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ABSTRACT

Social isolation during adolescence can have long lasting negative effects in both humans 

and animal models. In mice, post-weaning social isolation leads to increased addiction-like 

behaviors in adulthood. However, little is known about how post-weaning social isolation

alters the brain. Stress during development can lead to persistent restructuring of neurons. 

Changes in dendritic spines can be long-lasting and have been theorized to play an 

important role in the maintenance of cocaine craving. We found that post-weaning isolation 

led to a persistent increase in spine density in adulthood within both the core and shell 

regions of the nucleus accumbens in male mice, but not female mice. In contrast, in the 

infralimbic cortex, post-weaning social isolation led to an increase in spine density only in 

female mice. This study highlights the long-lasting, sex-specific effects of post-weaning 

isolation. Microglia have been shown to assist in both the formation and elimination of 

dendritic spines, and are activated following exposure to stress and cocaine. Therefore, we 

hypothesized that microglia may be involved in the restructuring of dendritic spines during 

post-weaning isolation, and contribute to addiction-like behavior in adulthood. We 

examined whether inhibiting microglia with minocycline during the first three weeks of 

post-weaning isolation altered the impact of isolation in cocaine seeking. Isolated animals 

that received minocycline showed increased cocaine seeking in adulthood compared to 

group housed mice and isolated mice that received saline. Minocycline and isolation also 

caused sex-specific alterations in spine density. The findings of these studies provide 

insight into the mechanisms by which social isolation during adolescence increases 

vulnerability to addiction later in life.
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CHAPTER 1

A POTENTIAL ROLE FOR MICROGLIA IN STRESS- AND DRUG-INDUCED 
PLASTICITY IN THE NUCLEUS ACCUMBENS: A MECHANISM FOR 

STRESS-INDUCED VULNERABILITY TO SUBSTANCE USE DISORDER

Introduction

Addiction is a major health crisis in the United States. Overdose deaths have doubled in 

the past decade, with over 64,000 deaths in 2016 (Hedegaard, Warner, & Miniño, 2017; 

Kopec, Smith, Ayre, Sweat, & Bilbo, 2018). Exposure to stressful life events contributes 

to vulnerability to substance use disorder (SUD) (Breslau, Davis, & Schultz, 2003; Dembo, 

Dertke, Borders, Washburn, & Schmeidler, 1988; P. A. Harrison, Fulkerson, & Beebe, 

1997; Widom, Weiler, & Cottler, 1999). A history of trauma is associated with increased 

drug use in adolescents (Clark, Lesnick, & Hegedus, 1997; P. A. Harrison et al., 1997).

Similarly, patients with post-traumatic stress disorder have an increased risk of developing 

a SUD (Breslau et al., 2003; Snider, Hendrick, & Beardsley, 2013). Because stress is such 

an important risk factor for the development of SUD, understanding the biology behind the 

interaction of stress and drugs of abuse could aid in the development of novel therapeutics. 

Lately there has been increased interest in the role of microglia in both substance 

use and stress (Brown et al., 2018; Crews, Walter, Coleman, & Vetreno, 2017; Snider et 

al., 2013; Weber, Frank, Tracey, Watkins, & Maier, 2015; Wohleb, Terwilliger, Duman, 

& Duman, 2018). Much of this research has focused on the pro-inflammatory response 

induced by drugs of abuse (Brown et al., 2018; Crews, Lawrimore, Walter, & Coleman, 

2017) and stress (Weber et al., 2015; Wohleb et al., 2018). However, little is known about 
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how microglia modulate neuronal function. Research from the developmental literature

suggests that microglia may be contributing to changes in synaptic plasticity (Paolicelli et 

al., 2011). Changes in synaptic plasticity are a hallmark of both SUD and responses to

stress. Drugs of abuse cause long lasting neuroadaptations in reward-related brain 

structures, including electrophysiological changes and structural plasticity (Dong & 

Nestler, 2014). Similarly, stress causes neuroadaptations in a variety of brain regions, such 

as the amygdala, the hippocampus, and the prefrontal cortex (PFC). In the nucleus 

accumbens, stress leads to neuroadaptations in the medium spiny neurons which are 

believed to enhance vulnerability to addiction (Taylor et al., 2014). In the case of both 

stress and drugs of abuse, synaptic plasticity changes are maladaptive and correlate with 

depression and drug craving, respectively (Bessa et al., 2013; Loweth, Tseng, & Wolf, 

2014).

Along with these forms of stimulus-induced plasticity, normal brain development

is also characterized by enhanced synaptic plasticity. Microglia are necessary for these 

developmental processes, acting as mediators of synaptic plasticity (Miyamoto et al., 2016; 

Paolicelli et al., 2011). Given that many of the biological mechanisms underpinning normal 

development are similar to what researchers see in preclinical models of cocaine use 

disorder, perhaps microglia are also contributing to drug-induced plasticity changes (Dong 

& Nestler, 2014). There is also evidence that microglia can influence synaptic plasticity in 

adulthood, suggesting that microglia do not lose this ability to modulate synaptic plasticity 

after development (Parkhurst et al., 2013).



3 
 

In this review, we will discuss the role of microglia in synaptic plasticity, BDNF

release, and AMPA receptor expression and the ability of stress and drugs of abuse to 

activate microglia. Although traditionally research has focused on the role of microglia in 

development, we will discuss our hypothesis that glial cells also participate in synaptic 

plasticity following exposure to stress and cocaine. Further, we propose that stress may 

prime microglia to potentiate their response to addictive drugs, thus contributing to stress-

induced increases in vulnerability to substance use (Fig 1).

Figure 1. Proposed mechanism for a role of microglia in stress-induced vulnerability 
to cocaine addiction. Microglia at rest transition into a “primed” state following exposure 
to stress. The presence of a second immune challenge, in this case cocaine, leads to 
enhanced spines, BDNF, and AMPA receptor expression in the nucleus accumbens.
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The Interplay between Stress and Substance Use

Epidemiological studies have identified stress as an important risk factor for the 

development of addiction. People exposed to traumatic events, particularly during

childhood are more likely to meet criteria for a SUD later in life (Breslau et al., 2003; Clark 

et al., 1997; Dembo et al., 1988; P. A. Harrison et al., 1997; Widom et al., 1999). It is 

difficult to determine in clinical populations whether the stress was causal in the increased 

vulnerability to SUD or if there is a common mediating factor. However, studies in animals 

have demonstrated that following stress, animals will self-administer more nicotine, 

cocaine, and ethanol (Fosnocht, Lucerne, Ellis, Olimpo, & Briand, 2018; Sperling, Gomes, 

Sypek, Carey, & McLaughlin, 2010; Yu, Chen, & Sharp, 2014). Additionally, stress will 

induce drug seeking after forced withdrawal (see Mantsch, Baker, Funk, Lê, & Shaham, 

2016).

This enhanced vulnerability to addiction-like behaviors following stress may be 

due, in part, to the ability of stress to modulate drug-induced synaptic plasticity in the 

nucleus accumbens. For example, male rats that undergo chronic variable stress show

increased dendritic complexity of medium spiny neurons (MSNs) in the accumbens core 

(Taylor et al., 2014). Because activity within the core of the accumbens is associated with 

compulsive drug consumption, it has been theorized that stress may facilitate the formation 

of habitual drug-taking behavior (Taylor et al., 2014). Increases in the spine density of 

MSNs in the accumbens following social defeat or maternal separation stress have also 

been reported (Christoffel et al., 2011; Warren et al., 2014). It has also been shown that 

stress alters gene expression of proteins associated with synaptogenesis in male mice 
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(Warren et al., 2014). Taken together, these data suggest that stress is able to alter the 

structure of neurons in reward-related brain regions such as the nucleus accumbens. 

In addition to structural plasticity, stress alters the physiology of neurons in the 

accumbens and the ventral tegmental area (VTA). Male rats that undergo sleep deprivation 

stress show both increases in alcohol consumption and FosB, a transcription factor 

involved in drug-related neuronal plasticity (Reséndiz-Flores & Escobar, 2018). In male

mice, cold water stress enhances glutamatergic transmission in the accumbens and in 

dopaminergic neurons in the VTA (Campioni, Xu, & McGehee, 2009; Saal, Dong, Bonci, 

& Malenka, 2003). Repeated social stress has also been shown to enhance N-methyl-D-

aspartate receptor (NMDAR)-dependent long term potentiation in the VTA, which 

correlates with an enhanced conditioned place preference score upon later exposure to 

cocaine (Stelly, Pomrenze, Cook, & Morikawa, 2016). Sub-chronic variable stress alters 

vesicular glutamate transporters in the nucleus accumbens of female mice but not male 

mice, suggesting that there are likely sex-differences in the effects of stress on plasticity in 

reward related brain regions (Brancato et al., 2017).

Together these data suggest that stress increases vulnerability to the development 

of addictive behaviors in part by enhancing synaptic plasticity in the nucleus accumbens.

However, more work is needed to elucidate the mechanisms that create this enhanced 

synaptic plasticity, and how it leads to more severe addictive phenotypes. We propose 

microglia partially mediate this stress-induced vulnerability to addiction (Brown & 

Bachtell, 2018; Lo Iacono et al., 2018).
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Microglial Activation Following Exposure to Stress and Drug of Abuse

Exposure to either stress or drugs of abuse leads to activation of microglia. For example, 

chronic restraint stress increases Iba1 expression in the PFC and this increase can be 

reversed by the microglia inhibitor minocycline (Hinwood, Morandini, Day, & Walker, 

2012). Further, it is known that stress activates microglia via the production of danger-

associated molecular patterns (DAMPs;  Maslanik et al., 2013). DAMPs in turn bind to 

toll-like receptor 4 (TLR4) on microglia, leading to the activation of the inflammasome 

nucleotide-binding oligomerization domain, leucine-rich repeat and pyrine domain protein 

3 (NLRP3). By engaging TLRs and NLRP3, stress-induced DAMPs cause microglia to 

produce a variety of pro-inflammatory cytokines (Fleshner, Frank, & Maier, 2017).

Although the majority of studies on the influence of stress on microglia have been done 

only in male animals, there is evidence for sex differences in stress-induced microglial 

response. In contrast to the stress-induced increases in activated microglia in male rats,

stress decreases the number of activated microglia in female rats (Bollinger, Bergeon 

Burns, & Wellman, 2016).

Drugs of abuse can activate microglia through similar mechanisms. Minocycline 

inhibits cocaine-induced locomotor sensitization, suggesting that microglia are responsive 

to stimulants and contribute to behavioral drug responses (H. Chen, Uz, & Manev, 2009).

Additionally, much work has been done examining the involvement of TLR4 in the 

development of addictive behaviors. Both cocaine and morphine are capable of binding 

directly to TLR4 (Northcutt et al., 2015; X. Wang et al., 2012). Through TLR4 signaling, 

cocaine and morphine cause microglia to produce pro-inflammatory cytokines (Northcutt 
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et al., 2015; X. Wang et al., 2012). Further, inhibiting TLR4 activation in the VTA leads 

to a decrease in cocaine seeking (Brown et al., 2018). Similarly, VTA inhibition of the 

interleukin-1 receptor, which binds the pro-inflammatory cytokine interleukin-1 beta also

decreases cocaine seeking (Brown et al., 2018). Together this suggests that drug-induced 

activation of microglia induced by TLR4 activation in the VTA plays a role in cocaine 

relapse behaviors (Brown et al., 2018). Consistent with this, TLR4 knockout mice have 

dampened cocaine-induced conditioned place preference relative to wild types (Kashima 

& Grueter, 2017). Given that TLR4 is expressed primarily on microglia, these TLR4 data 

suggest that microglia activation is necessary for the development of addiction-like 

behavior (Kashima & Grueter, 2017).

Microglia and Synaptic Plasticity

While it has been established that exposure to both stress and drugs of abuse elicit a pro-

inflammatory response from microglia, the impact of this response on neuronal function is 

still unclear. Microglia have been shown to survey the brain and transition from a neutral 

state to a pro-inflammatory state upon detection of danger, similar to macrophages in the 

periphery (Franco & Fernández-Suárez, 2015). However, microglia may also play a role in 

processes beyond the typical innate immune response (Paolicelli et al., 2011). For instance, 

non-activated microglia are still extremely mobile and have constant, dynamic contact with 

neurons (Nimmerjahn, Kirchhoff, & Helmchen, 2005). Much of the research on the role of 

microglia in neuronal processes has been conducted in animal models of brain 

development. Microglia have been implicated in a variety of developmental processes, 



8 
 

including neurogenesis (Erblich, Zhu, Etgen, Dobrenis, & Pollard, 2011), axon support 

(Chamak, Morandi, & Mallat, 1994), and synaptic pruning (Paolicelli et al., 2011). Here 

we focus on several aspects of synaptic plasticity during development and how microglia 

influence these processes. 

Spine Elimination and Formation

Dendritic spines are protrusions from dendrites that contain the majority of excitatory 

synapses in the brain (Harris, 1999; Lai, Jordan, Ma, Srivastava, & Tolias, 2016). On spiny 

neurons, dendritic spine measurements represent an approximation for the number of 

synapses on a neuron (Alvarez & Sabatini, 2007; Lai et al., 2016). By adulthood the 

majority of spines are stable, however during development spines are more labile (i.e. 

heightened spine formation and elimination) (Alvarez & Sabatini, 2007). Microglia have 

been implicated in both the elimination and formation of synapses/dendritic spines 

(Paolicelli et al., 2011; Parkhurst et al., 2013).

Spine elimination is due in part to the limited availability of neurotrophic survival 

signals needed to maintain synapses (Lu & Figurov, 1997). However, there is a growing 

body of literature that suggests that erroneous synapses are also actively pruned by 

microglia (Ji, Akgul, Wollmuth, & Tsirka, 2013; Paolicelli et al., 2011; Schafer et al., 2012; 

Stevens et al., 2007). The chemokine fractalkine (CX3CL1) and its receptor, CX3CR1, are 

essential components of microglial migration (Liang et al., 2009). Neurons release 

CX3CL1 which binds to CX3CR1 expressed solely on microglia (J. K. Harrison et al., 

1998; Jung et al., 2000). CX3CR1 knockout mice show a decrease in the overall number 
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of microglia in the developing brain and a corresponding increase in post-synaptic density 

95 staining (a synaptic marker), as well as increased immature synapses and spine density. 

This suggests that fractalkine signaling and microglial migration are necessary for synaptic 

pruning in normal developing brains (Paolicelli et al., 2011). This pruning is not random, 

as microglia preferentially engulf weak synapses. This marking of weak synapses is 

mediated by complement signaling (Schafer et al., 2012; Stevens et al., 2007). The primary 

role of complement signaling is to improve phagocytosis of antigens, but a similar 

mechanism seems to be in place to tag synapses to be phagocytosed by microglia (Stevens 

et al., 2007). Furthermore, genetic variation of the complement component 4 is associated 

with risk for schizophrenia, suggesting that alterations in complement signaling lead to 

inappropriate synaptic pruning in development. This indicates that maladaptive synaptic 

pruning by microglia can lead to pathological outcomes in adulthood (Sekar et al., 2016).

Additionally, microglia eliminate D1 receptors tagged by complement proteins in the 

nucleus accumbens during adolescence in males but not females (Kopec et al., 2018). This 

suggests that microglia may regulate developmental synaptic plasticity in a sex-dependent 

manor. 

Along with this role in spine elimination, microglia also seem to be important for 

the formation of new spines. In vitro experiments have shown that higher concentrations 

of microglia lead to increased spine density in cultured hippocampal neurons (Lim et al., 

2013). Mice with a genetic ablation of microglia show a decrease in both the elimination 

and formation of dendritic spines (Parkhurst et al., 2013). These mice also show deficits in 

spine formation as adults that correspond with diminished performance on a motor learning  
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task (Parkhurst et al., 2013). Further, contact between microglia and neurons stimulates the 

formation of dendritic spines early in development but not in later development (Miyamoto 

et al., 2016). Taken together, these data suggest that microglia exercise bidirectional 

regulation of spine density. 

Brain-derived Neurotrophic Factor

Neurotrophins are growth factors that act as survival signals to neurons and promote cell 

survival and growth (Cohen-Cory, Kidane, Shirkey, & Marshak, 2010). BDNF is one such 

neurotrophin and it has been shown to regulate neuron survival, neurite growth, and 

synaptogenesis during development and learning (E. J. Huang & Reichardt, 2001; 

Parkhurst et al., 2013). Microglia have been shown to assist in learning-related synaptic 

plasticity through the secretion of BDNF (Parkhurst et al., 2013). Mice with a microglial-

specific knockout of BDNF show impaired spine formation following motor task training 

(Parkhurst et al., 2013). Interestingly, these mice also show impaired learning of the task 

relative to controls, suggesting that learning-induced spine formation on neurons is 

dependent on microglial BDNF production (Parkhurst et al., 2013).

AMPA Receptor Expression

Microglia may also be able to alter AMPA receptors (AMPARs) in developing brains. 

AMPARs are glutamate receptors that are critical to the development of long-term 

potentiation and their trafficking in and out of the synapse is an important measure of 

synaptic plasticity (see Huganir & Nicoll, 2013 for review). During development, the brain 
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has increased levels of a unique type of glutamatergic synapse that does not contain 

AMPARs, known as silent synapses. Silent synapses are characterized as synapses that 

contain NMDARs but no AMPARs (Y. H. Huang, Schluter, & Dong, 2015). NMDARs 

contain magnesium plugs that are only jettisoned when the cell is depolarized (Blanke & 

VanDongen, 2009). To achieve that depolarization, AMPARs must be present to bind 

glutamate and allow positive ions to enter the cell (Blanke & VanDongen, 2009). In a silent 

synapse, there are no AMPARs therefore the NMDARs cannot be activated and the 

synapse is “silent” (Y. H. Huang et al., 2015). AMPARs are extremely dynamic and are 

trafficked quickly as a result of experience (Zhu, 2009). Therefore, it is theorized that silent 

synapses serve to prime the brain for periods of heightened synaptic plasticity (Dong & 

Nestler, 2014). These silent synapses are present in high levels in developing brains and 

are greatly reduced following puberty (Hanse, Seth, & Riebe, 2013). The transition of silent 

synapses to functional synapses is necessary to ending critical periods of heightened 

plasticity in the visual cortex (X. Huang et al., 2015). Prevention of the maturation of silent 

synapses extended the critical period of visual development, known as juvenile ocular 

dominance plasticity, into late adulthood (X. Huang et al., 2015). The enhanced learning 

seen in children compared to adults could be due in part to the concentration of silent 

synapses (Dong & Nestler, 2014).

Silent synapses become functional upon the insertion of AMPARs into the synapse 

(Dong & Nestler, 2014). Interestingly, it seems microglia are capable of regulating AMPA 

receptor expression on neurons via the secretion of the pro-inflammatory cytokine tumor 

necrosis factor- alpha (TNF- ) (Beattie et al., 2002; He, Liu, Wu, & Shen, 2012; 
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Leonoudakis, Braithwaite, Beattie, & Beattie, 2004; Leonoudakis, Zhao, & Beattie, 2008; 

Lewitus et al., 2016b; Yin et al., 2012). The literature is somewhat mixed, with some 

researchers finding that TNF- enhances AMPAR signaling through the insertion of 

calcium permeable AMPARs (He et al., 2012; Leonoudakis et al., 2008); and other studies 

finding decreased AMPAR signaling in response to TNF- (Lewitus et al., 2016b).

Therefore, it is possible that TNF- bidirectionally regulates AMPAR expression on 

neurons. The studies that found that TNF- enhances AMPAR were both conducted in the 

hippocampus, while the study that found TNF- decreases AMPAR was examining the 

nucleus accumbens, so there may be brain region specific responses of AMPAR to TNF-

(He et al., 2012; Leonoudakis et al., 2008; Lewitus et al., 2016b).

Synaptic Plasticity and Cocaine Addiction

Due to the many observations that drugs of abuse cause heightened synaptic plasticity in 

reward-related brain regions, Dong and Nestler (2014) have conceptualized addiction as 

reward pathways reverting back to a developmental-like state. One measure in particular 

of synaptic plasticity has received a lot of attention in the addiction literature: spine density.

On MSNs in the nucleus accumbens, spine density is altered upon exposure to drugs of 

abuse. Spines are dynamic and can appear rapidly but are also very long lasting (Lai et al., 

2016). These long lasting changes to the neuron morphology are believed to contribute to 

long-lasting craving in addicts (Christian et al., 2017). However, different drugs of abuse 

modulate spine density in the accumbens differently (Spiga, Mulas, Piras, & Diana, 2014).

While cocaine causes an increase in MSN spine density (Cahill et al., 2017; J. Kim, Park, 
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Lee, Park, & Kim, 2011; Lee et al., 2006; Robinson & Kolb, 1999; Toda, Shen, & Kalivas, 

2010), opioids have been shown to decrease MSN spine density (Miller et al., 2012; Spiga 

et al., 2014).

Typically, neurotrophins are prevalent in developing brains but present in much 

lower levels in adulthood (for review see E. J. Huang & Reichardt, 2001). In the case of 

cocaine addiction, adult brains once again have increased levels of neurotrophins, 

particularly BDNF (McGinty, Whitfield, & Berglind, 2010). Increased BDNF levels (both 

mRNA and protein) have been observed in multiple brain regions related to reward 

processing such as the medial PFC, VTA, and the nucleus accumbens (Anderson et al., 

2017; Bahi, Boyer, Chandrasekar, & Dreyer, 2008; Giannotti et al., 2014; Grimm et al., 

2003; X. Li et al., 2013). In the accumbens, BDNF protein levels correlate with cocaine 

craving (X. Li et al., 2013). Following periods of forced abstinence, animals exhibit an 

increase in drug seeking coined incubation of craving (see Pickens et al., 2011 for review).

This same increase in drug craving following periods of abstinence has also been 

demonstrated in humans with SUD (Bedi et al., 2011; P. Li et al., 2015; Parvaz, Moeller, 

& Goldstein, 2016)). This incubation of craving is dependent on changes in synaptic 

plasticity (Christian et al., 2017; X. Li et al., 2013; Loweth et al., 2014). In the case of 

cocaine, this includes increases in dendritic spine density (Christian et al., 2017).

Interestingly, cocaine exposure increases BDNF protein levels in the accumbens on a 

similar timescale, with levels elevated compared to controls at around withdrawal day 45 

and 90 (X. Li et al., 2013). While the relationship between incubation of craving, spine 

density, and BDNF is still being elucidated, some researchers hypothesize that BDNF is 
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upregulated following prolonged glutamatergic transmission and contributes to the

maintenance of craving (Loweth et al., 2014).

Incubation of craving also correlates with an increased number of silent synapses 

in the nucleus accumbens following exposure to drugs of abuse (Y. H. Huang et al., 2015).

In models of cocaine use disorder, silent synapse levels peak during the first days of 

withdrawal (Y. H. Huang et al., 2015). As the withdrawal period continues, AMPARs are 

inserted into the silent synapses, thereby “un-silencing” them (Y. H. Huang et al., 2015).

AMPARs can be divided into two subgroups: GluA2-lacking calcium permeable-

AMPARs and GluA2-containing, calcium impermeable AMPAR (Ma et al., 2016). This 

distinction is important because calcium permeable-AMPARs have increased conductance

compared to calcium impermeable-AMPARs (Ma et al., 2016). In the case of cocaine 

withdrawal, it is specifically calcium permeable-AMPARs that are inserted into the silent 

synapses and correlate with enhanced cocaine craving (Loweth et al., 2014). In fact, 

methods that promote the insertion of calcium impermeable-AMPARs in the synapse over 

calcium permeable-AMPAR actually reduce cocaine-seeking behaviors (Briand, Kimmey, 

Ortinski, Huganir, & Pierce, 2014; Famous et al., 2008; Ma et al., 2016). Taken together, 

these data suggest that the development of silent synapses and un-silencing with calcium 

permeable-AMPARs, are an important component of cocaine-related neuroplasticity. 

Exposure to cocaine leads to heightened synaptic plasticity in the nucleus 

accumbens, including increases in spine density, levels of the neurotrophic factor BDNF, 

and silent synapses. On a molecular level, these synaptic changes resemble normal 

developmental plasticity. This supports the hypothesis that cocaine inappropriately turns 
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on mechanisms for synaptic plasticity that are supposed to be turned off once the brain is 

fully developed, leading to addictive phenotypes (Dong & Nestler, 2014). Given the recent 

discoveries of the role of microglia in developmental synaptic plasticity, it’s possible that 

microglia are also assisting in the drug-related changes in the nucleus accumbens. 

Possible Role for Microglia in Cocaine Addiction-Related Plasticity

Microglia are potential contributors to the changes in spine density seen following 

exposure to drugs of abuse, given their established role in regulating spine density during 

development. Upon exposure to cocaine, microglia may increase contact with MSNs and 

promote formation of more spines. In support of this possibility, microglia have been 

shown to modify spine density in the nucleus accumbens of adult mice in an experience-

dependent manner. One study has shown that male mice exposed to a high fat/high sugar 

diet show a decrease in spine density in the nucleus accumbens shell. This decrease in spine 

density was rescued by minocycline, a microglia inhibitor, suggesting that microglial 

activation by the high fat/high sugar diet led to altered spine density in the accumbens 

(Gutiérrez-Martos et al., 2018). Given that microglia have been implicated in the 

restructuring of neurons in the accumbens in response to rewarding stimuli, their role in 

addiction-related spine density changes should be investigated.

Multiple studies have shown that incubation of cocaine craving correlates with 

increased BDNF levels in the accumbens (Christian et al., 2017; X. Li et al., 2013; Loweth 

et al., 2014), however most of these experiments have not assessed the origins of this 

increased BDNF. Given that microglial BDNF facilitates spine growth during the learning 
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of a new task (Parkhurst et al., 2013), it is possible that microglia are responsible for the 

observed increase in BDNF. That is, following exposure to cocaine, microglial BDNF 

levels may gradually increase as microglia facilitate the formation of new spines, causing 

incubation of craving. In support of this, microglial cells incubated with cocaine for 72 

hours in vitro produce extremely high levels of BDNF compared to those incubated without 

cocaine in the medium (Cotto, Li, Tuma, Ward, & Langford, 2018). Neurons incubated 

with cocaine produced much lower levels of BDNF in comparison, suggesting that 

microglia may be the primary producers of BDNF in response to cocaine (Cotto et al., 

2018). Further studies are needed to determine the role of microglial BDNF in vivo, 

including the importance of microglial BDNF in the incubation of craving. A mouse line 

generated by Parkhurst et al. (2013) that allows for the knockout of BDNF specifically 

from microglial cells would be a useful tool in this exploration. One could theorize that 

mice without microglial BDNF would show fewer addictive behaviors following cocaine 

exposure. 

Microglia could be contributing to the incubation of craving by regulating AMPAR 

expression on neurons following cocaine exposure. As mentioned above, cocaine is 

capable of activating microglia through DAMPs which in turn bind to TLRs (Crews, 

Walter, et al., 2017). This sets off a signaling cascade that culminates with the production 

of pro-inflammatory cytokines, including TNF- , which regulates AMPA expression on 

neurons (Beattie et al., 2002; Crews, Walter, et al., 2017). Repeated experimenter 

administered cocaine leads to activation of striatal microglia and increased TNF-

production, which in turn reduces glutamatergic transmission in the nucleus accumbens
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(Lewitus et al., 2016b). Under these conditions, activating microglia following cocaine 

exposure leads to a reduction in AMPA/NMDA ratios in the accumbens of male mice,

while also reducing locomotor sensitization to cocaine. It appears, at least in these 

experimental conditions, that TNF- plays a protective role, dampening the pathological 

synaptic plasticity (Lewitus et al., 2016b). Incubation of craving could be mediated by

microglia activation. Cocaine self-administration protocols that elicit incubation of cocaine 

craving result in a prolonged pro-inflammatory response (Loweth et al., 2014). During this 

time, microglia are producing TNF- , which may act to prevent the unsilencing of silent 

synapses by reducing the expression of calcium permeable-AMPARs. During withdrawal, 

microglia are no longer being activated by cocaine, so gradually TNF- levels will 

decrease. As TNF- levels are reduced, more calcium permeable-AMPAR will be able to 

be expressed, leading to unsilencing of synapses, enhanced glutamatergic transmission and 

increased cocaine craving. It is important to point out that this is only one hypothesis. The 

Lewitus et al. (2016) study uses researcher-administered cocaine injections, which would 

likely not induce incubation of craving (Loweth et al., 2014). Also, the behavioral output 

they measured was locomotor sensitization and craving was never assessed (Lewitus et al., 

2016b). However, given the importance of silent synapses and AMPAR trafficking in 

cocaine-related plasticity (Dong & Nestler, 2014; Y. H. Huang et al., 2015), and the 

evidence that TNF- is able to regulate AMPAR expression on neurons (Beattie et al., 

2002; He et al., 2012; Lewitus et al., 2016b), further exploration into the relationship 

between microglial TNF- and cocaine-induced silent synapses is merited. One approach 

would be to artificially increase TNF- levels during withdrawal, as the inflammatory 
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response is waning. This may delay the unsilencing of glutamatergic synapses, and reduce 

craving levels.  

Synaptic Plasticity and Stress

The relationship between stress and synaptic changes in the brain is complex, with most of 

the data suggesting that stress has opposing effects on many measures of synaptic plasticity

in different brain regions (see Bennett & Lagopoulos, 2014 for review). For example, the 

effects of stress on spine density vary depending on the brain region of interest. Generally 

speaking, chronic stressors tend to increase spine density in the amygdala (Cohen, 

Kozlovsky, Matar, Zohar, & Kaplan, 2014; Skrzypiec et al., 2013), while decreasing spine 

density in the PFC (Hains, Yabe, & Arnsten, 2015; Luczynski, Moquin, & Gratton, 2015; 

Radley et al., 2006; Y. C. Wang, Ho, Ko, Liao, & Lee, 2012).

While less research has been done on the effects of stress on spine density in the nucleus 

accumbens, several studies indicate that stress increases spine density in the accumbens 

(Christoffel et al., 2011; Muhammad, Carroll, & Kolb, 2012; Warren et al., 2014; C. Yang, 

Shirayama, Zhang, Ren, & Hashimoto, 2015). As stated above, these stress-induced 

changes in the synaptic plasticity of the accumbens may contribute to the high co-morbidity

rates seen between stress disorders and addiction. However, one similar study found no 

effect of social isolation following weaning on spine density in the nucleus accumbens (Y. 

C. Wang et al., 2012). The other studies used social defeat and foot shock stress paradigms 

rather than social isolation, which may indicate that the type of stressor is an important 

factor in determining how stress impacts accumbens spine density. Further research will 



19 
 

help elucidate the conditions in which these changes in spine density occur. Like spine 

density, several studies have found that stress increases BDNF levels in the nucleus 

accumbens (Bessa et al., 2013; Nikulina, Lacagnina, Fanous, Wang, & Hammer, 2012; 

Walsh et al., 2014; C. Yang et al., 2015). Male rats show elevated levels of BDNF mRNA

following chronic mild stress (Bessa et al., 2013).

Stress has also been shown to alter glutamatergic transmission. Stress alters 

AMPA/NMDA ratios and AMPA-mediated EPSCs in the nucleus accumbens and the 

hippocampus (Campioni et al., 2009; M. Liu et al., 2015). Stress also appears to reduce the 

phosphorylation of the AMPAR subunit GluA1 at both the S831 and S845 phosphorylation 

sites in hippocampal neurons (M. Liu et al., 2015). As the levels of phosphorylation of 

GluA1 are related to their expression at the membrane (Man, Sekine-Aizawa, & Huganir, 

2007), these findings support a stress-induced decrease in AMPAR signaling. Further, 

animals who have undergone social defeat stress show decreased levels in the GluA1 

subunit in the PFC and hippocampus (B. Yang et al., 2016). However, the same stressor 

seems to elevate GluA1 levels in the nucleus accumbens (B. Yang et al., 2016).

To our knowledge, there are no published studies examining whether stress leads 

to the formation of silent synapses in the nucleus accumbens. However, stressful 

experiences lead to the generation of silent synapses in the amygdala (Ito, Erisir, & 

Morozov, 2015; Suvrathan et al., 2014). Interestingly, these silent synapses corresponded 

with increased fear responses, suggesting that the stressful events led to heightened 

synaptic plasticity which in turn led to enhanced fear learning (Ito et al., 2015; Suvrathan 

et al., 2014). When using other measures of synaptic plasticity, such as dendritic spine 
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density, researchers generally see hypertrophy in both the amygdala and the accumbens 

(Christoffel et al., 2011; Cohen et al., 2014; Skrzypiec et al., 2013; Warren et al., 2014).

Since similar stress-induced changes are seen in this measure of plasticity in the amygdala 

and accumbens, it is possible that stress also causes silent synapses to be formed in the 

nucleus accumbens. Electrophysiological studies of the accumbens in stressed vs naïve 

animals could be used to test this hypothesis. 

Possible Roles of Microglia in Stress Plasticity

Microglia are involved in spine elimination and formation during normal development 

(Miyamoto et al., 2016; Paolicelli et al., 2011). It is possible that microglia also contribute 

to the increases in spine density and BDNF seen in the nucleus accumbens following stress. 

Stress leads to the production of glucocorticoid, mineralcorticoid and corticotropin-

releasing factor (CRF) (see Joëls & Baram, 2009). It should be noted that all three of these 

receptors, glucocorticoid receptors, mineralcorticoid receptors, and CRF receptors, are 

expressed on microglia (Chantong, Kratschmar, Nashev, Balazs, & Odermatt, 2012; E. H. 

Kim, Ryu, & Hwang, 2011). Given that the hormones that contribute to the stress response

also bind to microglia, and that stress can activate microglia via DAMPs, it is possible that 

microglia are also contributing to stress-related neuroadaptations. Chronic unpredictable 

stress decreases spine density in the PFC of male mice, and this decreased spine density 

could be prevented by blocking colony stimulating factor 1, which is released by neurons 

and activates microglia (CSF1; Wohleb et al., 2018). This indicates that microglial 
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activation is needed for stress-induced changes in spine density (Wohleb et al., 2018).

Whether a similar mechanism is happening in the nucleus accumbens remains to be seen.

Microglia also mediate stress-induced changes in AMPAR expression and function.

Inhibition of microglia reverses reduction in GluA1 phosphorylation following chronic 

unpredictable stress (M. Liu et al., 2015). Again, these data are from hippocampal neurons, 

and to our knowledge the role of microglia in accumbens AMPAR expression has not been 

explored. However, this research indicates that microglia actively participate in synaptic 

plasticity responses to stress. 

Stress Primes Microglia: Implications for Stress-induced Vulnerability to Cocaine 
Addiction

Stress activates microglia via the production of DAMPs and signaling through TLR4. 

However it is important to point out that stress also primes microglia for a second immune 

challenge, meaning that once the cells are activated by stress, they show enhanced release 

of pro-inflammatory cytokines when activated a second time (Weber et al., 2015). This 

enhanced activation is due in part to glucocorticoids, as antagonism of the glucocorticoid 

receptor attenuates the microglia response in stressed animals to a second pro-

inflammatory challenge (Frank, Thompson, Watkins, & Maier, 2012). Stress priming of 

microglia also elevates levels of the DAMP high motility group box-1, which in turn leads 

to increased inflammasome NLRP3 protein levels (Weber et al., 2015). Additionally,

stress-primed microglia are morphologically distinct from control microglia (Hinwood et 

al., 2013). They exhibit hyper-ramification, or more complex branching than the non-
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stressed control microglia, which can be prevented by minocycline (Hinwood et al., 2013).

It should be noted that many of these studies only examined male animals. A recent study 

found that both male and female rats undergo stress priming of the immune system, but it 

appears to be dependent on microglia in males but not females (Fonken et al., 2018). As

more studies examine sex differences in stress and immune interactions, the underlying 

mechanisms will be elucidated. 

In many stress-priming studies, the second challenge is the endotoxin 

lipopolysaccharide, which elicits a strong pro-inflammatory response from microglia

(Frank et al., 2012; Weber, Frank, Sobesky, Watkins, & Maier, 2013; Weber et al., 2015).

However, mice exposed to early life stress have enhanced pro-inflammatory responses to

cocaine later in adulthood (Lo Iacono et al., 2018). This suggests that stress can prime 

microglia to cocaine as well. The stressed animals also exhibited less dopaminergic

transmission in the VTA, which was reversed by the inhibition of microglia (Lo Iacono et 

al., 2018). Interestingly, this study also investigated the effects of childhood maltreatment 

in human cocaine users, finding that childhood trauma correlated with higher levels of 

circulating pro-inflammatory cytokines in response to cocaine (Lo Iacono et al., 2018).

Thus, it appears that this animal model for studying early stress and addiction has some 

translational validity. Another recent study has demonstrated that TNF- induced by early 

life stress alters AMPAR subunit expression and enhances cocaine conditioning in male 

rats. By blocking TNF- , researchers were able to normalize both AMPAR subunit 

expression and cocaine response (Ganguly, Honeycutt, Rowe, Demaestri, & Brenhouse, 
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2019). Given that microglia are known to produce TNF- in response to stress, it’s possible 

that this stress-enhanced cocaine conditioning is mediated by microglia. 

Stress is a major risk factor for the development of addiction in humans (Breslau et 

al., 2003; Clark et al., 1997; Dembo et al., 1988; P. A. Harrison et al., 1997; Widom et al., 

1999). Perhaps this is due, in part, to stress altering subsequent microglial activation by 

drugs of abuse. If in fact microglia contribute to addiction related plasticity, stressed-

primed microglia may have greater capacity to alter synaptic plasticity in reward-related

brain regions in response to drugs of abuse (Fig. 1). Given the vast literature of synaptic 

changes following exposure to stress and drugs of abuse, and the role of microglia in similar 

processes, it seems probable that microglia are important mediators of this synaptic 

plasticity and could possibly contribute to the stress-induced vulnerability to addiction. 

Recent work by Lo Iacono et al., (2018) and Ganguly et al. (2019) support this hypothesis.

Conclusion

While microglia have historically been studied for their role in innate immunity, recent 

work has focused on the role of microglia in the regulation of synaptic plasticity during 

development (Paolicelli et al., 2011; Tremblay, Lowery, & Majewska, 2010). Given the 

similarities in plasticity during development and plasticity during addiction and stress, it 

seems likely that microglia would also influence plasticity following exposure to stressors 

and drugs of abuse. Exposure to both drugs of abuse and stress lead to increases in 

circulating pro-inflammatory cytokines (H. C. Fox et al., 2012; Levandowski, Viola, et al., 
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2016; Nabati et al., 2013) (Weber et al., 2015; Wohleb et al., 2018). In animal models, 

multiple drugs of abuse have been shown to elicit a pro-inflammatory response in the brain

(S. L. Chen et al., 2012; Coller & Hutchinson, 2012; Crawford et al., 2006; Crews, 

Lawrimore, et al., 2017; Hutchinson et al., 2012; Hutchinson & Watkins, 2014; Jacobsen, 

Watkins, & Hutchinson, 2014; Lopez-Pedrajas et al., 2015). Given that microglia play such 

an active role in synaptic changes during normal development and learning, there is 

potential for microglia to not only influence stress and drug responses through 

inflammation, but also via regulation of synaptic plasticity. 

During development, microglia can regulate synaptic plasticity bidirectionally (see 

Ueno & Yamashita, 2014 for review). This could be of particular interest in the context of 

addiction. While this review has focused primarily on cocaine neuroadaptations, different 

drugs of abuse elicit varied neuroadaptations (Miller et al., 2012). For instance, cocaine 

and opioids often have polar opposite effects on the brain (Miller et al., 2012). While 

cocaine increases spine density in the accumbens, opioids decrease it (Miller et al., 2012).

Cocaine causes increases in BDNF levels (McGinty et al., 2010), opioids decrease it (S. L. 

Chen et al., 2012). And while incubation of opioid craving has been demonstrated in 

rodents (Y. Q. Li et al., 2008; Theberge et al., 2012), the molecular underpinnings of that 

process are not as well characterized as cocaine craving. It is possible that the molecular 

mechanisms of incubation of cocaine craving look very different from incubation of opioid 

craving. As microglia have bidirectional control of synaptic plasticity (i.e. can eliminate or 

form new spines (Paolicelli et al., 2011; Parkhurst et al., 2013)) and can upregulate or 

downregulate calcium permeable AMPAR via cytokine production (Beattie et al., 2002; 
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Lewitus et al., 2016b; Lewitus, Pribiag, Duseja, St-Hilaire, & Stellwagen, 2014), they 

could represent a common mechanism leading to opposing effects on plasticity seen with 

these different classes of drugs. Further testing is needed to determine the role of microglia 

on the divergent neuroadaptations of cocaine and opioids. Stress also leads to opposing 

synaptic changes, with plasticity being enhanced in some brain regions, and inhibited in 

others (Cohen et al., 2014; Hains et al., 2015; Luczynski et al., 2015; Radley et al., 2006; 

Skrzypiec et al., 2013; Y. C. Wang et al., 2012). Perhaps this is due in part to the 

bidirectional regulation of synaptic plasticity exerted by microglia. 

Of note, the model proposed in this review (Fig 1) is influenced by the timing of 

the stressor. When animals are exposed to stress during early development (Lo Iacono et 

al., 2018), microglia may not only be primed for future cocaine-induced plasticity, but 

normal developmental processes may be disrupted. Given the stated importance of 

microglia to healthy development, exposure to stress during sensitive developmental 

windows may prevent microglia from effectively pruning synapses or sculpting circuits

(Brown & Bachtell, 2018). This combined with the primed immune response could make

stress during important developmental windows more damaging than stress during 

adulthood. More experiments are needed to determine the importance of the timing of the 

stressor.  

This review largely does not discuss sex-differences in the immune responses to 

stress or drugs of abuse. While the data that is available certainly suggests that sex is a 

major factor in the immune response to stress, there are far fewer studies done in females 

than males. Generally, the findings of these studies suggest that male immune systems are 
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activated more readily by stress, that microglia play a more active role in the development 

of reward circuitry in males, and males are more vulnerable to subsequent development of 

addictive behaviors (Bollinger et al., 2016; Ganguly et al., 2019; Kopec et al., 2018). This 

line of research is in its infancy, but there is enough evidence to suggest sex-differences in 

these processes. The importance of using both males and females when studying stress and 

the immune system should not be overlooked.  

While this review focuses on pre-clinical studies, the role of the innate immune 

system in addiction and stress has also been examined in humans (Chan et al., 2015; H. C. 

Fox et al., 2012; Pedraz et al., 2015). In these studies, drugs of abuse modulate circulating 

pro-inflammatory cytokines in the periphery (Chan et al., 2015; de Timary, Starkel, 

Delzenne, & Leclercq, 2017; H. C. Fox et al., 2012; Pedraz et al., 2015). There have also 

been advances in technology that allow researchers to study microglia in vivo in the human 

brain (Cagnin, Gerhard, & Banati, 2002). For instance, positron emission topography 

(PET) scans can be used to detect activated microglia (Cagnin et al., 2002). Results from 

these studies have been mixed, with studies showing increases of microglial activation 

(methamphetamine; Sekine et al., 2008)), no difference in microglia activation (cocaine; 

Narendran et al., 2014) and decreased microglia activation (alcohol; Hillmer et al., 2017; 

Kalk et al., 2017) in response to drugs of abuse. This could possibly be explained by the 

differences in the abused drugs. Inflammation has also been shown to correlate with stress-

related disorders in humans, such as post-traumatic stress disorder and depression

(Haapakoski, Mathieu, Ebmeier, Alenius, & Kivimaki, 2015; Passos et al., 2015). PET 

scans examining microglia activation in depressed patients have been inconsistent, with 
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some finding increases in activation, while other found no differences between depressed 

patients and healthy controls (Hannestad et al., 2013; Setiawan et al., 2015). These 

inconsistencies could be explained in part by differences in patient populations, and 

technological limitations (see van der Doef, Doorduin, van Berckel, & Cervenka, 2015 for 

review). However, a recent paper from Lo Iacono et al. (2018) discovered evidence of an

immunological link between stress and addiction in humans. They found that cocaine 

addicts with a history of childhood trauma had elevated levels of circulating pro-

inflammatory cytokines compared to cocaine addicts without childhood trauma. This 

finding is the first evidence seen in humans that supports the model proposed in Fig. 1. 

Stress and addiction are both characterized by changes in synaptic plasticity. 

Recently there have been new insights into the role of microglia in synaptic plasticity 

during development and learning, however the role of microglia in stress and addiction-

induced plasticity remains understudied. Perhaps by studying microglia not only for their 

inflammatory processes but also as synaptic regulators, we will get a clearer understanding 

of the link between stress and addiction. 
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CHAPTER 2

POST-WEANING SOCIAL ISOLATION CAUSES SEX-SPECIFIC 
ALTERATIONS TO DENDRITIC SPINE DENSITY IN THE PREFRONTAL 

CORTEX AND NUCLEUS ACCUMBENS OF ADULT MICE

Introduction

Social isolation has been associated with a variety of mental health disorders including 

anxiety, depression and addiction (Walker, Cunningham, Gregory, & Nestler, 2019). The 

impact of social isolation on mental health is of particular interest lately due to the 

restrictions in place to prevent the spread of Covid-19. While investigations into the 

impacts of the Covid-19 pandemic and lockdowns are ongoing, early data suggests that 

drug use escalated during lockdown. For instance, in Ohio, fatal drug overdoses increased 

in the weeks following the declaration of a national emergency (Currie, Schnell, Schwandt, 

& Zhang, 2021). In Kentucky, emergency medical service workers saw an increase in 

overdose runs following the declaration of emergency, while other types of emergencies 

decreased (Slavova, Rock, Bush, Quesinberry, & Walsh, 2020). These trends highlight the 

need to better understand the link between social isolation and drug use.

Data from both human and animal models suggest that adolescence is a timepoint 

during development that is particularly susceptible to the negative outcomes of social 

isolation. During adolescence, relationships with peers become highly prioritized.  In 

humans, there is an  increase in adolescence in the amount of time spent with peers (Lam, 

McHale, & Crouter, 2014). Adolescents are also more sensitive to perceived exclusion than 

adults (Sebastian, Viding, Williams, & Blakemore, 2010).  In rodents, engagement in play 
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behavior peaks during adolescence (Walker et al., 2019). Further, adolescent social 

isolation has been shown to induce depression-, anxiety-, and addiction-like behaviors in 

adulthood (Fosnocht, Lucerne, Ellis, Olimpo, & Briand, 2019; Salihu et al., 2021). Our lab 

has shown previously that post-weaning isolation increases motivation to take cocaine, as 

well as cocaine seeking (Fosnocht et al., 2019).  However, the biological processes 

underlying this phenomenon are not well understood. 

There is some evidence that women may be more sensitive to social isolation than 

men (H. Liu, Zhang, Yang, & Yu, 2020). However, it is unclear how social isolation 

differentially impacts the neurobiology of males and females. Males and females show 

differences in hypothalamic-pituitary- adrenal axis functioning following social isolation 

(Pisu et al., 2016). Post-weaning isolation alters vasopressin and oxytocin receptor binding 

differently in males and females (Oliveira, Neumann, & de Jong, 2019). More investigation 

into the mechanisms by which social isolation differentially alters the biology of males and 

females is needed.  

One possible mechanism by which adolescent social isolation could alter behavior 

in adulthood is through alterations in neuronal structure. Social isolation has been shown 

to induce alterations to dendritic spine density in the hippocampus (Biggio et al., 2019)

and prefrontal cortex (PFC; Medendorp et al., 2018). These changes in neuronal structure 

are long lasting and can represent changes in synapse number, glutamatergic signaling, and 

plasticity (Chidambaram et al., 2019). It is not known if adolescent social isolation alters 

dendritic spines in reward-related brain regions like the nucleus accumbens. Long lasting 
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alterations to dendritic spines in the accumbens caused by social isolation could possibly 

contribute to the enhanced vulnerability to addiction seen in isolated animals (Fosnocht et 

al., 2019). In the current study, we examined the impact of adolescent isolation on adult 

neuronal structure. Male and female mice were either group housed or isolated at weaning. 

When the animals reached adulthood, dendritic spine density in the PFC and accumbens 

(two areas implicated in addiction-like behaviors) was measured. 

Methods

Animals. Male and female c57/BL6 mice were bred in house. On postnatal day (PND) 21, 

at weaning, mice were randomly assigned to either isolation or group housing (3-5 mice 

per cage). They remained in these housing conditions into adulthood. All mice were held 

in an animal care facility with temperature and humidity control, and kept on a 12h 

light/dark cycle beginning at 7:30 am. The animals received food and water ad libitum and 

were given a cotton nestlet for enrichment. All procedures were approved by the Temple 

University Animal Care and Use Committee.

Adeno-associated virus constructs. The adeno-associated virus AAV expressing green 

fluorescent protein (eGFP; AAV2/9.CMV.eGFP, titer 1.87*1013 used to 

visualize the dendritic spines. It was generated by the Univ. of Pennsylvania Vector Core. 

AAVs were diluted in sterile phosphate-buffered saline (PBS) for microinjections. All 

procedures utilizing viruses are approved by the Temple University Institutional Biosafety 

Committee. 
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Microinjections. Adult mice (>PND60) were anesthetized with isoflurane and mounted in 

a stereotaxic apparatus (Kopf Instruments). AAV (0.5 L, 1*109

the accumbens and PFC through a 30 gauge needle at a rate of 0.1 l/min. Stereotaxic 

coordinates for the nucleus accumbens were (from Bregma): anterior-posterior 1.5, lateral 

+/- 0.7, dorso-ventral -4.7. The coordinates used for the PFC injections were: anterior-

posterior 2.45, lateral +/- 0.3, dorso-ventral -2.35 relative to Bregma.

Tissue Collection. Two weeks after microinjections, when the virus was expressed, animals 

were euthanized using cervical dislocation. Their brains were sectioned on a vibratome 

(VT1200s, Leica), at 250 m thickness. Slices from the PFC and accumbens were 

transferred to 4% paraformaldehyde for 1-2 hours to fix tissue then transferred to a 30% 

sucrose in PBS solution with 1% sodium azide for storage.

Slide Preparation. Slices were mounted on slides and dehydrated in increasingly 

concentrated ethanol washes. The first wash was 50% EtOH, followed by 75%, 85%, 95%, 

and 100% EtOH. The slides spent 5 min in each wash. Once the dehydration was complete, 

Fluoroshield mounting medium (Sigma-Aldrich) was added to each slide. 

Imaging. Two confocal microscopes were used to collect spine density data. The first was 

a Leica TCS Sp5. Images were generated using 100× magnification, 1024×1024

resolution, a 0.13 m z step and 1.5 digital zoom. The second confocal was an Olympus 

FV3000. Images were generated using 60× magnification, 1024×1024 resolution, a 

0.15 m z step and 2.5 digital zoom. To ensure that both confocal microscopes produced 
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comparable results, several samples were imaged on both machines, and it was determined 

that spine density measurements did not differ by microscope. 

Spine Density Analysis. The software NeuronStudio was used to calculate dendritic spine 

density. Only distal dendrites (>30mm away from soma) were analyzed. Spines were 

defined by size, with height between 0.2-1.5 voxels, and a max width of 3 voxels. Spines 

with an area of <20 voxels were discarded. Dendrites were divided into 20-30 m segments. 

3-5 segments per neuron, 3-5 neurons per brain region per animal were analyzed. For each 

animal, three dendritic spines from at least two different neurons, totaling 6 dendritic 

segments, were measured for each brain region. For some animals, only one neuron could 

be imaged in a brain region, or the dendrites imaged were not long enough to be divided 

into three segments. In those cases, the maximum number of possible dendritic segments 

were analyzed. The total number of dendritic segments analyzed per group were 22-41 for 

PFC il, 20-30 for PFC pl, 37-55 for accumbens core, and 25-45 for accumbens shell. The 

experimental “n” is the dendritic segments.

Statistics. All analyses were performed using GraphPad Prism 9.0 software (GraphPad 

Software). Spine density was compared between groups using a two-way ANOVA with 

Sidak’s post hoc as appropriate. Statistical significance for all tests was set at p=.05.
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Results

Post-weaning Social Isolation Increases Spine Density in Prefrontal Cortex of Adult 
Male and Female Mice

Compared to group housed control mice, mice that were socially isolated at weaning (PND 

21) had increased dendritic spine density in the PFC. In the infralimbic cortex, socially-

isolated male and female mice had significantly higher spine density than group housed 

control mice [main effect of housing, F(1,119)=9.84, p=.0022; Fig 1A]. Additionally, 

females mice also had higher spine density in the infralimbic cortex than males 

[F(1,119)=10.41, p=.0016; Fig 1A].  While the interaction of sex and housing condition 

did not reach significance [F(1,119)=2.32, p=.13], post hoc analysis revealed that the effect 

of social isolation may be driven primarily by the females (Sidak’s multiple comparison 

female group housed vs. female isolated test adjusted p=.0032; male group housed vs male 

isolated p=.45; Fig 1A).  In the prelimbic cortex, social isolation led to increased spine 

density compared to group housed controls [F(1,108)=9.42, p=.0027; Fig 1B]. There was 

no effect of sex on spine density [F(1,108)=0.22, p=.64] and no interaction between sex 

and housing condition [F(1,108)=1.16, p=.28]. 
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Figure 1. Post-weaning isolation increases spine density in the PFC in adult male and 
female mice. In the infralimbic subregion of the PFC (A), mice isolated at weaning showed 
an increase in spine density in adulthood (**= p<.01). Adolescent isolation stress also 
increased spine density in the prelimbic subregion (B; **= p<.01). n=20-41 dendritic 
segments/group, from 4-7 mice/group. GH=group housed, SI=social isolation
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Post-weaning Social Isolation Increases Spine Density in the Nucleus Accumbens of 
Adult Male Mice but Not Females

While we did not see any effect of housing condition in female mice, male mice that were 

socially isolated at weaning had increased spine density in the nucleus accumbens core 

relative to male group housed controls [main effect of housing condition: F(1,172)=25.86, 

p<.0001; interaction: F(1,172)=28.44, p<.0001; Sidak’s multiple comparisons male group 

housed vs male isolated p<.0001, Fig 2A]. Additionally, spine density in the core is higher 

in females than in males [F(1,172)=8.628, p=.0038; Fig 2A]. Females in both group housed 

and social isolation groups exhibited significantly higher spine density compared to male 

controls, while not differing from each other (Sidak’s multiple comparisons male group 

housed vs. female group housed, p<.0001 or vs. female isolated, p<.0001; female group 

housed vs female isolated p=.98; Fig 2A). In the nucleus accumbens shell, spine density in 

the isolated males is higher than the group housed males [main effect of housing condition:

F(1,134)=20.77, p<.001; interaction: F(1,134)=3.96, p=.0486; Sidak’s multiple 

comparison male group housed vs male isolated adjusted p<.0001; Fig 2B]. There was not 

a significant difference between the group housed females and the isolated females 

(Sidak’s multiple comparison female group housed vs female isolated adjusted p=.135, Fig 

2B). While sex differences in spine density were observed in the nucleus accumbens core, 

there were no sex differences in the shell [F(1,134)=0.27, p=.60; Fig. 2B]. 
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Figure 2. Post-weaning isolation increases spine density in the nucleus accumbens of 
adult male mice, but not females. Males isolated at weaning show an increase in spine 
density in the core (A; **** p<.001). There was no effect of stress in the females (A; group; 
p=.98). Females however had elevated spine density levels compared to males in the core 
(A; p<.01). In the shell of the nucleus accumbens, stressed males showed an increase in 
spine density relative to group housed males (B; ****p<.0001). There was not a significant 
difference between group housed and isolated females (B; p=.135). n=25-55 dendritic 
segments/group, from 4-7 mice/group. GH= group housed, SI= social isolation.

Discussion

Post-weaning social isolation was associated with long lasting alterations in spine density 

into adulthood. In the PFC, adolescent isolation increased spine density in both males and 

females. There were sub-region specific effects, with increases in stressed mice being 
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driven primarily by the females in the infralimbic cortex while stress-induced increases in 

spine density in the prelimbic cortex were not sex-specific (Fig. 1). Post weaning isolation 

also increased spine density in the nucleus accumbens core and shell of male but not female 

mice (Fig. 2). These long-lasting structural alterations could contribute to maladaptive 

addiction-like behaviors observed in adult mice that are isolated post-weaning. 

Social isolation is a stressor that has been associated with negative behavioral 

outcomes in both humans and animal models. One recent study found that Covid-19

lockdowns decreased social interaction in undergraduate students, which corresponded to 

increases in depression and anxiety (Elmer, Mepham, & Stadtfeld, 2020). In preclinical 

models, social isolation has been shown to dysregulate the hypothalamus-pituitary-adrenal 

axis, corticosterone production, and glucocorticoid production (see Mumtaz, Khan, Zubair, 

& Dehpour, 2018 for review). The stress-inducing nature of adolescent social isolation may 

contribute to the observed alterations in neuronal structure following post-weaning 

isolation.  

It has been widely reported that stress decreases spine density and dendritic 

complexity in the PFC (Colyn, Venzala, Marco, Perez-Otano, & Tordera, 2019; Cook & 

Wellman, 2004; N. Li et al., 2011; Radley et al., 2006). One potential explanation for our 

incongruent findings is that many of these previous studies have measured changes in 

neuron structure following exposure to stress in adults (Cook & Wellman, 2004; Radley et 

al., 2006). It is possible that stress during important developmental windows, like 

adolescence or early life, have the opposite effect. For example, maternal separation stress 

in early development has been shown to increase spine density in the prefrontal cortex of 



38 
 

male and female Sprague-Dawley rats later in life (Muhammad et al., 2012). Additionally, 

our study initiates the stressor at PND21 and measures spine density in adulthood 

(>PND60). Several studies that show a decrease in spine density in the PFC following 

stress measure spine density right after the stressor (Radley et al., 2006; K. L. Smith et al., 

2019). The long-lasting impact of stress on neuronal structure remains unclear. In studies 

that have compared spine density at different time points following a stressor, the effects 

of the stressor are not always immediately detected. For instance, mice that underwent ten 

days of chronic defeat stress showed no alterations in spine density in the PFC 24hrs after 

the final session, but had decreased spine density relative to controls 30 days later (Colyn 

et al., 2019). Additionally, rats exposed to a prenatal stressor showed increases in spine 

density in the hippocampus in adolescence, and a decrease in spine density in the 

hippocampus as an adult (Martinez-Tellez, Hernandez-Torres, Gamboa, & Flores, 2009).

This suggests that a single stressor can bidirectionally impact spine density over time. 

Therefore, it is possible that adolescent isolation stress would decrease spine density in the 

PFC initially, and then lead to an increase in spine density later in adulthood. 

Spine density in the PFC has been measured following post-weaning social 

isolation with mixed results. One study observed decreases in spine density in isolated rats 

(Silva-Gomez, Rojas, Juarez, & Flores, 2003). These animals were tested for locomotive 

activity in a novel environment, which could possibly contribute to the differences seen in 

our behaviorally naïve mice. Another study found that post-weaning isolation caused an 

increase in thin spines, but a decrease in stubby spines (Medendorp et al., 2018). In the 

current study, spines were counted but not sorted into spine type. The observed increase in 
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spine density in the PFC of isolated animals may reflect increases specifically in thin 

spines. Taken together, these studies highlight the need for further research into 

mechanisms by which post-weaning isolation impacts dendritic spine density.

The timing of the social isolation may affect the behavioral and biological impact 

of the stressor. For the current study, mice were isolated at weaning. As this time frame 

corresponds with adolescence, our mice may have been uniquely vulnerable to this social 

stress (Blakemore & Mills, 2014). Social isolation may be less stress-inducing in 

adulthood. In fact, male rodents that are isolated in adulthood actually show a decrease in 

corticosterone levels (Ieraci, Mallei, & Popoli, 2016). We choose to isolate animals at 

weaning, as this model had been used previously to increase addiction-like behaviors in 

adulthood (Fosnocht et al., 2019). Our goal for this study was to identify any long-lasting 

changes to dendritic spine density that could contribute to the observed vulnerability to 

addiction. However, further exploration into the effects of social isolation at different 

timepoints is warranted. 

In the current study, we found sex-specific alterations in the infralimbic cortex but 

not the prelimbic cortex. These sub-regions of the PFC have been shown to have opposing 

effects on addiction-like behaviors, primarily drug seeking (Moorman, James, 

McGlinchey, & Aston-Jones, 2015). Activity within the prelimbic cortex enhances drug 

seeking, while activating the infralimbic cortex suppresses drug seeking (Moorman et al., 

2015). As our lab has previously reported that the post-weaning isolation increases drug 

seeking in both males and females (Fosnocht et al., 2019), this may suggest that the 

increased spine density we see in females is a compensatory response. Or it may support 
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more recent findings suggesting that the PFC’s regulation of drug seeking behavior is not

as neatly differentiated into sub-regions as previously thought. For instance, although the 

infralimbic cortex was believed to suppress drug seeking, inhibition of this sub-region has 

also been shown to decrease drug seeking (Vassoler et al., 2013). It is possible that the 

different populations of neurons in both sub-regions of the PFC bidirectionally regulate 

drug seeking behavior (Moorman et al., 2015). Additionally, many of the studies conducted 

on this topic were done in male rats exclusively (Capriles, Rodaros, Sorge, & Stewart, 

2003; Peters, LaLumiere, & Kalivas, 2008). The role of the female infralimbic and 

prelimbic cortex in the expression of drug seeking behavior is unknown. 

In this study we also found that this adolescent isolation stress increased spine 

density in the nucleus accumbens of males but not females, in both the core and shell (Fig. 

2). Previous studies on the effects of stress on spine density in the nucleus accumbens 

conducted in males only found similar increases in the stressed animals (M. E. Fox, 

Figueiredo, Menken, & Lobo, 2020; Warren et al., 2014; C. Yang et al., 2015). We did not 

observe stressed-induced increases in spine density in the females. In studies that utilize 

both male and female animals, sex differences in stress-induced structural plasticity have 

been reported in other brain regions (Baratta et al., 2019; Breach, Moench, & Wellman, 

2019; Moench & Wellman, 2017). This is unsurprising given the wide array of behavioral 

and biological sex differences in the stress response (Dalla, Pitychoutis, Kokras, & 

Papadopoulou-Daifoti, 2011; Hodes & Epperson, 2019) During adolescence, there are 

important developmental changes to synaptic plasticity occurring in the nucleus accumbens 

of healthy male and female rodents. However, the mechanisms by which this synaptic 
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plasticity occurs are different across sexes. For instance, in males, the elimination of 

dopamine receptors during adolescence is mediated by microglia. A similar elimination of 

dopamine receptors is observed in females, but the mechanism is independent of microglia 

(Kopec et al., 2018). Males may show an increase in spine density following adolescent 

isolation stress, while females do not, due to the unique developmental mechanisms 

occurring during adolescence. Perhaps these processes are more vulnerable to isolation 

stress than the comparable processes in adolescent females.  The social isolation paradigm 

used in the current study leads to increased motivation for cocaine and increase cue-

induced reinstatement of cocaine seeking in both males and females (Fosnocht et al., 2019).

There are several possibilities to explain the observed sex differences in spine density and 

the lack of sex differences in the addiction-like behaviors. For example, there may be 

changes in glutamatergic signaling in the females that don’t involve increases in spine 

density, such as increases in glutamate receptors. This would increase the efficiency of 

glutamate signaling at existing synapses without adding more. There is also a possibility 

that a different task, such as locomotor sensitization, would reveal behavioral sex 

differences that were not evident in the cocaine self-administration paradigm our lab has 

used previously.    

In the nucleus accumbens core females had higher spine density than males, while 

there was no observed sex difference in the accumbens shell. A previous study had 

similarly reported a sex difference in the nucleus accumbens core, with females having 

increased spine density, and a trend towards a significant sex difference was observed in 

the shell (Forlano & Woolley, 2010). This could indicate that the sex differences in spine 
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density are more pronounced in the core than in the shell. The nucleus accumbens core is 

primarily involved in the execution of locomotive responses to motivational stimuli 

(Meredith, Baldo, Andrezjewski, & Kelley, 2008). In humans, men have higher rates of 

addiction than women, but women escalate their drug use faster than men, and have more 

difficulty quitting (Becker & Hu, 2008). These difference in addictive behaviors could be 

due in part to differences in a baseline number of synapses in the core of the nucleus 

accumbens.     

Conclusion

Post-weaning isolation causes long-lasting alterations in dendritic spine density in the PFC 

and nucleus accumbens. In the PFC, adolescent isolation increased spine density in males 

and females. However, in the nucleus accumbens isolation altered spine density in males 

only. Taken together, these data highlight the long-lasting and sex-specific effects of stress 

on neuronal structure in the PFC and nucleus accumbens. These enduring alterations may 

underly adolescent stress-induced vulnerability to addiction like behaviors.   



43 
 

CHAPTER 3

INHIBITION OF MICROGLIA REVERSES ALTERATIONS IN DENDRITIC 
SPINES CAUSED BY POST-WEANING ISOLATION WITH DAILY 

INJECTIONS IN THE MALE NUCLEUS ACCUMBENS

Introduction

Post-weaning social isolation alters spine density in the prefrontal cortex and nucleus 

accumbens. However, the mechanism by which these alterations occur is unknown. 

Microglia are known to regulate dendritic spine density and may play a role in isolation-

induced alterations to spine density. Throughout development, including adolescence, the 

brain is undergoing elimination of unnecessary synapses (See Innocenti & Price, 2005 for 

review). Microglial-mediated synaptic pruning is believed to be a necessary component of 

healthy brain development (Ji et al., 2013; Paolicelli et al., 2011; Schafer et al., 2012; 

Stevens et al., 2007). Disruption of microglial migration and signaling leads to an increase 

in dendritic spines (Paolicelli et al., 2011). Weak synapses are tagged via complement 

signaling, and microglia are then tasked with the removal of underutilized synapses 

(Schafer et al., 2012; Stevens et al., 2007). There is also evidence that microglia contribute 

to spine elimination beyond development (Parkhurst et al., 2013; C. F. Wang et al., 2020; 

Wohleb et al., 2018). For instance, following a traumatic brain injury, ablation of microglia 

reduces dendritic spine loss (C. F. Wang et al., 2020). In rodent models of Alzheimer’s 

disease, microglia have been shown to eliminate synapses and exacerbate 

neurodegeneration (Siskova & Tremblay, 2013). Loss of dendritic spines in response to 

stress has also been attributed to microglia (Wohleb et al., 2018).
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Microglia also regulate the formation of new spines. Contact between microglia 

and dendrites spurs the formation of new spines (Miyamoto et al., 2016; Weinhard et al., 

2018). Mice with a genetic ablation of microglia show a decrease in both the elimination 

and formation of dendritic spines, which corresponds with impairments in learning new 

tasks (Parkhurst et al., 2013). Taken together, these data suggest that microglia are able to 

bi-directionally regulate spine density on neurons. 

There are reported sex-differences in microglial regulation of neuronal plasticity 

(Gaspar et al., 2021; Kopec et al., 2018; Woodburn, Bollinger, & Wohleb, 2021). Exposure 

to prenatal glucocorticoids alters both microglia morphology and neuronal structure in a 

sex-dependent manner (Gaspar et al., 2021). Male mice that undergo chronic unpredictable 

stress show more microglial engulfment of spines, and lower spine density in the prefrontal 

cortex compared with females. This corresponds with more freezing during a forced swim 

test (Woodburn et al., 2021). During adolescence, microglia prune D1 receptors tagged by 

complement proteins in the nucleus accumbens in males but not females (Kopec et al., 

2018). These data suggest that the regulation of spines is also influenced by biological sex. 

Therefore, the current study aimed to examine the role of microglia in the structural 

plasticity seen following adolescent social isolation. To do this, we administered daily 

injections of minocycline, a microglial inhibitor, during the first three weeks post-weaning 

(PND21-42) in mice that had been either isolated or group housed at weaning.  We then 

examined spine density in the nucleus accumbens and prefrontal cortex in adulthood. 
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Methods

Animals. As in Chapter 2, male and female c57/BL6 mice were bred in house. On PND 21, 

at weaning, mice were randomly assigned to either isolation or group housing (3-5 mice 

per cage). They remained in these housing conditions into adulthood. All mice were held 

in an animal care facility with temperature and humidity control, and kept on a 12h 

light/dark cycle beginning at 7:30 am. The animals received food and water ad libitum and 

were given a cotton nestlet for enrichment. All procedures were approved by the Temple 

University Animal Care and Use Committee.

Drugs. Minocycline was purchased from Millipore Sigma (Burlington, MA) and was 

dissolved in sterile 0.9% saline. A dose of 40 mg/kg was delivered daily via 

intraperitoneal injection from postnatal day 21 to 42. 

Adeno-associated virus constructs. The adeno-associated virus AAV expressing green 

fluorescent protein (eGFP; AAV2/9.CMV.eGFP, titer 1.87*1013

used in Chapter 2. 

Microinjections. Mice received microinjections in adulthood (~4months) in the PFC and 

nucleus accumbens. The same procedure and coordinates were used as in Chapter 2. The 

virus was allowed to express for 2-3 weeks before tissue collection. 

Tissue Collection and Slide Preparation. Animals were euthanized using cervical 

dislocation. Their brains were sectioned on a vibratome at 250 m as described in Chapter 

2. Sections were mounted onto slides with Fluoroshield mounting medium (Abcam). 
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Imaging. An Olympus FV3000 confocal microscope was used to image dendrites. Images 

were generated using 60x magnification, 1024x1024 resolution, a 0.15 m z step and 2.5 

digital zoom, as in Chapter 2. 

Spine Density Analysis. The software NeuronStudio was used to calculate dendritic spine 

density. The parameters used for spine analysis were the same as in Chapter 2.  

Statistics. All analyses were performed using GraphPad Prism 9.0 software (GraphPad 

Software). Spine density was compared between groups using a two-way ANOVA with 

Sidak’s post hoc as appropriate. Statistical significance for all tests was set at p=.05.

Results

Minocycline alters spine density in the nucleus accumbens shell in a sex- and housing-

dependent manner

In the nucleus accumbens core, there was no effect of post-weaning isolation or 

minocycline on spine density in adult male mice [Housing: F(1,71)=1.143, p=.289; Drug: 

F(1,71)=0.813, p=.37; Fig. 1a]. In the accumbens core of adult females, there was a 

significant interaction between housing condition and drug injection [F(1,52)=4.309, 

p=.043; Fig 1b). Although none of the pairwise comparisons were significantly different, 

both the socially isolated saline and group housed minocycline groups were trending 

towards significance when compared to the group housed saline mice (Sidak’s multiple 

comparison test, GH saline vs GH minocycline, p=.064; GH saline vs. Isolated saline, 

p=.082; Fig. 1b).  
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In contrast, in the nucleus accumbens shell, there was a significant interaction 

between post-weaning isolation and minocycline treatment on spine density in adult male 

mice [Housing: F(1,51)=4.81, p=.033; Drug: F(1,51)=0.016, p=.90; Interaction: 

F(1,51)=30.3, p<.0001; Fig. 1c]. This interaction was driven by a significant increase in 

spine density in the isolated saline treated males compared to the group housed saline 

treated males that was reversed following minocycline treatment (Sidak’s multiple 

comparisons, GH saline vs Isolated saline, p<.0001; GH minocycline vs. Isolated 

minocycline, p=.039). There was no effect of post-weaning isolation or minocycline in the 

accumbens shell of adult females [Housing: F(1,42)=0.8065, p=.374; Drug: 

F(1,42)=0.09975, p=.754; Fig 1d). 
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Figure 1. Isolation and Minocycline Alter Dendritic Spine Density in the Nucleus 
Accumbens of Males. Isolation and minocycline had no effect on spine density in the 
nucleus accumbens core in males (A). There was a significant interaction in the female 
core (B), with a trend towards an increase in spine density among isolated saline and group 
housed minocycline animals (p=.06; .08). In the male shell, isolation increased spine 
density in animals that received saline injections. Minocycline alone increased spine 
density in group housed animals, but decreased spine density in isolated mice (C). There 
was no effect of either isolation or minocycline in the shell of females (D). Example 
dendritic segments provided for the male (E) and female (F) shell. Bar graphs represent 
means with SEM. *p<.05, ***p<.001. n= 9-24 segments per group, from 3-4 mice per 
group.

Minocycline does not alter spine density in prefrontal cortex

In the infralimbic subregions, there was no effect of housing or minocycline in males or 

females [Males: F(1,65)=0.0514, p=.8214; F(1,65)=0.02154, p=.884; Females: 

F(1,48)=2.468, p=.1227, F(1,48)=0.08, p=.7786; Fig 2a and 2b]. There was also no effect 

of housing or minocycline in the prelimbic region of the PFC in males or females [Males: 

F(1,56)=1.361, p=.248; F(1,56)=0.0049, p=.944; Female: F(1,50)=0.25, p=.618; 

F(1,50)=1.0, p=.322, Fig 2c and 2d]. 
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Figure 2. Isolation and Minocycline does not alter Spine Density in the Prefrontal 
Cortex. There was no effect of either isolation or minocycline on spine density in the 
infralimbic subregion in males (A) or females (B). Isolation and minocycline also did not 
affect spine density in the prelimbic subregion in males (C) or females (D). Bars indicate 
means with SEM. n=8-23 dendritic segments per group, from 3-4 mice per group.
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Discussion

The results from this study suggest that the effects of repeated minocycline injections 

during early adolescence are sex, brain region, and housing specific. While there were no 

effects seen in the PFC (Fig 2), minocycline altered spine density in the nucleus 

accumbens. In females, there was a significant interaction, with isolation and minocycline 

modestly increasing spine density (Fig 1b). The most robust effects of isolation and 

minocycline were observed in the male accumbens shell, where isolation increased spine 

density in the saline animals, but decreased spine density in minocycline treated animals 

(Fig 1c). 

In the male accumbens shell, isolation increased spine density in saline animals, 

similar to what was observed in unhandled animals in Chapter 2. Minocycline also affected 

spine density in the shell, in a housing-dependent manner (Fig 1c). Inhibiting microglia via 

minocycline could have the bidirectional effects based on the housing conditions. There 

are more synapses in the accumbens in early adolescence, then the number of synapses 

declines until adulthood (Innocenti & Price, 2005). In males, this synaptic pruning is 

mediated, at least in part, by microglia (Kopec et al., 2018).  Our results in the group housed 

males support this role of microglia, as minocycline increased spine density in the group 

housed males.  This increase could be explained by an inhibition of microglia preventing 

the developmentally appropriate pruning. 



52 
 

In contrast, minocycline decreased spine density in the accumbens shell of socially 

isolated males. As social isolation alone leads to elevated spine density in this region, post-

weaning isolation may cause microglia to form new dendritic spines, leading to increased 

spine density relative to group housed animals. In that case, when isolated animals are 

given minocycline, we would expect to see a decrease in spine density, as observed in Fig 

1c. Future studies aimed at imaging microglia-neuron interactions across these groups will 

help elucidate the mechanism by which minocycline alters spine density. These data 

highlight the ability of minocycline to lead to opposing outcomes depending on the state 

of the microglia when the drug is administered.  

The effects of isolation on spine density reported in Chapter 2 were largely not 

repeated in this experiment, with the exception of the male nucleus accumbens shell. We 

had previously observed that post-weaning isolation increased spine density in the PFC in 

the infralimbic and prelimbic regions. However there was no effect of isolation in either 

subregion in the current study. In the accumbens we had previously observed an increase 

in the core and shell in males only. In the current study, isolation significantly increased 

spine density in the male shell only. One major difference from the earlier study was the 

addition of daily injections delivered from PND21-42. The act of administering daily 

injections has been shown to alter spine density in the hippocampus and the PFC (Horner, 

O'Regan, & Arbuthnott, 1991; Seib & Wellman, 2003). Further, daily handling has also 

been shown to mitigate the behavioral effects of social isolation. Isolation-induced 

hyperactivity is reversed by daily handling (Gentsch, Lichtsteiner, Frischknecht, Feer, & 

Siegfried, 1988). Daily handling also normalized isolation-induced anxiety, as measured 
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by the elevated plus maze (Sciolino et al., 2010). Given that daily handling has the ability 

to reverse these behavioral effects of isolation, it’s possible that the handling is also 

preventing physiological effects of isolation, like spine density. Future work will need to 

include an unhandled comparison group to determine if the differences between the results 

here and in Chapter 2 are in fact due to handling. 

Daily handling appears to be sufficient to reduce the impact of isolation in the core 

but not the shell of male mice. There is some evidence that the shell may be particularly 

susceptible to social isolation. Isolation has been shown to alter dopamine receptors in the 

shell, but not the core. Furthermore, the D2 agonist quinpirole infused into the shell alone 

normalized social recognition that was hindered by isolation (X. Zhang et al., 2021). In a 

cocaine vs social interaction conditioned place preference, lesions to the shell increase 

preference to the cocaine paired side of the chamber, and lesions to core increase preference 

for the social interaction paired chamber (Fritz et al., 2011). The shell of the nucleus 

accumbens may play a more prominent role than the core in social reward processing, 

hence the deficits brought on by social isolation that we observe in the shell and not the 

core.   

It was unsurprising that the largest effects of isolation and minocycline in the 

accumbens occurred in the males but not the females. We had previously observed that 

isolation increased spine density in the accumbens of male but not female mice. Others 

have found that chronic stress spurs microglia-mediated changes in spine density in males 

but not females (Woodburn et al., 2021). The conditions that prompt microglia to regulate 
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neuronal structure may differ by biological sex. Additionally, synaptic plasticity alterations 

that occur in the accumbens during normal adolescent development are dependent upon 

microglia in the males, but not females, suggesting that the male accumbens may be 

particularly vulnerable to disruptions during adolescence (Kopec et al., 2018). However, 

we also saw a trend towards an increase in spine density in the core of the group housed, 

minocycline treated females (Fig 1c). This could be due to the disruption of microglial 

pruning, as discussed above. Perhaps microglia do contribute to synaptic pruning in the 

accumbens, just to a lesser extent than in the males. It could also be caused by off-target 

effects of minocycline. Minocycline is an antibiotic, and has been shown to alter the gut 

biome (Schmidtner et al., 2019). It is possible that the slight increase in the minocycline 

group housed animals are due to unintended changes to the gut biome. 

Conclusion

In the male nucleus accumbens shell, inhibition of microglia had opposing effects on spine 

density, depending on housing condition. Microglia have the ability to form and eliminate 

spines, thus outcome of inhibiting these cells can differ. In the accumbens core and PFC, 

the previously reported effects of isolation were not repeated. This highlights the ability of 

daily handling to dramatically impact brain physiology. 
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CHAPTER 4

SEX-SPECIFIC EFFECTS OF MICROGLIA INHIBITION DURING POST-
WEANING ISOLATION ON COCAINE-RELATED BEHAVIORS

Introduction

Isolation during adolescence increases addiction-like behavior in adulthood (Fosnocht et 

al., 2019). Further, post-weaning social isolation leads to long lasting alterations in spine 

density in areas of the brain implicated in reward processing (Chapter 2). These alterations 

are partially prevented by the microglial inhibitor minocycline, perhaps due to the 

involvement of microglia in neuronal plasticity (Chapter 3). Social isolation has been 

shown to activate microglia (Donovan et al., 2020; Gong et al., 2018). Microglia are also 

activated following exposure to cocaine (Burkovetskaya, Small, Guo, Buch, & Guo, 2020; 

Chivero et al., 2021; Cotto et al., 2018). Their responsiveness to both these external stimuli, 

combined with their ability to regulate synaptic plasticity make microglia an attractive 

potential mediator of isolation-induced vulnerability to addiction-like behaviors. 

In recent years, increased attention has been paid to the role of microglia and 

proinflammatory signaling in addiction. Humans with chronic cocaine dependence have 

higher levels of circulating proinflammatory cytokines, and decreased levels of anti-

inflammatory cytokines (Levandowski, Hess, Grassi-Oliveira, & de Almeida, 2016; 

Moreira et al., 2016). In rodents, disruption of microglia signaling reduces reinstatement 

of drug seeking and dampens behavioral sensitization (Brown et al., 2018; da Silva et al., 

2021). Exposure to cocaine causes microglia to produce BDNF, potentially contributing to 

cocaine-induced synaptic plasticity (Cotto et al., 2018). Inhibition of microglia via 
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minocycline during early life stress prevented the development of a cocaine conditioned 

place preference in adult animals (Lo Iacono et al., 2018). While many studies suggest that 

inhibition of the proinflammatory response following exposure to drugs of abuse is 

therapeutic and reduces addiction-like behaviors, there is also some evidence that 

inflammation is protective against the development of locomotor sensitization (Lewitus et 

al., 2016a). Microglial activity has also been implicated in the extinction of drug-induced 

conditioned place preference (Montesinos et al., 2020; Rivera et al., 2019). Further research 

is needed to determine the parameters by which microglia and inflammation affect 

substance use disorders. Thus, the goal of the present study was to examine the role of 

microglia in adolescent isolation-induced vulnerability to addiction-like behaviors. 

Methods

Animals. Male and female c57/BL6 were used for this experiment as in the previous 

studies. At PND21 the mice were weaned and sorted into group (3-5 mice) or isolated 

housing. They were kept in a temperature- and humidity-controlled colony on a 12hr 

light/dark cycle. All animals received food and water ad libitum and were given a cotton 

nestlet for enrichment. All procedures were approved by the Temple University Animal 

Care and Use Committee.

Drugs. Minocycline was purchased from Millipore Sigma (Burlington, MA) and was 

dissolved in sterile 0.9% saline. A dose of 40 mg/kg was delivered daily via 

intraperitoneal injection from postnatal day 21 to 42 as in Chapter 3. Cocaine was 
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obtained from the National Institutes of Drug Abuse Drug Supply Program (Bethesda, 

MD) and dissolved in sterile 0.9% saline.

Operant sucrose training. Once mice had reached adulthood (>PND60), they were trained 

to perform an operant response for sucrose pellets. The mice were placed in operant 

chambers (Med-Associates) where they learned to spin a wheel manipulandum to receive 

the sucrose pellet. When the pellet was delivered, a cue light above the active wheel was 

-out where the house light remained off and spinning the wheel had no 

programed consequences. Mice were able to self-

operant session. The mice were food restricted to approximately 90% of their free feeding 

weight throughout the course of the operant training. They were returned to ad libitum 

feeding 3 days into the cocaine self-administration sessions.

Jugular catheterization surgery.

and sutured in place. Then the catheter was threaded subcutaneously over the shoulder 

blade and was routed to a mesh back mount platform (Strategic Applications Inc.; Instech) 

biotic 

plastic obturators when not in use.

Cocaine self-administration. Mice were given 3–4 days to recover from surgery before 

beginning behavioral testing. The cocaine self-administration testing was measured over 
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responding on the active wheel delivered an intravenous cocaine injection 

cocaine self-administration, cocaine-seeking was extinguished by replacing the cocaine 

extinction continued until the mice met the extinction criterion of <30% of their responding 

during the self-administration (average of the last 3 days). 24hr after meeting the extinction 

criterion, animals underwent a cue-induced reinstatement session. The light and tone were 

presented non-

el, 

just as was done during the cocaine self-administration sessions. During reinstatement, the 

mice received saline infusions following active responses. If mice had not reached criteria 

after 3 weeks of extinction, they ran on longer 3h extinction sessions, with the last 2h of 

activity recorded. If the criterion were reached, they would run on a similar 3h 

reinstatement session, with the last 2hr of activity recorded. See Fig 1 for schematic of 

experiment.

Statistics. All analyses were performed using GraphPad Prism 9.0 software (GraphPad 

Software). Spine density was compared between groups using a two-way ANOVA with 

Sidak’s post hoc as appropriate. Statistical significance for all tests was set at p=.05.



59 
 

Figure 1. Experimental Design. Mice received injections following weaning from PND 
21-42. In adulthood, mice began operant training with sucrose pellets, followed by ten days 
cocaine self-administration. The mice then ran on extinction until they reached extinction 
criteria (<30% average responding). When criterion was reached, the mice ran on cue-
induced reinstatement the following day. PND=post-natal day; RI= reinstatement.  

Results

Minocycline temporarily decreases weight in isolated mice

Minocycline injections reduced weight during adolescence in isolated female and male 

mice [females: F(1,25)=8.868, p=.0064; males: F(1,29)=9.383, p=.0047; Fig 2B, 2D]. 

There was no effect of minocycline in group housed mice [females: F(1,25)=2.302, p=.142; 

males: F(1,28)=1.021, p=.321; Fig 2A, 2C]. The effects of minocycline did not persist into 

adulthood, after the daily injections had stopped [females: F(1,23)=0.01115, p=.9168; 

males: F(1,34)=0.5883; p=.4484; Fig 2E,2F]. Post-weaning isolation increased weight in 

male mice [F(1,34)=10.84, p=.0023; Fig 2F]. 
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Figure 2. Minocycline temporarily reduces weight in isolated mice. Daily minocycline 
injections did not impact weight of group housed females (A) and males (C). In isolated 
mice minocycline decreased weight in both females (B) and males (D). There was no effect 
of minocycline in females (E) or males (F) once mice had reached adulthood (>PND60). 
Isolated male mice weighed more than group housed males (F). n(adolescence)=11-17 per 
group; n(adulthood)= 5-11 per group. **p<.01. PND= post-natal day.
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Minocycline injections during adolescence increases self-administration of 
sucrose pellets in adulthood in a sex- and housing-dependent manner

Minocycline during adolescence increased the number of sucrose pellets consumed during 

the self-administration session in isolated males [F(1,16)=12.73, p=.0026; Fig 3D]. There 

was also a trend towards minocycline increasing the number of sucrose pellets consumed 

in group housed males and group housed females [F(1,18)=4.193, p=.056; F(1,16)=3.579, 

p=.077; Fig 3C, 3A). Amongst the isolated females, minocycline had no effect on sucrose 

pellets self-administered [F(1,11)=0.090, p=.77, Fig 3B]. 
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Figure 3. Minocycline increases sucrose pellet self-administration in male mice that 
underwent post-weaning isolation. Minocycline increased sucrose pellet self-
administration in isolated males (D). There was a trend towards an increase in sucrose 
pellets in group housed animals that received minocycline (females: p=.077, A; males: 
p=.056, C). There was no effect of minocycline in isolated female mice (B). n=6-12 per 
group; **p<.01.

Active responses during sucrose self-administration reflected a similar pattern. Adolescent 

minocycline increased responding during sucrose self-administration in group housed 

males and females, and in isolated males [F(1,17)=5.781, p=.028; F(1,15)=6.090, p=.026; 

F(1,16)=16.89; p=.0008; Fig 4C, 4A, 4D]. There was no effect of minocycline on sucrose 

responding in isolated females [F(1,11)=0.0557, p=.818, Fig 4B]. 
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Figure 4. Minocycline increases sucrose pellet responses except amongst isolated 
females. Minocycline increased responding for sucrose pellets in group housed females 
(A) group housed males (C) and isolated males (D). There was no effect of minocycline in 
isolated females (B). n=6-12 per group, *p<.05; ***p<.001.

Adolescent minocycline increases cocaine self-administration in adult isolated males

Following sucrose self-administration, animals underwent cocaine self-administration, in 

which the active wheel delivered an infusion of cocaine rather than a sucrose pellet. In 

isolated males, there was a trend towards an increase in the number of cocaine infusions 

administered [F(1,9)=4.035, p=.076; Fig. 5D]. There was no effect of minocycline among 

group housed males, group housed females, or isolated females [F(1,11)=1.737, p=.214; 

F(1,10)=0.6167, p=.451; F(1,6)=0.759, p=.417, Fig 5C, 5A, 5B]. 
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Figure 5. Minocycline does not affect amount of cocaine consumed during self-
administration session. There was no effect of minocycline on cocaine infusions in group 
housed females (A) males (C) and isolated females (B). There was a trend towards an 
increase in cocaine infusions in the minocycline treated isolated males (p=.076, D). n=3-7
per group.

Isolated males that received minocycline injections responded more for cocaine during 

self-administration than isolated males that received saline [F(1,9)=12.44, p=.0064; Fig 

6D]. Minocycline had no effect on group housed males, group housed females or isolated 
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females [F(1,11)=1.864, p=.1994; F(1,10)=0.0009, p=.977; F(1,6)=0.132, p=.729; Fig 6C, 

6A, 6B]. 

Figure 6. Minocycline increases responding for cocaine in isolated male mice. There 
was no effect of minocycline in group housed females (A), males (C) or isolated females 
(B). Minocycline injections in adolescence increased responding for cocaine in isolated 
male mice (D). n=3-7 per group; **p<.01.
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Adolescent minocycline increases cue-induced reinstatement of cocaine seeking

Minocycline increased responding in isolated animals during the cocaine cue-induced 

reinstatement session [Interaction: F(1,30)=7.514, p=.0102; Sidak’s multiple comparison 

isolated saline vs isolated minocycline adjusted p=.0088; Fig 7A]. This observed increase 

in responding amongst isolated minocycline treated animals appears to occur in both 

females and males, although the study is not powered to detect sex differences (Fig 7B, Fig 

7C). There was no effect of minocycline in the group housed animals (Sidak’s multiple 

comparison group housed saline vs group housed minocycline adjusted p=.772; Fig 7A). 

Figure 7. Minocycline increases cue-induced reinstatement in isolated mice.
Minocycline increases cue-induced reinstatement in isolated mice (A). Although this study 
is not powered to detect sex differences, it appears minocycline increases reinstatement in 
females (B) and males (C). female n=2-5 mice per group; male n=3-6 mice per group; 
combined n= 5-11 mice per group. **p<.01.

Discussion

In this study, minocycline was administered during adolescent isolation to assess the role 

of microglia activity in later addiction-like behaviors in adulthood. Minocycline treatments 
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during adolescence enhanced sucrose self-administration in all groups except isolated 

females (Fig 3, Fig 4). When the natural food reward was replaced with cocaine, only the 

isolated minocycline treated males showed increased responding for drug (Fig 6). After 

undergoing extinction training, all mice were presented with the cocaine-paired cues during 

a reinstatement session as a measure of cocaine-seeking behavior. Isolated animals that had 

received prior minocycline treatment responded more to the cocaine-paired cues than 

isolated animals that received saline injections (Fig 7A). This appears to be the case in both 

males and females (Fig 7B, 7C). Minocycline had no effect on cocaine-seeking in the group 

housed animals (Fig 7A). 

Minocycline is a potent anti-inflammatory drug and microglia inhibitor (Moller et 

al., 2016). However, it is also an antibiotic with the ability to alter the gut biome (Moller 

et al., 2016; Schmidtner et al., 2019). This could potentially contribute to the effect of

minocycline on sucrose self-administration observed in this study (Fig 4). In males, 

minocycline increased sucrose responding regardless of housing (Fig 4C, 4D). In females, 

minocycline increased sucrose responding in group housed mice, but not in isolated mice 

(Fig 4A, 4B). It’s unclear why the isolated females are inoculated from the effects of 

minocycline on sucrose self-administration. It has been previously reported that 

minocycline rescues sucrose preference in models of stress-induced anhedonia (Han et al., 

2019). Minocycline alone does not impact sucrose preference (Amani, Shokouhi, & Salari, 

2019). The increases in sucrose self-administration we observed may be due to off-target 

effects of minocycline.  We also observed that daily minocycline injections reduced the 

weight of isolated animals (Fig 2). This may also be related to the antibiotic properties of 
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minocycline. However, minocycline did not alter weight in adulthood, at the time of 

sucrose training (Fig 2E, 2F). Other researchers have reported that minocycline normalizes 

stress-induced weight loss, while not impacting weight in untreated animals (Leigh, 

Kaakoush, Westbrook, & Morris, 2020; C. Zhang et al., 2019). These animals were treated 

with minocycline in adulthood, not adolescence as in the current study (Leigh et al., 2020; 

C. Zhang et al., 2019). More research is needed to elucidate the relationship between 

minocycline, weight, and response to a natural food reward. Importantly, the impact of 

minocycline on group housed animals was limited to the self-administration of a natural 

reward, and no effects were observed on drug taking behaviors. 

In the current study, we did not replicate the previous published finding that post-

weaning isolation increases cocaine seeking (Fosnocht et al., 2019). The primary difference 

between these two studies is that the current mice received daily injections for the first 

three weeks of adolescence. In Chapter 3, the introduction of daily injections altered the 

impact of isolation on dendritic spine density in the prefrontal cortex and nucleus 

accumbens. This is reflected in the literature with reports that handling augments spine 

density in the prefrontal cortex and hippocampus (Horner et al., 1991; Seib & Wellman, 

2003). In the nucleus accumbens, daily injections increase morphine-induced dopamine 

metabolism, suggesting that a prior history of daily injection can alter response to drugs of 

abuse (Johnson & Glick, 1994). Other isolation-induced behaviors such as 

hyperlocomotion, hypoalgesia, and enhanced startle responses are normalized by daily 

handling (Gentsch et al., 1988; Krebs-Thomson, Giracello, Solis, & Geyer, 2001). Daily 
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injections may be attenuating the effects of post-weaning social isolation on cue-induced 

reinstatement. 

Research to determine the role of microglia in addiction-like behavior is ongoing.  

Generally, microglia are activated via cocaine, and the subsequent pro-inflammatory 

signaling contributes to pathological behavior. Cocaine self-administration activates 

microglia in the nucleus accumbens (Burkovetskaya et al., 2020). Inhibition of microglia 

signaling via TLR4 antagonism reduces cocaine seeking (Brown et al., 2018).

Pharmacological depletion of microglia dampens behavioral sensitization to cocaine, 

although it does not affect condition place preference (da Silva et al., 2021). In a study of 

the impact of early life stress on adult drug taking behavior, inhibition of microglia via 

minocycline prevented the development of a cocaine-induced conditioned place preference 

(Lo Iacono et al., 2018). Based on this information, we hypothesized that minocycline 

during adolescence would prevent isolation-induced increases in cocaine taking and 

seeking. However, there is also evidence that microglial activation can be protective 

against addiction-like behaviors in certain situations (Lewitus et al., 2016a; Montesinos et 

al., 2020; Rivera et al., 2019). In the current study, minocycline increased responding for 

cocaine in isolated males and increased cocaine seeking in both males and females, 

suggesting microglial activation during adolescent isolation was protective against future 

addiction-like behaviors (Fig 6D, Fig 7). This could be related to the fact that isolation 

paired with daily saline injections did not lead to the predicted increase in addiction-like 

behavior. Perhaps the daily handling during isolation evoked a neuroprotective mechanism 

that involves microglial activation. By inhibiting microglia during daily handling, it’s
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possible that this neuroprotective process was disrupted, revealing the addiction-like 

behavior in adulthood. There is some evidence in support of the existence of a mild stress-

induced neuroprotective mechanism. Chronic predictable mild stress has been shown to 

reduce later depression-like symptoms brought on by lipopolysaccharide (LPS) injection 

(Dang, Guo, Zhang, Jiang, & Zhao, 2019). The predictable mild stressor also reduced 

proinflammatory cytokine production, and reduced levels of the microglia marker Iba-1

following LPS injection (Dang et al., 2019). It is possible that in our scenario, the daily 

injections during adolescent isolation serve as a chronic, predictable mild stressor, 

inoculating the mice against the second immune assault of cocaine. Further research into 

this potential mechanism is needed to determine why minocycline increased cocaine self-

administration and reinstatement.

Conclusion

We originally predicted minocycline would reduce isolation-induced increases in 

addiction-like behaviors. However, daily saline injections seem to have normalized the 

effect of social isolation on cocaine taking and seeking. Instead we found minocycline 

increased cocaine seeking in isolated males and females, as well as cocaine taking in 

isolated males. This may suggest that minocycline is blocking the protective effects 

induced by handling. Future work would have to examine alternative minocycline 

administration procedures to determine whether this is the case or if minocycline would 

potentiate the effects of social isolation in unhandled mice. Taken together, these data 
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highlight the dynamic nature of microglia and their ability to regulate addiction-like 

behavior.
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CHAPTER 5 

CONCLUSION

Social isolation has been linked to drug use in humans and in animals (Day & Rosenthal, 

2019; Fosnocht et al., 2019; Oetzel, Duran, Jiang, & Lucero, 2007). However, little is 

known about the mechanisms underlying this relationship. Stress and cocaine cause lasting 

neuroadaptations, including alterations to dendritic spines (Radley et al., 2006; Robinson 

& Kolb, 1999). Microglia are activated by both stress and cocaine, and have been known 

to regulate neuron structure during development and beyond (H. Chen et al., 2009; 

Hinwood et al., 2012; Paolicelli et al., 2011; Parkhurst et al., 2013). Taken together this 

points to a potential role for microglia in isolation-induced vulnerability to addiction.

These studies were designed to investigate the impact of isolation on dendritic spine 

density in brain regions involved in reward processing, and to determine the role of 

microglia activation in addiction-like behaviors brought on by post-weaning isolation. We 

discovered that post-weaning social isolation increased dendritic spine density in sex- and 

region-dependent ways, with major prefrontal changes observed in females, and nucleus 

accumbens alterations observed in males. When animals received daily injections of saline 

or the microglia inhibitor minocycline, many of the effects of isolation were not replicated, 

suggesting that daily handling combined with isolation impacts spine density in the 

prefrontal cortex and accumbens. In the male accumbens shell, isolation was still 

associated with an increase in spine density. Furthermore, minocycline injections 

combined with isolation normalized spine density. When animals that underwent post-
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weaning isolation and injections later ran on cocaine self-administration, the male isolated 

minocycline mice responded more for cocaine. Across sexes, isolated minocycline mice 

exhibited increased cocaine seeking behavior as measured by cocaine reinstatement. These 

studies highlight the dynamic nature of dendritic spines, which throughout these 

experiments were influenced by isolation, daily injections, microglia activation, and 

biological sex. 

We had initially hypothesized that inhibition of microglia during post-weaning 

isolation would reduce addiction-like behaviors in adulthood. Studies have shown that 

inflammation contributes to drug-related behaviors (Brown et al., 2018; Calipari et al., 

2018; Lo Iacono et al., 2018). However, there is growing evidence that inflammation and 

microglia activity can be protective against addiction-like phenotypes (Hofford et al., 2021; 

Montesinos et al., 2020; Rivera et al., 2019). Disruption of TLR signaling in microglia also 

disrupts extinction of morphine-induced conditioned place preference, while not affecting 

acquisition of the preference (Rivera et al., 2019). Similarly, knockdown of CX3CL1 has 

no impact on development of a cocaine conditioned place preference, but impairs 

extinction (Montesinos et al., 2020).  Granulocyte colony stimulating factor (G-CSF), 

which proliferates microglia, enhances extinction following cocaine self-administration 

and reduces cue-induced reinstatement (Hofford et al., 2021). This same group of 

researchers has demonstrated that G-CSF administered during cocaine self-administration, 

and not extinction, enhanced cocaine taking (Calipari et al., 2018), suggesting a role for 

microglia in drug-related learning. These data emphasize the importance of timing when 

intervening in microglia function, as their role in addiction-like behaviors is fluid. 
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In the current studies, isolation combined with daily saline injections did not 

produce the addiction vulnerability seen with isolation alone. Furthermore, minocycline 

injections paired with isolation exacerbated addiction-like behaviors in a manner very 

similar to isolation alone. Minocycline had no effect on cocaine behaviors in group housed 

mice, suggesting the combination of minocycline injections and isolation is necessary to 

induce vulnerability to addiction-like behaviors. One possible interpretation of these 

findings is that daily injections during isolation initiated a protective mechanism dependent 

on microglia activation. The fact that injections during isolation largely prevented the 

effects of isolation alone on spine density supports this claim.  A protective effect of daily 

injections was not observed in group housed mice, which is consistent with evidence that 

the effects of daily handling are housing dependent (Pritchard, Van Kempen, & 

Zimmerberg, 2013). Daily handling decreases anxiety in isolated animals, but increases 

anxiety in animals reared in an enriched, group housed setting, as measured by the elevated 

plus maze (Pritchard et al., 2013). In order to determine the impact of microglial inhibition 

during isolation without handling the mice, future studies could utilize minocycline chow 

to minimize contact with the animals during adolescence.  

Stressful events have widely been associated with negative psychological 

outcomes, including increased depression, anxiety, and addiction (al'Absi, 2020; Ray, 

Gulati, & Rai, 2017; L. Yang et al., 2015). However, there are also reports of certain 

stressors inoculating against future immune assaults (Ayash, Schmitt, Lyons, & Muller, 

2020; Dang et al., 2019; Suo et al., 2013). Predictable chronic mild stress (PCMS), unlike 

chronic unpredictable stress, is one example of an inoculation stressor (Dang et al., 2019).
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Five minutes of restraint stress a day for four weeks improves depression anxiety scores as 

measured by the forced swim test and elevated plus maze (Parihar, Hattiangady, Kuruba, 

Shuai, & Shetty, 2011). PCMS animals also show increased neurogenesis and dendritic

length of new hippocampal cells, suggesting PCMS promotes structural changes to neurons 

(Parihar et al., 2011). The resilience in PCMS animals is stable for long periods of time 

and across developmental stages, as PCMS in adolescence protects from stressors in 

adulthood (Suo et al., 2013). PCMS can also be a social stressor, as 15 min of sensory 

exposure to an older male mouse every other day for three weeks inoculates against later 

social defeat stress (Ayash et al., 2020). This social stressor induces generalized resilience, 

as it also improved fear extinction after foot shock conditioning (Ayash et al., 2020).

There is less known about the ability of a stressor to inoculate against addiction-

like behaviors. In the current study, it appears daily saline injections given to isolated 

animals prevented later enhanced cocaine consumption and seeking that our lab has 

observed previously in isolated animals (Fosnocht et al., 2019). One recent study also 

suggests that stress during development inoculates against drug taking in adulthood 

(Ordones Sanchez et al., 2021). In this study, rats reared in housing with limited bedding, 

a model of early life adversity, underwent morphine self-administration in adulthood. Male 

rats raised with limited bedding consumed less morphine, and were less motivated to 

respond for morphine. However, there was no effect of housing conditions on female 

morphine self-administration, indicating sex-differences in stress inoculation (Ordones 

Sanchez et al., 2021).
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While designing the current experiments, we hypothesized that microglia would be 

activated by post-weaning isolation, and that inflammation would contribute to later drug-

related pathology. This hypothesis was based on research showing that stress causes 

microglia to become activated, and that inflammation contributes to addiction-like 

behavior (Brown et al., 2018; Lo Iacono et al., 2018; Wohleb et al., 2018). The apparent 

protective microglial activation brought on by daily injections was unanticipated, and the

act of inhibiting said inflammation exacerbated addiction-like behaviors, rather than 

alleviating them. These findings highlight a potential difficulty in the pursuit of treating 

neurological disorders with microglia inhibitors. Several years ago, a clinical trial was 

conducted to determine if minocycline would be effective in the treatment of amyotrophic 

lateral sclerosis (ALS), based on many encouraging preclinical studies showing the 

neuroprotective effects of microglial inhibition by minocycline (Gordon et al., 2007; 

Moller et al., 2016). Unfortunately, researchers discovered that minocycline treatment 

worsened ALS symptoms in human patients (Gordon et al., 2007). The discrepancy 

between the preclinical and clinical results was later attributed to the fact that the 

minocycline was given early in the disease progression in the animal models, but given in 

later stages during the clinical trials (Keller, Gravel, & Kriz, 2011; Moller et al., 2016).

Microglia have been shown to be modified by sex, developmental phase, environmental 

stimuli like stress and drugs, brain injury, and illness (Fig 1). Because of the ability to 

bidirectionally regulate neuronal activity, inhibition of microglia could have opposite 

effects depending on the state of the cell at the time of treatment. Understanding the state 
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of the microglial population prior to treatment will be important to optimize the 

effectiveness of drugs like minocycline in the treatment of psychiatric disorders.  

Figure 1. Many factors contribute to the state of microglia.

For these experiments we chose to use minocycline to inhibit microglia. 

Minocycline administered during stress mitigates the effects of the stressor on depression-

, anxiety-, even addiction like-behavior (Bassett et al., 2021; H. Y. Liu et al., 2018; Lo 

Iacono et al., 2018; C. Zhang et al., 2019). This drug is a second-generation tetracycline 
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(Klein & Cunha, 1995). It is both an antibiotic and a potent inhibitor of inflammation in 

the central nervous system.  While the exact mechanism by which minocycline inhibits 

microglia is unknown, it has been shown to inhibit components of pro-inflammatory 

signaling like major histocompatibility complex class II and the danger-associated 

molecular pattern HMGB1 (Nikodemova, Watters, Jackson, Yang, & Duncan, 2007; B. 

Wang et al., 2020). The anti-inflammatory effects are robust, but some researchers have 

questioned the specificity of minocycline, pointing to evidence of minocycline effects in 

astrocytes and neurons (Moller et al., 2016). Additionally, the antibiotic properties of

minocycline alter the gut biome, which could act as a confounding variable (Schmidtner et 

al., 2019). The gut and the brain communicate through various pathways, including the

autonomic nervous system, the immune system, and even microbiota that can synthesize 

neurotransmitters in the gut (H. X. Wang & Wang, 2016). Chronic stress is capable of 

altering the gut biome, and minocycline has been shown to reverse some of these biome 

changes, while exacerbating others (Wong et al., 2016; Q. Yang et al., 2020). Future 

experiments could utilize other tools to inhibit microglia without acting as an antibiotic, 

including colony stimulating factor receptor-1 antagonists like PLX3397, and mouse lines 

engineered for genetic ablation of microglia (Eme-Scolan & Dando, 2020).

In the current studies, we observed sex-differences in the impact of isolation on 

neuron structure and sex-differences in the effects of minocycline on addiction-like 

behaviors and neuroadaptations. It is important that preclinical addiction research include 

females and males, as sex-differences are also observed in humans with substance use 

disorders (See Becker, McClellan, & Reed, 2017 for review). For example, women escalate 
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from casual drug use to addiction more quickly than men (Anglin, Hser, & McGlothlin, 

1987). There is also evidence of sex differences in the link between stress and addiction 

(Rodriguez, Litt, & Stewart, 2020; P. H. Smith et al., 2015). In women tobacco users, a 

history of childhood abuse was linked to reduced success at quitting smoking, but past 

abuse was not linked to quitting success amongst men (P. H. Smith et al., 2015). More 

recently, the level of psychological distress brought on by the threat of Covid-19 correlated 

with increased alcohol consumption in women, but not in men (Rodriguez et al., 2020).

Much more research on the sex differences in stress and addiction-like behavior is needed 

to develop effective treatments for addiction across sexes. 

In summary, these studies demonstrated that post-weaning social isolation causes 

long lasting, sex- and region-specific alterations to dendritic spine density. Many of these 

alterations are negated by the addition of daily injections in early adolescence. However, 

the effects of isolation are still observed in the saline-treated males in the nucleus 

accumbens shell. Isolation-induced increases in spine density in the male shell are reversed 

by minocycline. When examining the effects of minocycline on isolation induced 

vulnerability to addiction, we found that daily injections of saline prevented the increases 

in cocaine consumption and cue-induced reinstatement our lab had previously reported 

(Fosnocht et al., 2019). However, the minocycline injections combined with isolation 

exacerbated addiction-like behaviors. These findings suggest that daily injections during 

isolation lead to microglia-mediated resilience to later cocaine-related behaviors. Taken 

together, these data provide evidence of long-term neuroadaptations caused by isolation, 

add to existing evidence that microglia are involved in regulating dendritic spines, and 
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provide novel evidence for a role of microglia in stress inoculation against future addiction-

like behaviors
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