated following the protocol detailed above. Previous studies in our lab have indicated that 

prolonged antibody incubation provides optimal results for consistent immunostaining 

throughout the thick slices. Sections were washed in 1X PBS (3 x 10 min) and left as free-

floating sections. Immediately prior to imaging, sections were mounted and cover-slipped with 

Dapi (Dapi-fluoromount-G, Southern Biotech), a stain for cell nuclei.  

Astrocyte Imaging and Analysis 

 Astrocytes were imaged using a confocal microscope (Zeiss LSM 800 confocal-scanning 

microscope; 405, 488, 561, 640 nm diode lasers; 2 Gallium Arsenide Phosphide (GaAsP) 

detectors) with a 63x oil-immersed objective (Zeiss, Oberkochen, Germany), and ZEN software 

(ZEN 2.3, blue edition, Zeiss). Images were taken through the z-plane at 1 µm, in which frame 

size was set to 1024 x 1024 pixels, bit depths to 16-bit, and averaging to 4 times. Astrocytes 

were imaged only if within the nucleus accumbens core, isolated from other astrocytes, and the 

entire cell was present throughout the z-dimension. Images were obtained blindly, with 

approximately eight astrocytes per rat collected.    

 The raw images were then deconvolved using AutoQuant software (v. X3.0.4, 

MediaCybernetics) and imported to Imaris software (v.8.4.1, Bitplane, Zurich, Switzerland). 
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Imaris software was used to analyze the images for morphological properties including surface 

area, volume, and synaptic colocalization. First, the e-GFP and PSD-95 channels were attenuated 

to ensure uniform signaling throughout the image. Next, each astrocyte was 3D reconstructed by 

building a surface around it, and creating a masked e-GFP channel to represent the isolated 

astrocyte without background signal. This masked e-GFP channel was used for analysis of 

morphometric properties. In order to analyze for synaptic colocalization, a channel was 

constructed to represent the overlap of PSD-95 and the masked e-GFP channel.  

The threshold for the PSD-95 channel was selected based on an average measure of 

puncta intensity throughout the slices, and used to isolate signal from background. After 

correcting for background, a colocalization channel was created where the PSD-95 and masked-

EGFP signal overlapped, and used to calculate the percentage of synaptic colocalization in the 

region of interest (ROI). Images remained coded throughout the analysis process to ensure 

unbiased processing.  

Statistical Analyses  

 Data was analyzed using Excel (2016, Microsoft, Redmond, WA, United States), Prism 

(v. 6, GraphPad, La Jolla, CA, United States), and SAS (v. 9.4, SAS Institute, Cary, NC, United 

States). Behavioral data was analyzed using a two-way analysis of variance (ANOVA), in which 

the independent variables were saline versus cocaine self-administration, and the dependent 

variables were active lever presses and infusions (Figures 1,2). Astrocyte properties were 

analyzed using two-way nested ANOVAs, in which the dependent variables were surface area, 

volume, and synaptic colocalization, and the independent variables were as listed above (Figures 

4-6). The effects of the estrous cycle on astrocyte morphology within groups were analyzed 

using a nested two-way ANOVA, in which the independent variables were the estrous stages 
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(proestrus, estrus, metestrus, diestrus) and the dependent variables were the morphological 

properties (surface area, volume, colocalization). Results are reported as mean ± variance (SEM), 

where p < 0.05 was considered significant. 
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Results 

Cocaine Group Administered Significantly More Than the Saline Group  

Figures 1 and 2 illustrate the behavioral data across the 10-day self-administration 

sessions for both groups. Two-way ANOVA analyses revealed main effects of both treatment 

group (saline versus cocaine) and time across self-administration in active lever presses 

(treatment: F (1,220) = 128.3, p < 0.05; time: F (9,220) = 9.351, p < 0.05), and infusions 

(treatment: F (1,220) = 1028, p < 0.05; time: F (9,220) = 2.277, p < 0.05). Animals in the 

cocaine group exhibited significantly higher levels of active lever presses and infusion intake, 

which escalated across days of self-administration, in comparison to the saline group (Figs. 1,2).  

No Differences in Morphometric Properties Between Saline and Cocaine Groups 

The microinjections of AAV5 Lck-GFP successfully dispersed into the region of interest, 

and demonstrated specific fluorescent-labelling of astrocytes, which was confirmed by the 

distinct structure of astrocytes, as well as by GFAP staining (Fig. 3, Appendix Figure B1). All of 

the images obtained included staining for GFAP, Dapi, and PSD-95 (Fig. 3). Cells were selected 

for imaging only if within the NAc, isolated from other cells, and if the whole cell was included 

in the z-dimension.  

To test whether mean levels of morphometric properties differed between the saline and 

cocaine groups, I conducted a nested two-way analysis of variance (ANOVA). There were no 

differences observed among saline and cocaine-administering groups in surface area [saline: 

42,421 ± 1,576 µm2, cocaine: 44,179 ± 1,571 µm2, F = 0.62, p > 0.438], volume [saline: 17,249 

± 1,034 µm3, cocaine: 18,987 ± 1,032 µm3, F = 1.41, p > 0.247], or synaptic colocalization 
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[saline: 8.748 ± 0.544, cocaine: 10.11 ± 0.546, F = 3.12, p > 0.091] of NAc astrocytes (Figs. 4-

6).  

No Effect of the Estrous Cycle on Astrocyte Morphology  

Beginning 4 days prior to perfusion, vaginal swabs were collected from each animal for 

determination of the phase in the estrous cycle (see Appendix A). A two-way nested ANOVA 

revealed that the stage in the estrous cycle had no effect on astrocyte morphology within the 

groups of saline and cocaine. Specifically, within the saline group, there were no differences 

between estrous cycle stages in surface area [proestrus: 41,473 ± 6,166 µm2, estrus: 43,117 ± 

2,413 µm2, metestrus: 42,220 ± 3,701 µm2, diestrus: 36,346 ± 6,545 µm2 ,F = 0.32, p > 0.811], 

volume [proestrus: 16,940 ± 3,752 µm3, estrus: 17,583 ± 1,468 µm3, metestrus: 17,199 ± 2,251 

µm3, diestrus: 13,739 ± 3,979 µm3,F = 0.27, p > 0.842], or synaptic colocalization [proestrus: 

10.341 ± 2.506, estrus: 8.492 ± 0.969, metestrus: 9.994 ± 1.483, diestrus: 5.6 ± 2.603,F = 0.88, p 

> 0.491]. Similarly, in the cocaine group, there were no observable differences between estrous 

cycle stages in in surface area [proestrus: 47,755 ± 7,671 µm2, estrus: 49,595 ± 4,588 µm2, 

metestrus: 39,717 ± 3,886 µm2, diestrus: 43,387 ± 4,061µm2,F = 0.99, p > 0.446], volume 

[proestrus: 17,456 ± 5,174 µm3, estrus: 21,916 ± 3,076 µm3, metestrus: 18,767 ± 2,616 µm3, 

diestrus: 16,458 ± 2,714µm3,F = 0.61, p > 0.627], or synaptic colocalization [proestrus: 0.8 ± 

2.191, estrus: 10.248 ± 1.320, metestrus: 10.604 ± 1.123, diestrus: 10.130 ± 1.173,F = 0.38, p > 

0.772].  
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Discussion 

I hypothesized that there would be no sex differences in astrocyte morphology following 

cocaine self-administration and abstinence among male and female rats. Specifically, I predicted 

that there would be a similar effect of cocaine on the surface area, volume, and synaptic contact of 

astrocytes in the nucleus accumbens of female rats, as previously observed in male rats (Scofield 

et al., 2016; Testen et al., 2018). In addition to these published results following short-access (2h/d) 

self-administration and extinction, unpublished results from the Reissner laboratory also indicate 

a significant ~40% decrease in properties of NAc astrocytes in male rats following long-access 

(6h/day) self-administration and 45 days of abstinence, as performed in the current study (Kim et 

al, unpublished observations). However, the results presented herein do not support my hypothesis, 

as there were no significant differences in morphometric properties or synaptic colocalization 

between saline and cocaine groups. These results indicate a sex difference in the cellular effects of 

cocaine self-administration, and suggest that females may have protective factors against cocaine-

induced astrocyte retraction.  

Female Astrocytes May Display Protective Effects Against Cocaine-Induced Retraction 

These results suggest that female astrocytes may display protective effects against 

cocaine-induced morphological changes. The mechanism responsible for the effects of cocaine 

on NAc astrocytes in male rats (and the lack of effect in female rats) is unknown. Interestingly, 

in vitro studies have revealed protective effects in female astrocytes in response to various forms 

of injury, and overall higher survival rates in cell cultures in comparison to their male 

counterparts (Frago et al., 2017; Liu, Hurn, Roselli, & Alkayed, 2007). For instance, female 

astrocytes are more resistant to oxidant cell death, and in vitro studies suggest estrogen to serve 

as a neuroprotective factor against oxidative cell death, apoptosis, and toxic glutamate levels 
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(Liu et al., 2007; Pawlak, Brito, Kuppers, & Beyer, 2005). In addition, Morizawa et. al found 

that spinal astrocytes from neonatal female rats had greater uptake of extracellular glutamate in 

comparison to their male counterparts, relying on the glial glutamate transporter, GLAST 

(Morizawa et al., 2012). The lack of cocaine-induced changes observed in female NAc astrocytes 

may be related to the protective factors previously observed, including the high capacity for glial 

glutamate uptake in female astrocytes, as revealed in in vitro studies (Morizawa et al., 2012). 

Further research is required to address the mechanisms underlying the cocaine-induced astrocyte 

retraction in males, and lack thereof in female rats. 

The Potential Role of Estrogen  

An in vitro study by Pawlak et. al (Pawlak et al., 2005) revealed a link between estrogen and 

the expression of glial glutamate transporters, GLAST and GLT-1. The administration of 

estrogen in cultured midbrain astrocytes resulted in increased GLT-1 and GLAST mRNA and 

protein levels (Pawlak et al., 2005). Moreover, estrogen has been reported to have sex-dependent 

effects on astrocytes. For instance, the administration of estradiol in cultured hippocampal 

astrocytes resulted in a decrease in lipotoxicity-induced cell death in female astrocytes, whereas 

no protective effect was observed in male astrocytes (Frago et al., 2017). Results from in vitro 

studies indicate that estrogen serves as a protective factor at the cellular level in female 

astrocytes (Pawlak et al., 2005), suggesting a potential role for estrogen in the protection against 

cocaine-induced morphological changes in female astrocytes. However, it is important to note 

that the data presented herein do not suggest the estrous cycle to play a role in astrocyte 

morphology.  

On the other hand, behavioral studies have revealed an increased vulnerability to addictive-

like behaviors in female rats during estrus, when estrogen levels spike (Bechard et al., 2018; 
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Cora et al., 2015; Johnson et al., 2019). Female rats in estrus demonstrated an increased 

vulnerability to cocaine cues (Johnson et al., 2019), and did not respond to the intervention of 

ceftriaxone in attenuating cocaine reinstatement at the behavioral or cellular level (Bechard et al., 

2018), which was previously shown as an effective intervention in male rats (Trantham-

Davidson et al., 2012). 

Sex-Dependent Stress Responses 

Previous research has also elucidated sex-dependent responses to stress, and have 

implications in cocaine abstinence and withdrawal. Specifically, results from other studies 

indicate that glucocorticoids in the periphery can exert similar effects on astrocytes as observed 

following extinction and abstinence from cocaine self-administration (Lou, Li, Wang, Xia, & 

Chen, 2018; Unemura et al., 2012; Yu, Yang, Holsboer, Sousa, & Almeida, 2011). Further, 

glucocorticoid responses to stress are more pronounced in males than females (Kudielka & 

Kirschbaum, 2005; Rainville & Hodes, 2019), and glucocorticoid receptor stimulation 

contributes to depression-related behaviors in male mice, but not in females (Solomon et al., 

2012). Thus, the stress associated with withdrawal and abstinence following drug use may 

produce the effects observed in male astrocytes, but not females. Further research is necessary to 

address these possible mechanisms and hypotheses.  

Additionally, behavioral studies have highlighted sex-dependent stress responses with 

implications in addictive-like behaviors. For example, following exposure to the chronic social 

defeat stress model of Major Depressive Disorder (MDD), females had increased GLT-1 levels 

in the NAc and prefrontal cortex (PFC), in comparison to their male counterparts (Shimamoto et 

al., 2018). In addition, Ganguly et. al (2019) reported early maternal separation to result in 

elevated levels of Tumor Necrosis Factor (TNF-α) as well as decreased GluA2 expression in the 
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NAc and PFC in male rats but not females (Ganguly, Honeycutt, Rowe, Demaestri, & 

Brenhouse, 2019). These males also exhibited higher CPP to cocaine in comparison to female 

and control subjects, an effect reversed by the administration of a blood brain barrier (BBB) 

blocker of TNF-α (Ganguly et al., 2019). Interestingly, elevated TNF-α levels have been reported 

in a wide range of traumatic brain injuries, and have been linked with excitotoxity (Fine et al., 

1996; Olmos & Llado, 2014). Human neuronal cultures have revealed that elevated levels of 

TNF-α disrupt glial glutamate transport by downregulation of GLAST and GLT-1 and thereby, 

can result in an increase in cell death by excitotoxicity (Fine et al., 1996; Olmos & Llado, 2014). 

The involvement of TNF-α in traumatic brain injury and neurological disorders, as well as glial 

glutamate uptake, highlights the need for further research on the role of TNF-α in addiction, as 

well as astrocyte pathology (Forshammar et al., 2013).  

In conclusion, the female brain responds differently to stress, injury, and drug use in 

comparison to their male counterpart. The underlying mechanisms by which the sexes differ in 

this regard remain unknown. Sex differences have emerged in various neurological pathways, 

and should be further explored to determine the mechanisms that drive sex-dependent 

characteristics at the behavioral and cellular level.  

Implications & Further Research    

The results reported here revealed no differences in female astrocyte morphology among 

saline and cocaine-administering groups, suggesting that female astrocytes may have protective 

effects against cocaine-induced changes, or may lack the mechanism driving this effect in male 

rats. Not only do these data support previous findings that astrocytes have sex-dependent 

characteristics, but that female astrocytes have protective effects against various forms of insult, 

which may include chronic cocaine use (Frago et al., 2017; Liu et al., 2007; Morizawa et al., 
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2012). Most research on sex-differences in astrocytes have been performed primarily in vitro, 

highlighting the need for further in vivo and behavioral experiments on astrocyte morphology, as 

well as how sex and stress hormones may be involved.  

It continues to remain unknown how cocaine self-administration and withdrawal affect 

astrocyte morphology and function (Testen et al., 2018). Thereby, it is critical that we understand 

the mechanism behind the cocaine-induced morphological changes in male astrocytes, and how 

females may differ. These results have important implications in potential targets in the treatment 

of addiction and in the understanding of neurobiological sex differences. 

Conclusion  

In this study, I demonstrated that astrocytes located in the NAc of female rats do not 

exhibit morphological changes in surface area, volume, and postsynaptic colocalization 

following cocaine self-administration and withdrawal. The differences observed among male and 

female astrocyte morphology suggest that female astrocytes may display a protective effect 

against cocaine-induced retraction, or may lack the mechanism that drives the effect in male rats.  

The results presented herein demonstrate sex-dependent mechanisms in drug use and addiction, 

and highlight the need for further research to understand the sex-dependent characteristics at the 

behavioral and cellular level.  
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Figures 

 

 

Figure 1. Active lever responses across 10 days of self-administration for saline and cocaine 

groups. A two-way ANOVA analysis demonstrated that animals in the cocaine-administering 

group (n = 12) had significantly higher active lever pressing, in comparison to the saline-

administering group (n = 12), where p < 0.05 was considered significant.  

 

 

Figure 2. Infusion intake throughout the 10 days of self-administration. Animals in the cocaine 

group (n = 12) administered significantly more than the saline group, (n = 12), analyzed by a 

two-way ANOVA where p < 0.05 was considered significant. 
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Figure 3. 20X multiple intensity projection image collected within the NAc, showing expression 

of (I) Lck-GFP, (II) GFAP, (III) DAPI, and (IV) overlap of the channels. These representative 

images were collected from a rat in the saline-administering group. Scale bar = 20 μm. 

 

  

Figure 4. Surface area of astrocytes in the NAc of female rats, in saline and cocaine groups. A) 

A nested two-way ANOVA analysis revealed no significant differences in surface area between 

saline and cocaine groups, where p < 0.05 was considered significant. B) Imaris image software 

was used to build a surface around the isolated e-GFP signal (top panel) and create a masked e-

GFP channel (bottom panel) to calculate surface area. This representative image is from a rat in 

the saline-administering group. Scale bar = 10 μm. 
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Figure 5. Volume of astrocytes isolated from the NAc of female rats, in saline and cocaine-

administering groups. A) A nested two-way ANOVA revealed no significant differences in 

volume of astrocytes between saline (n = 12) and cocaine (n = 12) groups, where p < 0.05 was 

considered significant. B) Imaris image software was used to build a surface (top panel) and 

masked e-GFP channel (bottom panel) to calculate the volume of the isolated E-GFP signal. This 

representative image is from a rat in the cocaine-administering group. Scale bar = 10 μm. 

 

 

Figure 6. Synapse colocalization of astrocytes in saline and cocaine groups. A) There were no 

significant differences in the percent of region of interest (ROI) colocalized between saline (n = 

24) and cocaine (n = 24) groups, as revealed by a nested two-way ANOVA where p < 0.05 was 

considered significant. B) Imaris image software was used to build a colocalization channel to 

represent the overlap between isolated e-GFP signal and PSD-95 signal. Scale bar = 10 μm. 
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Appendices 

Appendix A: Estrous Cycle Images 

 

Figure A1. Representative images of estrous samples from this cohort. Estrous samples were 

collected by a cotton-tipped swab inserted slightly into the vagina. Smears were transferred onto 

glass slides and imaged using a light microscope at 10X.  A) Proestrus. This stage is 

characterized by small and round nucleated epithelial cells. B) Estrus, which is characterized by 

the flat, keratinized epithelial cells. These cells have a distinct appearance, as they lack nuclei 

and present a pale area where a nucleus once existed. C) Metestrus. This stage is determined by 

the presence of neutrophils, which present as small, round, and dark cells. The abundance of 

neutrophils increases as metestrus goes on. D) Diestrus. This stage is characterized by the 

primary presence of neutrophils, and often samples have very low cellularity, as pictured above.  
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Appendix B: Astrocyte Imaging 

   

    

   

Figure B1. 3D representations of the channels collected during astrocyte imaging, shown in 63X. 

A) E-GFP signal of a NAc astrocyte. B) The masked e-GFP channel was constructed by building 

a surface around the astrocyte signal shown in A, to isolate signal from background. C) PSD-95 

signal, a marker for a postsynaptic protein. D) Dapi, a stain for cell nuclei. E) GFAP, a stain for 

glial filaments, which was used to confirm astrocyte signal observed in the e-GFP channel.       

F) Overlap of channels detailed above. This astrocyte is encapsulating a blood vessel, evidenced 

by DAPI signal within the blood vessel that appears as a “hole” in the center of the astrocyte. 

This representative image is from a cocaine-administering rat. Scale bar = 10 μm. 
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