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Abstract

Dendritic spines are multifunctional integrative units of the nervous system and are highly diverse 

and dynamic in nature. Both internal and external stimuli influence dendritic spine density and 

morphology on the order of minutes. It is clear that the structural plasticity of dendritic spines is 

related to changes in synaptic efficacy, learning and memory, and other cognitive processes. 

However, it is currently unclear whether structural changes in dendritic spines are primary 

instigators of changes in specific behaviors, a consequence of behavioral changes, or both. In this 

review, we first review the basic structure and function of dendritic spines in the brain, as well as 

laboratory methods to characterize and quantify morphological changes in dendritic spines. We 

then discuss the existing literature on the temporal and functional relationship between changes in 

dendritic spines in specific brain regions and changes in specific behaviors mediated by those 

regions. Although technological advancements have allowed us to better understand the functional 

relevance of structural changes in dendritic spines that are influenced by environmental stimuli, 

the role of spine dynamics as an underlying driver or consequence of behavior still remains 

elusive. We conclude that while it is likely that structural changes in dendritic spines are both 

instigators and results of behavioral changes, improved research tools and methods are needed to 

experimentally and directly manipulate spine dynamics in order to more empirically delineate the 

relationship between spine structure and behavior.
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Introduction

Dendritic spines are key specialized structures of neuronal connectivity and signaling in the 

nervous system. Dendritic spines are also highly dynamic in nature, having the capacity to 

change their morphology, number, density, and motility within relatively short timeframes. 

For the purposes of this review, we utilize the term dendritic spine “dynamics” to refer to 

changes in one or more of the aforementioned structural properties, as opposed to 
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subcellular phenomena such as biochemical signaling or dendritic mRNA translation. The 

dynamic nature of dendritic spines has recently become of great interest in the study of the 

neurobiological underpinnings of behavior. For example, synaptic plasticity, which is 

thought to underlie learning processes and the formation and consolidation of memory 

(Durand et al., 1996; Fortin et al., 2012; Oe et al., 2013), involves de novo dendritic spine 

formation (spinogenesis) and remodeling of existing spines to sustain neuronal connections 

that result from input from the environment or other brain regions. Synaptic strengthening 

and long-term potentiation (LTP) are associated with increases in spine density and/or spine 

head diameter, while synaptic weakening induced by long-term depression (LTD) causes 

spine retraction (Alvarez & Sabatini, 2007; De Roo et al., 2008a; Sala & Segal, 2014; Segal, 

2005; van der Zee, 2015). However, it should be noted that synaptic overstimulation can also 

lead to spine shrinkage to prevent damage from excess calcium influx (Paulin et al., 2016).

The involvement of spine dynamics in behavior and the impact of environmental stimuli on 

spines have become topics of interest across various fields of research. However, it remains 

unclear whether spine changes precede environmental input and/or behavioral output, or if 

environmental input and/or behavioral output in and of themselves lead to spine changes. In 

this review, we will examine the function of dendritic spines as well as technological 

advancements in the neuroanatomical methods used to analyze them. In doing so, we will 

discuss whether changes in spine morphology are an accurate correlate for changes in 

synaptic strength. We will then discuss structural changes in dendritic spines in relation to 

different types of environmental input or behavioral output including learning and memory 

processes, addiction-related behaviors, stress, depression, and aging. Finally, we will attempt 

to address the question: do changes in dendritic spine dynamics lead to behavioral changes, 

specifically when behavior becomes aberrant, or is behavior itself the root cause of changes 

in dendritic spines? In other words, do spine dynamics underlie pathological behaviors and 

therefore constitute a neurobiological substrate of certain brain disorders?

Structure and function of dendritic spines

Structure

Dendritic spines were discovered more than century ago by renowned Spanish anatomist and 

Nobel laureate Santiago Ramón y Cajal. In his investigations of the microarchitecture of the 

avian cerebellar cortex, Cajal noted that the “surface of the Purkinje cells' dendrites appear 

ruffled with thorns or short spines, which on the terminal dendrites look like light 

protrusions” (Ramón y Cajal, 1888). Cajal subsequently revealed dendritic spines to be 

present in numerous neuronal subtypes and brain regions, and also relatively consistent 

across various animal species (Ramón y Cajal, 1899). Incorporating these observations into 

his neuron doctrine, Cajal hypothesized that dendritic spines served to increase the surface 

area of dendrites to accommodate the vast complexity and number of neural connections in 

the brain (Ramón y Cajal, 1899; Yuste, 2015).

The subsequent development of high resolution microscopy techniques such as confocal 

microscopy, two-dimensional transmission electron microscopy, and three-dimensional 

reconstruction of serial confocal and electron microscopy images, has revealed substantial 

heterogeneity in dendritic spine morphology and associated metrics. In general, dendritic 
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spines are 1–3 μm in length, 0.01–0.8 μm3 in volume, and typically consist of a rounded 

“head” (which receives primarily excitatory synaptic input) atop a thinner “neck” apparatus 

emanating from the dendritic shaft (Harris & Spacek, 2016; Yuste, 2010) (Fig. 1A). 

However, neurons exhibit many variations of dendritic spine subtypes based on their 

morphological and physiological properties, each with unique putative functions. Spine-

containing (“spiny”) neurons are found in numerous brain regions, the most widely studied 

being pyramidal cells of the cerebral cortex, medium spiny neurons of the dorsal and ventral 

striatum, and Purkinje cells of the cerebellum. Recently, advancements in cellular imaging 

techniques have allowed three-dimensional analyses of dendritic spines across different cell 

types, brain regions, and time. Importantly, it should be noted that although these 

advancements have yielded a wealth of information regarding the dynamic structure of 

dendritic spines, they have not yet fully defined the exact functions of changes in dendritic 

spine morphology, particularly with respect to behavior.

More than 100,000 dendritic spines can populate the dendritic arbor of a single neuron 

(Yuste, 2010). During the development of the nervous system, dendritic spines tend to have a 

long (>2 μm), “filopodia-like” morphology containing relatively few organelles and no 

discernible head apparatus. This type of dendritic spine is highly dynamic in its ability to 

retract or extend within minutes of chemical stimulation (Fischer et al., 1998; Harris, 1999). 

However, its functionality in synaptic transmission, particularly in adulthood, appears 

limited, since it largely devoid of synaptic inputs and thus is often considered an “immature” 

or “transient” phenotype. Yet following increased synaptic input, immature dendritic spines 

can transform into more “mature” and “stable” phenotypes (Bourne & Harris, 2007).

Dendritic spines in adult neurons can have simple or branched morphologies (Fig. 1B), and 

over the years, investigators have developed various criteria for classifying spines into 

specific categories based on their overall morphology. However, as we caution below, such 

categorical approaches to examining spine dynamics may be inherently self-limiting and 

potentially flawed. Some spine types are sessile in nature, being devoid of any discernible 

neck apparatus and relatively short in length (<0.5 μm), which are often referred to as 

“stubby” spines (Harris & Spacek, 2016). Other mature types of spines are pedunculated, 

containing a head apparatus that is wider in diameter than that of the neck, often referred to 

as “mushroom” spines. Spines that retain this distinct head and neck apparatus but with 

much narrower diameters are often referred to as “thin” spines. Less frequently, mature 

spines can have two (bifurcated) or more (multi-branched) processes with fully functional 

heads, thus allowing multiple excitatory synaptic inputs onto a single spine. It should be 

noted that aside from these classical dendritic spine morphologies, other dendritic 

specializations for receiving inputs include more complicated architectures such as synaptic 

crests, claw-like glomerular endings, brush endings, and thorny and coralline excrescences. 

Yet the occurrence of these structures tends to be far less frequent than that of simple 

dendritic spines (Harris & Spacek, 2016).

As alluded to above, many studies investigating the structural plasticity of dendritic spines in 

normal and diseased states have utilized categorical approaches to quantifying spine 

plasticity. For example, observed increases in the numbers of “mushroom-shaped” spines 

following a specific experimental manipulation, concomitant with decreases in the numbers 
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of “filopodia-like” spines, are often interpreted as being suggestive of increased spine 

maturation. We argue, however, that many metrics of spine morphology, including head and 

neck diameter and volume, neck length, ratio of head to neck diameter, etc., occur along 

various continuums. As a result, categorical approaches to assessing structural plasticity of 

dendritic spines may overlook subtle differences in spine morphology that do not meet pre-

defined classifications (Arellano et al., 2007). For example, putative thin and filopodia-like 

spines often have similar diameters, and the length of the spine that differentiates between 

these two subtypes is not universally agreed upon. Similarly, spines that have discernible yet 

relatively small head apparatuses located on spine necks with large diameters may be 

mistakenly classified as thin spines. The conundrum of discrete morphological spine 

classification is further exemplified by recent findings that indicate spine neck width and 

length are more indicative of synaptic efficacy and compartmentalization than spine head 

measurements (Tonnesen et al., 2014). As suggested by others (Arellano et al., 2007; Yuste 

& Majewska, 2001), we assert that dendritic spine dynamics are more accurately assessed by 

continuous numerical measures, such as spine head diameter and volume, neck width and 

length, and so forth, rather than discrete morphology-based classifications.

Hypothesized functions of dendritic spines

As noted earlier, Cajal hypothesized that dendritic spines served to increase the surface area 

of dendrites, thereby increasing their capacity to receive synaptic inputs (Ramón y Cajal, 

1899). While this hypothesis continues to be supported today, recent advances in 

electrophysiology, microscopy, and biochemical techniques have allowed additional 

hypotheses to be formed regarding the function of dendritic spines. These functions include, 

but are not limited to, (1) a means for regulating the efficacy of single synapses at the pre- 

and post-synaptic levels; (2) expanding the computational capacity of neurons; and (3) 

compartmentalization of postsynaptic biochemical signaling and gene expression (Crick, 

1982; Koch & Zador, 1993; Lee et al., 2012; Rall, 1978; Shepherd, 1996; Yuste & 

Majewska, 2001). Indeed, all of these hypothesized functions are substantiated by a 

considerable body of empirical studies.

One of the most widely studied aspects of structural plasticity of dendritic spines is the 

influence of learning and memory related processes. Early studies showed that tetanic 

stimulation of hippocampal afferents, with parameters similar to those used for inducing 

long-term potentiation (LTP), resulted in increased spine density and enlarged spine heads 

and necks in granule cells of the dentate gyrus (Chang & Greenough, 1984; Desmond & 

Levy, 1986; Fifkova & Anderson, 1981; Fifkova & Van Harreveld, 1977; Van Harreveld & 

Fifkova, 1975). Since dendritic spine head diameter and volume have been positively 

correlated with synaptic strength (De Roo et al., 2008a; Sala & Segal, 2014), it would seem 

reasonable to conclude that these morphological changes in dendritic spines are anatomical 

substrates of increased synaptic efficacy. Similarly, increases in dendritic spine density in the 

dentate gyrus have been observed following optogenetic activation of entorhinal inputs to 

these cells, paralleled by increases in membrane capacitance (Ryan et al., 2015). On the 

other hand, chemically induced synaptic de-potentiation (e.g., LTD) can cause spine 

retraction and shrinkage (Nagerl et al., 2004; Oh et al., 2013; Wang et al., 2007; Zhou et al., 
2004). It should be noted, however, that LTP- or LTD-induced changes in spine dynamics 
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are not necessarily uniform within a specific brain region, population of neurons, or even 

along the length of a single dendritic shaft, but rather appeared clustered to specific dendritic 

segments (Bosch & Hayashi, 2012; De Roo et al., 2008a; Fortin et al., 2012; Yuste & 

Bonhoeffer, 2001).

The ability of LTP to induce increases in spine density raises some interesting questions. For 

example, does LTP actually induce the de novo growth of dendritic spines (spinogenesis), or 

merely enlarge existing spines? Are these changes merely transient, or do they become 

stabilized and mature to establish new synaptic connections? The answers to these questions 

appear to be in the affirmative. It is now clear that de novo spinogenesis occurs under 

conditions of synaptic potentiation both in vitro (Engert & Bonhoeffer, 1999; Maletic-

Savatic et al., 1999; Toni et al., 1999) and in vivo (Hayashi-Takagi et al., 2015; Holtmaat et 
al., 2005; Kopec et al., 2006; Matsuzaki et al., 2004; Ryan et al., 2015; Trachtenberg et al., 
2002; Yang et al., 2009). Glutamatergic signaling appears to be critical for this phenomenon 

(Fischer et al., 2000; Kwon & Sabatini, 2011; Mattison et al., 2014; Richards et al., 2005; 

Ultanir et al., 2007), although other neurotransmitter such as dopamine also likely play a 

role (Yagishita et al., 2014). Ultrastructural studies have shown that at least some of these 

newly formed spines are capable of becoming mature and stabilized to form intact synapses, 

albeit hours to days following de novo spine growth (Knott et al., 2006; Nagerl et al., 2007; 

Toni et al., 1999).

Another interesting question raised by these observations is whether dendritic spine growth, 

plasticity, or even elimination occurs on a regular basis in the absence of significant synaptic 

input. This appears to be the case especially during brain development, where spine turnover 

(protrusion, maturation, and elimination) occurs in as many as 10–15% of dendritic spines in 

a 24-hour period, whereas in adulthood this number declines to ~1–2% (Attardo et al., 2015; 

Grutzendler et al., 2002; Trachtenberg et al., 2002; Zuo et al., 2005). While many 

“stabilized” spines appear to remain plastic throughout the lifespan, only a small subset of 

dendritic spines actually undergo complete turnover. Interestingly, under pathological 

developmental conditions such as in Fragile X syndrome, the abolishment of the fragile X 

mental retardation protein (FMRP) impacts both the stability of spines (Cruz-Martin et al., 
2010; Pan et al., 2010) and proper spine pruning during development, resulting in an excess 

of small diameter and longer length spines on pyramidal neuron apical dendrites within the 

cerebral cortex. For a more detailed summary of dendritic spine abnormalities associated 

with neurodevelopmental or other neuropsychiatric disorders, the reader is directed to 

several recent reviews (Glausier & Lewis, 2013; He & Portera-Cailliau, 2013; Leuner & 

Shors, 2013; van Spronsen & Hoogenraad, 2010). Although these observations in Fragile X 

syndrome highlight the potential importance of proper synaptic pruning and spine 

stabilization in normal brain development, care should be taken when interpreting dendritic 

spine function based solely on measurements such as head diameter and neck length, as 

these may lead to incorrect assumptions regarding spine function. Additional measurements 

such as receptor insertion, postsynaptic density quantification, or synaptic efficacy should be 

utilized, when possible, to confirm functionality of changes in spine dynamics. Finally, 

traditional classification of spines into different categories has recently been suggested to be 

obsolete, as a time lapse imaging study using high resolution stimulated emission depletion 

microscopy found that spines previously categorized as “stubby” are actually “mushroom” 
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shaped (Tonnesen et al., 2014). This discrepancy is attributable to the limits of less evolved 

imaging technologies that measure spine neck diameter inaccurately. These findings also 

suggest that the proportion of putative “stubby” spines may be overestimated in earlier 

studies (Segal, 2016), which leads to a concern regarding the interpretation of spine function 

based on categorizations across different fields of research.

Molecular mechanisms of dendritic spine dynamics

The dynamic nature of dendritic spines suggests a substantial amount and sophistication of 

cellular machinery present locally in the dendrite that subserves the demands of synaptic 

homeostasis. In addition to the presence of polyribosomes for local mRNA translation in 

dendrites (Martin & Zukin, 2006), hundreds of different molecular entities have been 

identified as mediators of dendritic spine formation, structure, stability, motility, and 

elimination. These can be classified into various functional categories including: actin 

binding and cytoskeletal proteins (e.g., actin, myosin, profilin, cofilin, etc), small guanosine 

exchange factors and triphosphatases (GEFs and GTPases, respectively) and associated 

proteins (including RhoA, Kalrin-7, and Cdc42), cell surface receptors and adhesion 

molecules (e.g., glutamate receptors, integrins and cadherins), receptor tyrosine and other 

kinases (e.g., TrkB receptors, calcium/calmodulin-dependent protein kinase II, etc.), 

postsynaptic scaffold and adaptor proteins (e.g., Homer, Shank, PSD, etc.), microRNAs, 

microRNA binding proteins and transcription factors, and steroid hormones (e.g., estrogen 

and glucocorticoids). For an in depth discussion of the function of all of these classes of 

spine-associated proteins, the reader is directed to several other excellent recent reviews 

(Bellot et al., 2014; Frankfurt & Luine, 2015; Murakoshi & Yasuda, 2012; Sala & Segal, 

2014; Tada & Sheng, 2006; Uchoa et al., 2014; Wang & Zhou, 2010).

The most rapid events in initiating structural plasticity in dendritic spines are changes in 

intracellular calcium levels (which occurs on a millisecond time scale), followed by 

activation of various kinases and GTPases (on the order of seconds), activation of GEFs, 

actin and other cytoskeletal reorganization, and insertion of various neurotransmitter 

receptors (on the order of minutes). Lastly, phosphorylation and nuclear translocation of 

various transcription factors to initiate gene expression (on the order of minutes to hours), 

culminates in spinogenesis or structural changes and accompanying synaptic potentiation or 

de-potentiation (Yasuda, 2016).

Since this review focuses on the structural alterations of dendritic spines, it is worth briefly 

mentioning the basic aspects of cytoskeletal dynamics. The cytoskeleton of dendritic spines 

is composed primarily of smaller globular (G) actin building blocks that assemble into 

paired and twisted filaments that constitute filamentous (F) actin. F-actin is the primary 

cytoskeletal component of the spine neck and latticework of the spine head (see Fig. 1A). 

Changes in spine morphology during cytoskeletal restructuring are thought to be 

accompanied by changes in AMPA receptor expression (Cingolani & Goda, 2008). During 

dendritic spine restructuring, F-actin can become depolymerized into G-actin by direct actin-

binding molecules such as cofilin-1 and destrin. Alternatively, F-actin can be bound and 

either contracted or stabilized by members of the myosin family of molecular motors, such 

as non-muscle myosin IIB. Other actin binding protein that promote stabilization are drebrin 
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A, Ras, profilin, and gelsolin. Actin polymerization and de-polymerization are also 

influenced by proteins such as Shank, PSD, cortactin, Rac1, and various capping proteins. 

As a side note and as discussed below, there are recent reports of the development of a 

photoactivatable form of the GTPase Rac1 that allows for optogenetic induction of spine 

shrinkage (Hayashi-Takagi et al., 2015). There is also recent evidence that microtubule-

associated proteins also participate in dendritic spine dynamics, as do epigenetic phenomena 

(see below). For a more detailed description of actin and other proteins involved in dendritic 

spine morphogenesis and plasticity, see (Bellot et al., 2014; Bhatt et al., 2009; Bramham, 

2008; Fortin et al., 2012; Halpain, 2000; Hotulainen & Hoogenraad, 2010; Koleske, 2013; 

Lamprecht, 2014; Murakoshi & Yasuda, 2012; Sala & Segal, 2014; Shirao & Gonzalez-

Billault, 2013; Tada & Sheng, 2006).

Methods for assessing dendritic spine morphology

Assessment of dendritic spine dynamics has traditionally been performed in postmortem 

brain tissue using various methods, most frequently using Golgi-Cox or fluorescent dye 

staining. However, these methods are inherently limited in their ability to reveal information 

about changes in dendritic spines over time and/or in conjunction with specific behaviors, in 

that they allow only a “snapshot” in time rather than real-time imaging of spine dynamics. In 

addition, they typically involve using fixed tissue to allow for between-subjects 

comparisons. Fortunately, technological advances in microscopy and genetic engineering 

have now made imaging dendritic spine dynamics in the living brain a distinct reality. 

However, as mentioned below, imaging spine dynamics in deep brain structures with 

sufficient resolution remains a challenge.

Golgi-Cox staining

The first method utilized for assessing the fine structure of cells of the nervous system was 

the Golgi stain. This method was developed by renowned anatomist Camillo Golgi (Golgi, 

1873), utilized by Cajal in his seminal studies described earlier (Ramón y Cajal, 1888; 

Ramón y Cajal, 1899), and refined by Cox and other groups of investigators to produce what 

is now widely referred to as the modified Golgi-Cox stain (Cox, 1891; Gibb & Kolb, 1998; 

Glaser & Van der Loos, 1981). In this procedure, post-mortem brain tissue is cut into 

relatively thick (~100–300 μm) sections, and immersed in a solution containing potassium 

chromate and dichromate and chloride salts of heavy metals (silver or mercury) for several 

weeks. Following tissue dehydration, clearing, and mounting onto microscope slides, Golgi-

impregnated tissue can be viewed under brightfield microscopy to reveal detailed dendritic 

arborizations as well as high resolution of individual dendritic spines (Fig. 2A), which can 

then be quantified manually or semi-automatically using various computer-based algorithms 

(Orlowski & Bjarkam, 2012). Advantages of the Golgi-Cox method for assessing dendritic 

spine dynamics are its relative low cost and resistance to fading or photobleaching over time. 

Often cited disadvantages of Golgi-Cox staining are the limited ability to determine the 

neurochemical phenotypes of impregnated neurons, overlapping and out-of-focus dendritic 

segments, and underestimation of spine numbers due to the two-dimensional nature of the 

obtained images. However, methods to minimize these disadvantages have been described, 

including the use of fluorescent Golgi stains (Koyama & Tohyama, 2013), confocal laser 
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scanning microscopy to view Golgi-impregnated neurons in reflected mode to allow for 

subsequent three-dimensional reconstruction of serial images (Tredici et al., 1993), and 

introducing immunofluorescence procedures to allow for identification of labeled neurons 

(Pinto et al., 2012; Spiga et al., 2011). Despite these advances, Golgi-Cox staining yields 

comparatively less morphological detail than newer fluorescence-based methods.

Fluorescent dyes

Another approach to examining neuronal microarchitecture is the use of fluorescent dyes 

that fill the cell body and its processes to reveal the fine structure of dendritic spines. 

Following labeling with fluorescent dyes, serial sections of images are obtained on a 

confocal laser scanning microscope and processed for three-dimensional reconstruction and 

analysis of dendritic spine density and morphology. One such fluorescent dye is Lucifer 

Yellow (Belichenko & Dahlstrom, 1995) which produces robust spine labeling (Fig. 2B). A 

disadvantage of this dye, however, is that cells must be filled manually via intracellular 

injections. Yet this method allows for specific cell impregnation, and is useful in the analysis 

of spine morphology following electrophysiological recordings, thus permitting structure 

and function to be measured from the same cell rather than from cells from different 

experimental cohorts. Another advantage of Lucifer Yellow staining is that fewer cells 

within a tissue section are labeled, allowing for less interference from overlapping cells and 

improved imaging and analysis.

An alternative method to Lucifer Yellow is the use of carbocyanine dyes such as 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine (DiI; see Fig 2C), 3,3'-

dioctadecyloxacarbocyanine (DiO), or 1,1'-dioctadecyl-3,3,3',3'- 

tetramethylindodicarbocyanine (DiD). The lipophilic nature of these dyes makes them 

particularly suitable for the assessment of dendritic spine morphology, as they are easily 

incorporated into the lipid bilayer and diffuse laterally to fill the neuronal microarchitecture. 

Methods have been developed to inject these dyes into tissue sections via helium-pressured 

ballistic “gene guns”, which results in cell labeling efficiency roughly equivalent to that 

achieved by Golgi-Cox staining. In addition, various investigators have introduced 

immunohistochemical methods to identify fluorescently labeled neurons (Dunaevsky, 2013; 

Gan et al., 2009; Gan et al., 2000; O'Brien & Lummis, 2006; Seabold et al., 2010; Staffend 

& Meisel, 2011a; Staffend & Meisel, 2011b). As with Golgi-Cox staining, computer-based 

algorithms can be used for semi-automatic detection and classification of dendritic spines 

(Mancuso et al., 2013; Parekh & Ascoli, 2013; Shen et al., 2008). However, like most 

methods employing fluorescent labels, Lucifer Yellow and carbocyanine dye are susceptible 

to fading and photobleaching with prolonged imaging, as well as loss of anchoring to the 

labeled cell, especially when stored for extended periods of time. Generally, in our 

experience, DiI-labeled cells can only be imaged for up to ~6 months following tissue 

preparation prior to the leaching of the fluorescent dye from the membranes.

Other methods for assessing dendritic spine morphology include immunohistochemical 

staining for markers of dendritic spines such as PSD. However, this approach is inherently 

limited by poor and non-uniform antibody penetration into thicker tissue sections (Mancuso 

et al., 2013). Similar methods utilized in ultra-thin sections, such as array tomography 
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followed by three-dimensional reconstruction of serially collected images, have also been 

utilized and appear to yield improved results (Micheva et al., 2010). Unfortunately, this 

method requires laborious sample preparation and image reconstruction methods, limiting its 

utility in larger data sets.

In vivo imaging of spine plasticity

All of the aforementioned methods are performed in post-mortem tissue, and thus lack the 

ability to assess one of the most critical aspects of dendritic spines with respect to their 

behavioral relevance: dynamic changes in spine number and morphology over time, 

particularly during specific behaviors. This limitation has only recently been overcome with 

advanced imaging methods involving two-photon microscopy in awake and behaving 

animals. In this approach, either viral vectors or transgenic animals are employed to express 

fluorescent proteins such as enhanced green fluorescent protein (EGFP) or yellow 

fluorescent protein (EYFP) under the control of a ubiquitous or cell-type specific promoter 

(Grutzendler & Gan, 2006; Grutzendler et al., 2011; Hayashi-Takagi et al., 2015; Majewska 

et al., 2006; Matsuzaki et al., 2004; Ryan et al., 2015; Trachtenberg et al., 2002; Yang et al., 
2009; Yasumatsu et al., 2008). Fluorescence is then imaged in vivo using a thinned skull, 

cranial window, or microendoscopic camera connected to a two-photon microscope system 

(Isshiki & Okabe, 2014). A particular advantage of this approach is that not only can cellular 

morphology be determined in an intact living brain, but other experimental methods such as 

fluorescent calcium or other ionic dye indicators as well as pharmacological uncaging (e.g., 

glutamate) can be incorporated, as can near infrared excitation wavelengths that penetrate 

deeper into tissue with reduced light scattering and absorption (Holtmaat et al., 2012; 

Murayama & Larkum, 2012; Swanger et al., 2011; Yuste, 2010). A disadvantage of this 

approach, however, is that the quality of the image through a thinned skull, without the 

incorporation of other methods such as microendoscopy, degrades at distances deeper than 

50 μm from the brain surface (Isshiki & Okabe, 2014).

Do changes in spine morphology have behavioral relevance?

Learning and Memory Processes

Dendritic spines receive synaptic contacts that can be altered following new experiences, and 

are necessary in the processes of learning and memory. The overarching hypotheses 

regarding the role of dendritic spines in learning and memory have changed over time, 

beginning with the notion that spine density correlates with learning, eventually changing to 

the idea that morphological changes within the spine itself are more important for new 

learning and memory formation than total spine number or density (van der Zee, 2015). 

Some have postulated that spines with small diameters and/or lengths are unstable, easily 

eliminated, and responsible for acquisition of memory, whereas spines with larger head 

diameters are more stable and necessary for long-term memory formation (Kasai et al., 
2010; Kasai et al., 2003). In line with this notion, it has been postulated that these spines 

with large head diameters arise from the maturation of thinner spines with small or absent 

head apparatuses (Bourne & Harris, 2007).
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However, there is not universal agreement on the function of dendritic spines and their 

morphology with respect to learning and memory, particularly when discordant results are 

reported in studies that have utilized similar model systems of learning and memory. For 

example, increases in dendritic spine density in apical and basilar dendrites of hippocampal 

neurons have been observed following trace eyeblink conditioning (Leuner et al., 2003), 

while others have failed to observe such changes on apical dendrites of hippocampal neurons 

(Geinisman et al., 2000), though this latter study did report increases in total PSD area. A 

subsequent study by Geinisman and colleagues found that trace conditioning induced 

increases in the formation of multi-synapse boutons (MSBs), in which two or more 

postsynaptic elements are associated with a single presynaptic element (Geinisman et al., 
2001). These examples illustrate that discordant reports on effects of learning on spine 

dynamics, even those utilizing similar learning paradigms, may be a reflection of different 

experimental approaches (Golgi staining vs. spine ultrastructure via electron microscopy), 

different dendritic domains analyzed (apical vs. apical and basilar dendrites), or even 

different dependent measures (spine density vs. PSD area and number of MSBs). In light of 

this example, it is clear why it is difficult to come to a consensus regarding cause-and-effect 

relationships between spine dynamics and learning and memory.

Fortunately, more recent studies utilizing in vivo spine imaging have increased our 

understanding of this complex relationship. In one such study, Yang and colleagues (Yang et 
al., 2009) utilized EYFP-expressing mice to examine spine dynamics in the primary motor 

cortex following a motor (rotarod) learning task, or in the barrel cortex following sensory 

experience (environmental enrichment). Experience-induced de novo spine formation was 

observed within two 2 days of task performance, and a small percentage of these newly 

formed spines persisted for months, while other spines were eliminated by subsequent 

exposure to novel experiences. Interestingly, in this study, control experiments demonstrated 

that spinogenesis was not a result of non-specific motor activity or sensory experience. 

These findings strongly suggest that sensory experiences result in long-lasting synaptic 

alterations that underlie persistent sensory or motor memories. However, since spine 

dynamics were not directly manipulated in this study, it is difficult to determine precisely 

whether spinogenesis and its persistence were induced by environmental input, or were a 

result of specific behavior output.

A more recent study (Hayashi-Takagi et al., 2015) used direct experimental manipulations of 

spine dynamics to examine their role in learning and memory processes. In this study, the 

authors developed a photoactivatable form of the GTPase Rac1, which under conditions of 

prolonged activation results in spine shrinkage. The expression of this photoactivatable form 

of Rac1 (PaRac1) was targeted to recently activated synapses (AS-PaRac1) via use of the 

promoter for the activity-dependent immediate early gene Arc/Arg3.1. Using this 

technology, the authors demonstrated that motor learning in a rotarod task resulted in de 

novo spinogenesis and enlargement of existing spines in the primary motor cortex. Upon 

photoactivation of AS-PaRac1, which resulted in shrinkage of previously potentiated spines 

(estimated to be ~410,000 spines localized to ~4,700 neurons), the authors were able to 

disrupt (“erase”) learning in the rotarod task during a critical time period in the experiment. 

These highly novel findings suggest that not only are dendritic spines potentiated by learning 

experiences, but their disruption can adversely impact motor learning ability. Thus, changes 
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in dendritic spines can not only result from learning experiences, but also regulate 

behavioral output that is indicative of learning.

During early life development, when neuronal plasticity is arguably at its peak, it is thought 

that dendritic spines and synaptic contacts are formed or pruned via mechanisms that rely on 

an interplay between learning-based environmental input and behavioral output. Learning-

related patterns of neuronal activity induce LTP and lead to stabilization and localization of 

spines (De Roo et al., 2008a; De Roo et al., 2008b). In very young animals (postnatal day 15 

rats), a time of immense synaptogenesis, it has been demonstrated that theta burst 

stimulation (TBS)-induced LTP activates existing synapses and leads to the formation of 

new spines, illustrating robust plasticity of neuronal networks during development (Watson 

et al., 2016). Interestingly, hippocampal synaptic growth and pruning during the early life 

postnatal period induces remodeling of neuronal networks which is regulated by activity. In 

one recent study, the impact of synaptic adhesion molecules on synaptic maturation and 

survival was assessed in 7 to 9 week old mice (Krzisch et al., 2016). In this study, it was 

demonstrated that overexpression of the synaptic adhesion molecule SynCAM1 increased 

maturation of dendritic spines in the hippocampus, whereas overexpression of another 

adhesion molecule Neuroligin-1B increased spine density in the hippocampus. In contrast, 

overexpression of Neuroligin-2A increased spine density and GABAergic innervation, 

which resulted in significantly higher levels of neuronal survival. In addition, mice 

overexpressing Neuroligin-2A specifically in new neurons, showed impaired spatial learning 

performance in the Morris water maze. Although higher levels of spine survival appear to be 

linked to impaired performance in this particular task, suggesting that overall spine density 

may not be the most important neurobiological substrate for enhancing cognitive ability, it 

should be noted that the role of each adhesion molecule was assessed by cell-autonomous 

overexpression which may have led to other compensatory mechanisms and/or neuronal 

organization that resulted in altered cognitive performance. Regardless, these results show a 

link between synaptic maturation, increased neuronal survival during a period of high levels 

of synaptic reorganization, and learning processes.

Fear conditioning is a form of associative learning in which subjects exposed to an aversive 

stimulus associate a neutral stimulus with defense responses, after which this neutral 

stimulus thus becomes a conditioned stimulus which elicits a conditioned response (Blair et 
al., 2001). In the preclinical literature, the neurobiological mechanisms of fear conditioning 

have been studied in detail. Alterations in spine morphology in the amygdala have been 

shown to occur following fear conditioning, such that profilin, an actin polymerization 

regulatory protein, impregnates dendritic spines which then undergo post-synaptic density 

enlargement (Lamprecht et al., 2006). Interestingly, one study found that recruitment of 

calcium-permeable (GluA2-lacking) AMPA receptors was specific to mushroom-type spines 

in hippocampal CA1 neurons after fear conditioning (Matsuo et al., 2008). Specifically, 

transgenic mice showed enhanced GFP-GluA1 recruitment into spines with large head 

diameters 24 hours after fear conditioning, which then reversed by 72 hours post-

conditioning. This reversal may indicate replacement of AMPA receptor subunits to others 

such as GluA2, which are more stable and calcium impermeable. Here, dynamic changes in 

spine morphology seem to have functional relevance and occur as a result of a learning 

mechanism. Alterations in spine morphology have also been found in the lateral amygdala 
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(LA) in a fear conditioning paradigm (Radley et al., 2006a), as conditioned and 

unconditioned stimuli activate neurons within this region, and damage to the LA inhibits 

acquisition of fear conditioning (Quirk et al., 1997; Romanski et al., 1993; Schafe et al., 
2001). Specifically, fear conditioning increased spine density measured via spinophilin-

immunoreactivity in spine heads (Radley et al., 2006a). These studies suggest that processes 

of learning and memory induce alterations in spine morphology, specifically with respect to 

changes underlying acquisition of Pavlovian associations.

In another study, Ryan and colleagues found that both optogenetic activation of entorhinal 

cortex as well as contextual fear conditioning increased dendritic spine densities in putative 

“engram” cells in the dentate gyrus, which encode context-dependent memories (Ryan et al., 
2015). The increases in spine density were paralleled by increases in membrane capacitance, 

and were abolished by administration of anisomycin, indicating the necessity of de novo 

protein synthesis for this phenomenon to occur. These findings were among the first to 

identify structural spine plasticity in optogenetically and behaviorally defined memory 

engram cells, and that structural plasticity in these specific cell populations was required for 

memory to occur. These findings support the notion that contextual conditioning drives spine 

changes in specific cell populations, rather than being induced by the behavior itself.

Finally, there is a wealth of evidence that maladaptive spine dynamics may contribute to, 

and/or be a result of, brain disease processes. In the case of Alzheimer's disease (AD), 

evidence suggests that the loss of dendritic spines is one of the first structural changes that 

occurs in neurons of AD patients. This dendritic spine loss is directly correlated with the 

loss of synaptic function, and is likely a result of β-amyloid accumulation, tau 

hyperphosphorylation, excitotoxicity, neuroinflammation, dysfunction of intracellular 

cytoskeletal regulators, or a combination of these factors (Dorostkar et al., 2015; Fiala et al., 
2002; Knobloch & Mansuy, 2008). Most research efforts on slowing the progress of AD 

have focused on amyloid clearance, neuroprotection, and delay of cognitive decline. 

However, new evidence suggests that promoting synaptogenesis and/or spinogenesis, 

perhaps via epigenetic mechanisms, may be of potential benefit. This was demonstrated 

recently in mouse models if AD, where histone deacetylase inhibitors were found to 

promote synaptogenesis, dendritic sprouting, and regaining of long-term memories 

especially when combined environmental enrichment (Fischer et al., 2007). Thus, both 

intrinsic and extrinsic factors affecting spine dynamics may provide more effective avenues 

for treating age-related neurodegenerative diseases.

Addiction

Exposure to drugs of abuse such as nicotine (Brown & Kolb, 2001), cocaine and 

amphetamines (Robinson & Kolb, 1999a), alcohol (Carpenter-Hyland & Chandler, 2006; 

Spiga et al., 2014a; Spiga et al., 2014b), cannabis (Spiga et al., 2010) and opiates (Robinson 

& Kolb, 1999b) can alter dendritic spine morphology (such as spine density or size) in 

various brain regions including the prefrontal cortex (PFC) and NA (Russo et al., 2010). As 

a specific example, exposure to cocaine leads to differential changes in NA spine dynamics 

when measured proximally or distally from the cell soma, illustrating that spine morphology 

varies according to location on the dendrite (Dumitriu et al., 2012). In many of these studies, 
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animals received experimenter-delivered injections of various drugs of abuse, and dendritic 

spine structure was characterized after a period of withdrawal, indicating drug-induced 

alterations in constitutive spine morphology. In addition to experimenter-delivered exposure, 

however, dendritic spines have been shown to be important in behaviors motivated by drugs 

of abuse. The development of addiction and relapse vulnerability involves complex learning 

and memory processes, as well as associations with constellations of environmental stimuli 

that become powerful cues in initiating craving and relapse behaviors (Beckmann et al., 
2011; Gipson et al., 2014; Marchant et al., 2015). Addiction is a complex, progressing 

disorder involving learning and memory processes (Hyman et al., 2006; Nestler, 2001). 

Animal studies have long established that previously neutral environmental stimuli 

consistently and contiguously paired with drugs of abuse begin to take on an important 

associative meaning. These cues enhance drug self-administration thus illustrating the cue-

dependency of drug use (Caggiula et al., 2001; Schenk & Partridge, 2001). Once these 

stimuli become conditioned or discriminative stimuli predicting drug presentation, they 

consistently produce drug-seeking in animal models of cue-induced relapse (Bossert et al., 
2013; Crombag et al., 2008; See, 2002; Shaham et al., 2003) and can also elicit structural 

changes in dendritic spines within the nucleus accumbens (NA). Specifically, exposure to an 

amphetamine-paired environmental context elicited an increase in spine density and 

frequency in activated (c-fos positive) cells in the NA compared to non-paired controls 

(Singer et al., 2016).

Interestingly, exposure to different drug classes can induce differential changes in spine 

morphology (Dumitriu et al., 2012; Gipson et al., 2014; Gipson et al., 2013a; Shen et al., 
2011), however there are also overlapping patterns of change that occur as well (Mulholland 

et al., 2016; Scofield et al., 2016). Drug-induced spine changes are also highly dynamic and 

governed by glutamatergic and dopaminergic input from mesocorticolimbic circuit afferents 

(Shen et al., 2014; Yagishita et al., 2014). For example, Shen and colleagues (Shen et al., 
2009) demonstrated that acute passive cocaine exposure increases NA spine density 

accompanied by increases in excitatory transmission as well as levels of proteins involved in 

actin regulation, protein catabolism, and glutamatergic transmission on the order of minutes 

to hours. These changes appear to return to pre-drug levels by approximately by 

approximately 24 hours following cocaine exposure. However, in animals with a history or 

repeated cocaine exposure, such changes in protein levels follow a different time course and 

yield bi-direction changes in spine head diameters, with enlarged spine heads followed by 

reductions in spine head diameters (Shen et al., 2009). These findings suggest a considerable 

degree of metaplasticity of dendritic spine dynamics in the NA that depend on the prior 

history of drug exposure. While such drug-induced changes in NA dynamics are largely 

attributable to alterations in excitatory glutamatergic transmission, recent optogenetic studies 

have revealed that synaptically released dopamine also contributes to NA spine dynamics 

(specifically, spine enlargement), although only within a narrow time window that follows 

glutamate-induced changes (Yagishita et al., 2014).

These results highlight important mechanisms underlying spine dynamics, specifically the 

role of dopaminergic innervation of NA MSNs. Older studies revealed that dopamine 

depletion via 6-hydroxydopamine lesions of the NAcore or shell induced region-specific 

structural changes such as reduced dendritic length and spine density, and increased 
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dendritic tortuosities (Meredith et al., 1995). More recent findings indicate that 

subpopulations of NA MSNs, specifically those expressing dopamine D1 or D2 receptors, 

are differentially altered during cocaine-seeking (Heinsbroek et al., 2014). Thus, the 

consequential changes in NA spines following exposure to drugs of abuse likely involve a 

complex and time-dependent interplay between glutamatergic and dopaminergic 

transmission. On an anatomical level, individual dendritic spines of NA MSNs often receive 

converging inputs, with glutamatergic afferents primarily forming synaptic contacts on spine 

heads and dopaminergic inputs forming synapses on spine necks (Sesack et al., 2003). It is 

currently unclear what alterations in this convergent synaptic architecture occur across 

different classes of abused drugs, drug history, and phases of the addiction cycle, and 

subsequently influence addiction-related behaviors.

Dendritic spine dynamics may also be influences by changes in dopamine and glutamatergic 

transmission that persist into withdrawal, such as hyperglutamatergic transmission during 

alcohol withdrawal (Holmes et al., 2013), and hypoactivity of both glutamatergic and 

dopaminergic transmission following chronic exposure to cocaine (Baker et al., 2003; Diana, 

2011; Weiss et al., 1992). In turn, glutamatergic and dopaminergic transmission in the NA 

become dysregulated during the reinstatement of cocaine-seeking behavior (McFarland et 
al., 2003; Neisewander et al., 1996). These drug-dependent fluctuations in both dopamine 

and glutamate signaling likely induce numerous transient or lasting changes in NA spine 

dynamics.

With regard to other drugs of abuse such as alcohol, proteomic analyses have revealed that 

changes in PSD-associated proteins are associated with alcohol-induced changes in synaptic 

morphology within the NA (Uys et al., 2016). This study found that exposure to and 

withdrawal from chronic intermittent ethanol (CIE) induced an increase in NA spine density, 

dendritic shaft diameter, as well as spine head diameter. Additionally, this study found 

significant alterations in the expression of a multitude of scaffolding proteins, glycoproteins, 

kinases, neuropeptides, among many others within the NA after CIE. While alterations in 

spine dynamics occurred following exposure to ethanol, it is unclear if these changes are 

important for or relevant to ethanol-related motivated behavior.

Various investigators have postulated that drug-induced spine changes create a 

neurobiological environment that is more plastic compared to drug-naïve conditions, and 

may lead to aberrant motivation to seek the drug (Mulholland & Chandler, 2007; Nyberg, 

2014; Spiga et al., 2014a; Young et al., 2014; Young et al., 2016). While most studies 

supporting this theory have examined changes in spine dynamics in mesocorticolimbic 

circuits, an eloquent series of studies by Young and colleagues have recently expanded this 

to include the amygdala, a key regulator of the emotional and associative components of 

addiction. Utilizing place conditioning procedures, it was demonstrated that 

methamphetamine increased the plasticity of spines in the amygdala, and that inhibition of 

actin polymerization with latrunculin A in this region (which inhibits actin depolymerization 

and thus promotes spine stability) disrupted the retrieval of methamphetamine-associated 

contextual memories (Young et al., 2014). These effects appeared to be specific 

methamphetamine, as they were not observed following contextual conditioning with saline, 

food, or footshock. The ability of spine stabilization to inhibit methamphetamine-associated 
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contextual memory were also independent of the strength of contextual training, and were 

observed following context-induced reinstatement in an operant paradigm. Unfortunately, 

due to its ubiquitous expression in numerous cell types throughout the brain and body, 

inhibition of actin polymerization with latrunculin A may not selectively modulate dendritic 

spines per se. To address this issue, Young and colleagues also demonstrated that intra-

amygdala infusions of Blebbistatin, an inhibitor of the synaptically enriched actin 

polymerization promoter non-muscle myosin IIB, produces similar inhibitory effects on 

methamphetamine-induced contextual memories (Young et al., 2014; Young et al., 2016). 

Finally, Young et al. showed that systemic administration of Blebbistatin selectively 

disrupted the storage methamphetamine- but not fear-associated contextual memories, and 

also reversed the ability of methamphetamine-associated memories to increase spine density 

in the amygdala (Young et al., 2016). Thus, specific targeting of synaptic actin dynamics 

may represent a novel approach to treating pathological memories associated with abused 

drugs.

Within dendritic spines, cell surface proteins such as AMPA and NMDA receptors are 

inserted or internalized regularly (Kopec & Malinow, 2006). Following extended periods of 

withdrawal from cocaine self-administration, craving for cocaine can “incubate”, and this 

has been associated with an increase in calcium-permeable (GluA2-lacking) AMPA 

receptors (Conrad et al., 2008). Following extinction of cocaine self-administration, baseline 

increases in spine head diameter in the NA have been found (Gipson et al., 2013a; Shen et 
al., 2009), supporting the notion that cocaine causes NA spines to exist in a relatively 

potentiated state to increase surface area for protein insertion. It should be noted, however, 

that withdrawal from heroin self-administration results in an LTD-like state of NA core 

neurons, in which spines show reductions in head diameter compared to those of drug-naïve 

animals (Shen et al., 2011). In addition, following heroin self-administration, there is an 

upregulation of NMDA receptors that has functional relevance in heroin-seeking behavior 

(Shen et al., 2011). Interestingly, a hypothesis has recently emerged that the brain returns to 

more developmental, immature-like conditions following chronic exposure to drugs of abuse 

(Dong & Nestler, 2014). In this “neural rejuvenation” hypothesis, exposure to drugs of abuse 

lead to alterations in brain physiology that are comparable to developmental conditions at 

the molecular, cellular, and circuitry levels. In doing so, drugs of abuse open a window of 

plasticity that is not found in the adult brain, which may underlie habitual and pathological 

drug seeking behaviors. This notion is supported by the associated increase of calcium-

permeable AMPA receptors in the NA as well as expression of the GluN2B subunit of 

NMDA receptors and silent synapses after withdrawal from different drugs of abuse (Conrad 

et al., 2008; Dong, 2015; Gipson et al., 2013b; Lee & Dong, 2011; Shen et al., 2011). 

Interestingly, silent synapses, which lack AMPA receptors and thus are unable to remove the 

magnesium block of NMDA receptors, exist during development as well as after cocaine 

exposure. Although the behavioral relevance of these silent synapses in addiction processes 

is still not fully characterized, they have been associated with incubation of cocaine craving 

(Lee et al., 2013). As well, it was recently found that re-silencing these synapses via 

optogenetic removal of calcium-permeable AMPA receptors, allowing environmental 

enrichment (EE; previously found to have anti-relapse beneficial effects (Thiel et al., 2009)) 
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to lead to insertion of calcium-impermeable AMPA receptors which inhibit relapse-like 

behaviors (Ma et al., 2016).

In addition to baseline changes in dendritic spines after drug exposure and periods of 

withdrawal, drug-seeking behavior has been associated with altered dendritic spine 

morphology (Gipson et al., 2013a; Gipson et al., 2013b; Shen et al., 2014; Stefanik et al., 
2016). Specifically, conditioned stimuli associated with self-administration of drugs of abuse 

such as cocaine and nicotine can elicit motivated behavior to seek the drug. These stimuli 

are also associated with rapid, transient increases in spine head diameters of NA core 

medium spiny neurons (MSNs). In the reinstatement model of drug relapse, exposure to 

drug-associated cues was associated with the rapid and transient growth of dendritic spines 

(within 15 min), with no alterations in dendritic spine density during this timeframe. 

Importantly, these changes in spines (as well alterations in the ratio of AMPA to NMDA 

receptor-mediated excitatory post-synaptic currents, a functional correlate of synaptic 

plasticity) were positively correlated with magnitude of cue reinstated drug seeking (Gipson 

et al., 2013a). These rapid, transient changes in spine dynamics were found to be specific to 

drug seeking behavior rather than behavior motivated by food. However, since some overlap 

has been found between the neurobiological substrates of obesity and drug abuse (Brown et 
al., 2015; Kenny, 2011a; Kenny, 2011b), it is thus possible that in a model of diet-induced 

obesity, synaptic plasticity may occur during food seeking behavior similar to that induced 

by drugs of abuse. It is also possible that in drug naïve animals, food seeking behavior 

(particularly in food restricted animals) induces rapid, transient plasticity on a much shorter 

timescale, thus going undetected at the 15 min time point assessed for drug-induced 

changes. In the drug-exposed system, the rapid, transient increase in dendritic spine head 

diameter found after 15 min of cue-induced cocaine seeking occurred specifically in 

dopamine D1-expressing (but not D2-expressing) MSNs (Heinsbroek et al., 2014). These 

results illustrate cell-type specificity of reinstatement-associated spine dynamics. It still 

remains unclear, however, if drugs of abuse lead to these changes which then impact 

behavior, or if behavior itself (drug-seeking) drives these changes.

Stress, Depression, and Aging

Acute or repeated exposure to stressors such as restraint or social defeat can remodel 

dendritic spine morphology in multiple brain regions. Although different types of stressors 

likely impact dendritic spine dynamics in different ways, preclinical modeling of stress has 

evolved in an attempt to capture criterion, construct, and translational validity of human 

stress exposure. Stress exposure can impact numerous neurobiological systems, all of which 

can vary based on a number of factors: the type and duration of stressor exposure (Capriles 

& Cancela, 1999), developmental stage of the organism (Biala et al., 2011; Romeo et al., 
2006; Romeo & McEwen, 2006), genetic and epigenetic factors (McEwen et al., 2012; 

McEwen et al., 2016; Pillai et al., 2012), sex and hormones (McLaughlin et al., 2009; 

McLaughlin et al., 2005; Weinstock, 2011), anxiety levels (Adamec et al., 2012; McEwen et 
al., 2012), among others (Leuner & Shors, 2013). Because stress is a complex phenomenon 

and involves both external stimuli and internal physiological responses to them, 

experimental models of stress are highly varied. Commonly used models include restraint 

(Esparza et al., 2012; Platt & Stone, 1982), footshock (Long & Fanselow, 2012), or social 
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defeat stress (Covington et al., 2005) among others such as chronic variable or unpredictable 

stress (Lopes et al., 2016). Although the translational validity of these models remains an 

important topic, these are typically intended to model aspects of anxiety, post-traumatic 

stress disorder (PTSD), and/or depression. Interestingly, acute restraint stress has been 

postulated to induce some neurobiological and behavioral alterations akin to that induced by 

stress disorders such as PTSD in humans. Specifically, one study found increased NA core 

dendritic spine density 3 weeks after one 2-hr session of restraint stress in rats (Garcia-

Keller et al., 2015). This acute stress exposure also increased acquisition of cocaine self-

administration, suggesting stress-induced vulnerability to addiction-related behaviors. Stress 

and cocaine have been shown to differentially alter cell-type specific spine morphology 

when measured with two-photon laser scanning microscopy (Khibnik et al., 2015). 

Specifically, animals given repeated cocaine injections showed decreased synaptic strength 

in spines localized to D1-expressing MSNs and increased synaptic responses in D2-

expressing MSNs. In contrast, however, this study revealed that animals exposed to chronic 

social defeat stress, showed increased synaptic strength in D1-expressing and reduced 

synaptic strength in D2-expressing MSNs. These opposing results illustrate the importance 

of not only duration of stress exposure but also cell-type specificity in the effects of stress 

exposure on spine dynamics.

While the mechanisms underlying the impact of acute or chronic stress on spine dynamics is 

currently a subject of intense study, some important advancements has been made. As noted 

above, it remains an issue in the addiction field to determine whether spine changes occur 

prior to drug-induced behaviors, leading to increased relapse vulnerability, or if these 

changes occur as a result of motivated behavior. A significant issue with solving this 

question is that teasing apart spine dynamics from behavior is difficult within the context of 

addiction as a complex biobehavioral disorder involving learning components as well as 

circuitry, pharmacological, and multi-level neurobiological mechanisms that lead to drug-

seeking and intake. In the stress literature, however, alterations in spine dynamics has been 

studied independently of actual stress exposure by passive administration of corticosterone, 

the predominant stress steroid released in rodents following exposure to a stressor. Passive 

administration of corticosterone itself can induce dendritic spine remodeling in the 

hippocampus by impacting cytoskeletal protein expression (Cereseto et al., 2006). Further, it 

has been demonstrated that repeated exposure to corticosterone over the course of 3 weeks 

induced remodeling of dendritic spines in the medial prefrontal cortex (mPFC) (Anderson et 
al., 2016; Gourley et al., 2013; Radley et al., 2008). Specifically, animals chronically 

exposed to corticosterone showed a decrease in spine volume that persisted for 3 weeks 

following cessation of treatment (although these effects were dependent on brain region; see 

(Gourley et al., 2013)). These results demonstrate that spine remodeling that results from a 

biological response associated with stress (elevated corticosterone levels) that can be 

separated from the stress exposure itself. As of yet, however, it has been difficult to examine 

addiction-related changes in spine dynamics in isolation from the behavioral, learning and 

memory, and/or environmental components of the addiction process. The results reviewed 

above suggest that some aspects of stress-induced dendritic remodeling can be simulated by 

chronic, steady exposure to corticosterone. This has implications for determining not only 

mechanisms underlying some aspects of stress-induced alterations in spine dynamics, but 
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also if spine remodeling is sufficient and/or necessary to occur before or after a behavioral 

stress response. Although this is an important advancement in our understanding of the 

influence of stress-related hormones on spine dynamics, it is unclear if such spine alterations 

actually mimic those that occur in response to an actual stressor, and if such approaches have 

translational validity for examining the neurobiological substrates of stress disorders such as 

PTSD. As noted above, stress is complex and leads to various biological responses. Thus, 

mimicking the biological response of elevated corticosterone in rodents may only reveal 

some of the processes that occur in response to a more complex stress experience.

Some preclinical stress models (e.g., chronic restraint, social defeat) have been used to 

model various aspects of depression (Qiao et al., 2016; Shimamoto et al., 2011). Dendritic 

atrophy has been found both in the PFC and hippocampus following chronic restraint stress 

(Conrad, 2006; Conrad et al., 1999; Magarinos & McEwen, 1995; McEwen et al., 1997; 

Radley et al., 2006b; Stewart et al., 2005), paralleled by reductions in dendritic spine density 

(reviewed in (Duman & Duman, 2015; Licznerski & Duman, 2013). These findings are 

similar to those from postmortem examinations of brain tissue from depressed human 

subjects, where reduced spine density, overall synapse number on dendritic spines, as well as 

reduced synaptic protein levels have been observed in the dorsolateral prefrontal cortex and 

hippocampus, and opposite changes observed in the amygdala (Kang et al., 2012; Licznerski 

& Duman, 2013). Thus, spine and synapse remodeling has been proposed to be a novel 

approach to treating depressive disorders (Duman & Duman, 2015; Licznerski & Duman, 

2013). Other brain regions where spine morphology has been shown to be affected by 

chronic stress is the NA, where increases in the density of shorter spines with smaller PSDs 

have been observed, paralleled by increases in functional glutamatergic synapses 

(Christoffel et al., 2011). It is unclear, however, if similar alterations exist in the NA of 

depressed human subjects.

Spine loss is also associated with brain aging, and there is some evidence of overlap between 

the mechanisms of spine loss in neurodegenerative diseases such as AD and those induced 

by chronic stress, namely a critical role for tau proteins (Lopes et al., 2016; Sotiropoulos & 

Sousa, 2016). Thus, models of chronic stress may have cross-validity for other models of 

neurodegenerative diseases with significant cognitive impairment. Changes in dendritic 

spine morphology parallels age-related cognitive decline (Morrison & Hof, 1997), as neural 

pathways vulnerable in aging are comprised of glutamatergic PFC and hippocampal spiny 

pyramidal neurons (Dumitriu et al., 2010; Morrison & Baxter, 2012; von Bohlen und 

Halbach et al., 2006). In line with these findings, aged female rats show a decline in object 

recognition memory as well as PFC spine density (Wallace et al., 2007). Formation of new 

dendritic spines occurs in clusters around activated synapses (De Roo et al., 2008b) both in 

cell culture as well as in vivo following motoric learning (Fu et al., 2012). Since clusters of 

dendritic spines that are important in fostering synaptic strength appear to be impacted by 

age-related decline, it is important to note that a recent study found that administration of 

riluzole, an activator of glutamate uptake that promotes synaptic over extrasynaptic NMDA 

receptor, rescued these clusters (Pereira et al., 2014). Riluzole-treated animals also showed a 

positive correlation between memory-related behavior and density of spines on apical 

dendrites in the CA1 region of the hippocampus, suggesting that rescuing dendritic spine 

density in this area is important in enhancing memory processes.
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Discussion and Conclusions

Dendritic spine plasticity appears to be critical not only for normal brain development, 

function, and aging, but also underlies the pathophysiology of several psychiatric, 

neurodevelopmental, and neurodegenerative disorders. Although newer advanced techniques 

have been developed to measure spine changes in three dimensions at high resolution, 

significant issues remain with measuring spine dynamics from one or more brain structures 

during behavior. Measuring dendritic spines in real time requires highly advanced imaging 

techniques which are more difficult when examining deep structures in vivo. In addition, 

much research has relied on categorization of the structure of dendritic spines based on 

distinct morphologies, yet often these categorizations are not accompanied by evidence for 

functional divergence between different spine types. The lack of analysis of both structure 

and function within a study may lead to inaccurate conclusions regarding the importance of 

dendritic spine dynamics in behaviors and/or cognitive processes. As well, given recent 

evidence that accurate spine categorization may suffer from limitations of currently and 

frequently used imaging tools (Tonnesen et al., 2014), we suggest that categorizations based 

on structure alone be avoided without functional correlates. Rather, the distributions of 

various spine characteristics (e.g., neck width and length, head diameter) be analyzed and 

compared between groups (or within-subject when possible).

Importantly, it should be mentioned that the function of dendritic spines has been examined 

in various studies using the correlate of AMPA to NMDA post-synaptic excitatory current 

ratios recorded using whole cell patch clamp electrophysiology from the soma (Gipson et 
al., 2013a; Shen et al., 2014; Stefanik et al., 2015). Although this yields an important 

amount of information and is a window into the potential summation of spine function 

across an entire neuron, it is imperative to differentiate whole cell function from individual 

spine function, especially when examining nuanced changes in spine structural 

characteristics and categorization. Technological advances are needed to image individual 

spine changes in vivo in awake, unrestrained, and behaving animals in deep structures to 

better characterize the underlying functional impact of dendritic spine dynamics on behavior.

Finally, the original question posed at the beginning of this review remains: do changes in 

dendritic spines lead to changes in behavior, or does behavior itself lead to changes in spine 

morphology? In this review, we have attempted to highlight potential answers to this 

question within the existing literature, depending on the type of environmental input or 

behavioral output under examination. It appears that in the case of stress, some biological 

responses such as alterations in spine dynamics can be mimicked using pharmacological 

manipulation (e.g., corticosterone administration). This contribution is important, as it opens 

the possibility that spine dynamics occur in response to a biological process associated with 

exposure to an environmental stimulus. However, interpretations of such results may reflect 

only a small part of larger and more complex stress responses. With regard to learning and 

memory and drug addiction (specifically, relapse-related behaviors), the ability to separate 

spine dynamics from behavior remains difficult and elusive. Thus, without more advanced 

and accessible in vivo imaging techniques, this may not be possible.
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Along these lines, we argue that there is a great need to develop an experimental toolbox to 

selectively modulate dendrite spine dynamics, in order to observe direct effects on behavior. 

For example, several groups of investigators have utilized localized infusions of latrunculin 

A, an actin polymerization inhibitor (Coue et al., 1987), to promote spine stabilization and 

investigate the effects of spine stabilization on drug-related behavior (Esparza et al., 2012; 

Toda et al., 2010; Toda et al., 2006; Young et al., 2014). However, such approaches lack cell-

type specificity, and would potentially affect all local cytoskeletal cycling. With this 

limitation, other investigators have explored targeting more upstream regulators of actin 

cycling, such as non-muscle myosin IIB (Young et al., 2016). These avenues of research, as 

well as the development of other approaches (e.g., optogenetic activation of GTPases or 

other modulators of spine morphology, chemogenetic, chemical uncaging), are critical for 

advancing our knowledge of the functional contributions of dendritic spine dynamics on 

behavior, and vice versa.

The most likely answer to our overall question is that dendritic spine dynamics are both a 

cause and consequence of behavior. We argue that it is most likely that environmental 

stimuli lead to constitutive changes in dendritic spine morphology, and these alterations 

create a neural environment in which an organism is rendered more likely to engage in 

certain behaviors. However, non-specific pharmacological manipulation of spine dynamics 

will likely not be a viable therapeutic option for treatment of brain disorders with underlying 

dendritic spine pathologies. Such an approach would also affect normal synaptic plasticity 

and likely lead to various adverse effects on normal cognition and learning and memory. A 

more viable option would be modulating dendritic spine dynamics via environmental 

influences, such as environmental enrichment (Gipson et al., 2011; Rojas et al., 2013; Thiel 

et al., 2012; Turner et al., 2003; Yang et al., 2009) or approaches directed at engaging 

specific neural circuits to strengthen synapses that promote cognitive health or weaken 

synapses that promote maladaptive behaviors.

Acknowledgements

The authors would like to thank Drs. Sam Golden, Scott Russo, and Daniel Christoffel for the Lucifer-Yellow 
images in Figure 1B. The authors would also like to thank Dr. Cheryl Conrad for comments on an earlier version of 
this review. The authors are funded by NIH grants R00 DA036569 (CDG) and R01 DA025606, R01 DA024355, 
and R21 DA037741 (MFO).

References

Adamec R, Hebert M, Blundell J, Mervis RF. Dendritic morphology of amygdala and hippocampal 
neurons in more and less predator stress responsive rats and more and less spontaneously anxious 
handled controls. Behav Brain Res. 2012; 226:133–146. [PubMed: 21925210] 

Alvarez VA, Sabatini BL. Anatomical and physiological plasticity of dendritic spines. Annu. Rev. 
Neurosci. 2007; 30:79–97. [PubMed: 17280523] 

Anderson RM, Glanz RM, Johnson SB, Miller MM, Romig-Martin S, Radley JJ. Prolonged 
corticosterone exposure induces dendritic spine remodeling and attrition in the rat medial prefrontal 
cortex. J Comp Neurol. 2016

Arellano JI, Benavides-Piccione R, Defelipe J, Yuste R. Ultrastructure of dendritic spines: correlation 
between synaptic and spine morphologies. Front Neurosci. 2007; 1:131–143. [PubMed: 18982124] 

Attardo A, Fitzgerald JE, Schnitzer MJ. Impermanence of dendritic spines in live adult CA1 
hippocampus. Nature. 2015; 523:592–596. [PubMed: 26098371] 

Gipson and Olive Page 20

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Baker DA, McFarland K, Lake RW, Shen H, Tang XC, Toda S, Kalivas PW. Neuroadaptations in 
cystine-glutamate exchange underlie cocaine relapse. Nat. Neurosci. 2003; 6:743–749. [PubMed: 
12778052] 

Beckmann JS, Marusich JA, Gipson CD, Bardo MT. Novelty seeking, incentive salience and 
acquisition of cocaine self-administration in the rat. Behav Brain Res. 2011; 216:159–165. 
[PubMed: 20655954] 

Belichenko PV, Dahlstrom A. Studies on the 3-dimensional architecture of dendritic spines and 
varicosities in human cortex by confocal laser scanning microscopy and Lucifer yellow 
microinjections. J. Neurosci. Methods. 1995; 57:55–61. [PubMed: 7791365] 

Bellot A, Guivernau B, Tajes M, Bosch-Morato M, Valls-Comamala V, Munoz FJ. The structure and 
function of actin cytoskeleton in mature glutamatergic dendritic spines. Brain Res. 2014; 1573C:1–
16.

Bhatt DH, Zhang S, Gan WB. Dendritic spine dynamics. Annu. Rev. Physiol. 2009; 71:261–282. 
[PubMed: 19575680] 

Biala YN, Bogoch Y, Bejar C, Linial M, Weinstock M. Prenatal stress diminishes gender differences in 
behavior and in expression of hippocampal synaptic genes and proteins in rats. Hippocampus. 
2011; 21:1114–1125. [PubMed: 20623763] 

Blair HT, Schafe GE, Bauer EP, Rodrigues SM, LeDoux JE. Synaptic plasticity in the lateral 
amygdala: a cellular hypothesis of fear conditioning. Learn Mem. 2001; 8:229–242. [PubMed: 
11584069] 

Bosch M, Hayashi Y. Structural plasticity of dendritic spines. Curr. Opin. Neurobiol. 2012; 22:383–
388. [PubMed: 21963169] 

Bossert JM, Marchant NJ, Calu DJ, Shaham Y. The reinstatement model of drug relapse: recent 
neurobiological findings, emerging research topics, and translational research. 
Psychopharmacology. 2013; 229:453–476. [PubMed: 23685858] 

Bourne J, Harris KM. Do thin spines learn to be mushroom spines that remember? Curr. Opin. 
Neurobiol. 2007; 17:381–386. [PubMed: 17498943] 

Bramham CR. Local protein synthesis, actin dynamics, and LTP consolidation. Curr. Opin. Neurobiol. 
2008; 18:524–531. [PubMed: 18834940] 

Brown RM, Kupchik YM, Spencer S, Garcia-Keller C, Spanswick DC, Lawrence AJ, Simonds SE, 
Schwartz DJ, Jordan KA, Jhou TC, Kalivas PW. Addiction-like Synaptic Impairments in Diet-
Induced Obesity. Biological psychiatry. 2015

Brown RW, Kolb B. Nicotine sensitization increases dendritic length and spine density in the nucleus 
accumbens and cingulate cortex. Brain Res. 2001; 899:94–100. [PubMed: 11311869] 

Caggiula AR, Donny EC, White AR, Chaudhri N, Booth S, Gharib MA, Hoffman A, Perkins KA, 
Sved AF. Cue dependency of nicotine self-administration and smoking. Pharmacology, 
biochemistry, and behavior. 2001; 70:515–530.

Capriles N, Cancela LM. Effect of acute and chronic stress restraint on amphetamine-associated place 
preference: involvement of dopamine D(1) and D(2) receptors. Eur. J. Pharmacol. 1999; 386:127–
134. [PubMed: 10618462] 

Carpenter-Hyland EP, Chandler LJ. Homeostatic plasticity during alcohol exposure promotes 
enlargement of dendritic spines. Eur. J. Neurosci. 2006; 24:3496–3506. [PubMed: 17229098] 

Cereseto M, Reines A, Ferrero A, Sifonios L, Rubio M, Wikinski S. Chronic treatment with high doses 
of corticosterone decreases cytoskeletal proteins in the rat hippocampus. Eur J Neurosci. 2006; 
24:3354–3364. [PubMed: 17229084] 

Chang FL, Greenough WT. Transient and enduring morphological correlates of synaptic activity and 
efficacy change in the rat hippocampal slice. Brain Res. 1984; 309:35–46. [PubMed: 6488013] 

Christoffel DJ, Golden SA, Russo SJ. Structural and synaptic plasticity in stress-related disorders. Rev 
Neurosci. 2011; 22:535–549. [PubMed: 21967517] 

Cingolani LA, Goda Y. Actin in action: the interplay between the actin cytoskeleton and synaptic 
efficacy. Nat Rev Neurosci. 2008; 9:344–356. [PubMed: 18425089] 

Conrad CD. What is the functional significance of chronic stress-induced CA3 dendritic retraction 
within the hippocampus? Behav Cogn Neurosci Rev. 2006; 5:41–60. [PubMed: 16816092] 

Gipson and Olive Page 21

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conrad CD, LeDoux JE, Magarinos AM, McEwen BS. Repeated restraint stress facilitates fear 
conditioning independently of causing hippocampal CA3 dendritic atrophy. Behav. Neurosci. 
1999; 113:902–913. [PubMed: 10571474] 

Conrad KL, Tseng KY, Uejima JL, Reimers JM, et al. Heng LJ, Shaham Y, Marinelli M, Wolf ME. 
Formation of accumbens GluR2-lacking AMPA receptors mediates incubation of cocaine craving. 
Nature. 2008; 454:118–121. [PubMed: 18500330] 

Coue M, Brenner SL, Spector I, Korn ED. Inhibition of actin polymerization by latrunculin A. FEBS 
Lett. 1987; 213:316–318. [PubMed: 3556584] 

Covington HE 3rd, Kikusui T, Goodhue J, Nikulina EM, Hammer RP Jr. Miczek KA. Brief social 
defeat stress: long lasting effects on cocaine taking during a binge and zif268 mRNA expression in 
the amygdala and prefrontal cortex. Neuropsychopharmacology. 2005; 30:310–321. [PubMed: 
15496936] 

Cox WH. Imprägnation des centralen Nervensystems mit Quecksilbersalzen. Arch Mikrosk Anat. 
1891; 37:16–21.

Crick F. Do dendritic spines twitch? Trends Neurosci. 1982; 5:44–46.

Crombag HS, Bossert JM, Koya E, Shaham Y. Review. Context-induced relapse to drug seeking: a 
review. Philosophical transactions of the Royal Society of London. Series B, Biological sciences. 
2008; 363:3233–3243. [PubMed: 18640922] 

Cruz-Martin A, Crespo M, Portera-Cailliau C. Delayed stabilization of dendritic spines in fragile X 
mice. J Neurosci. 2010; 30:7793–7803. [PubMed: 20534828] 

De Roo M, Klauser P, Garcia PM, Poglia L, Muller D. Spine dynamics and synapse remodeling during 
LTP and memory processes. Prog. Brain Res. 2008a; 169:199–207. [PubMed: 18394475] 

De Roo M, Klauser P, Muller D. LTP promotes a selective long-term stabilization and clustering of 
dendritic spines. PLoS biology. 2008b; 6:e219. [PubMed: 18788894] 

Desmond NL, Levy WB. Changes in the numerical density of synaptic contacts with long-term 
potentiation in the hippocampal dentate gyrus. J. Comp. Neurol. 1986; 253:466–475. [PubMed: 
3025272] 

Diana M. The dopamine hypothesis of drug addiction and its potential therapeutic value. Front 
Psychiatry. 2011; 2:64. [PubMed: 22144966] 

Dong Y. Silent Synapse-based Circuitry Remodeling in drug addiction. Int J Neuropsychopharmacol. 
2015

Dong Y, Nestler EJ. The neural rejuvenation hypothesis of cocaine addiction. Trends Pharmacol. Sci. 
2014; 35:374–383. [PubMed: 24958329] 

Dorostkar MM, Zou C, Blazquez-Llorca L, Herms J. Analyzing dendritic spine pathology in 
Alzheimer's disease: problems and opportunities. Acta Neuropathol. 2015; 130:1–19. [PubMed: 
26063233] 

Duman CH, Duman RS. Spine synapse remodeling in the pathophysiology and treatment of 
depression. Neurosci. Lett. 2015; 601:20–29. [PubMed: 25582786] 

Dumitriu D, Hao J, Hara Y, Kaufmann J, Janssen WG, Lou W, Rapp PR, Morrison JH. Selective 
changes in thin spine density and morphology in monkey prefrontal cortex correlate with aging-
related cognitive impairment. J Neurosci. 2010; 30:7507–7515. [PubMed: 20519525] 

Dumitriu D, Laplant Q, Grossman YS, Dias C, Janssen WG, Russo SJ, Morrison JH, Nestler EJ. 
Subregional, dendritic compartment, and spine subtype specificity in cocaine regulation of 
dendritic spines in the nucleus accumbens. J. Neurosci. 2012; 32:6957–6966. [PubMed: 
22593064] 

Dunaevsky A. The gene-gun approach for transfection and labeling of cells in brain slices. Meth Mol 
Biol. 2013; 1018:111–118.

Durand GM, Kovalchuk Y, Konnerth A. Long-term potentiation and functional synapse induction in 
developing hippocampus. Nature. 1996; 381:71–75. [PubMed: 8609991] 

Engert F, Bonhoeffer T. Dendritic spine changes associated with hippocampal long-term synaptic 
plasticity. Nature. 1999; 399:66–70. [PubMed: 10331391] 

Esparza MA, Bollati F, Garcia-Keller C, Virgolini MB, Lopez LM, Brusco A, Shen HW, Kalivas PW, 
Cancela LM. Stress-induced sensitization to cocaine: actin cytoskeleton remodeling within 
mesocorticolimbic nuclei. Eur. J. Neurosci. 2012; 36:3103–3117. [PubMed: 22882295] 

Gipson and Olive Page 22

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fiala JC, Spacek J, Harris KM. Dendritic spine pathology: cause or consequence of neurological 
disorders? Brain Res. Brain Res. Rev. 2002; 39:29–54. [PubMed: 12086707] 

Fifkova E, Anderson CL. Stimulation-induced changes in dimensions of stalks of dendritic spines in 
the dentate molecular layer. Exp. Neurol. 1981; 74:621–627. [PubMed: 7297640] 

Fifkova E, Van Harreveld A. Long-lasting morphological changes in dendritic spines of dentate 
granular cells following stimulation of the entorhinal area. J. Neurocytol. 1977; 6:211–230. 
[PubMed: 856951] 

Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai LH. Recovery of learning and memory is 
associated with chromatin remodelling. Nature. 2007; 447:178–182. [PubMed: 17468743] 

Fischer M, Kaech S, Knutti D, Matus A. Rapid actin-based plasticity in dendritic spines. Neuron. 
1998; 20:847–854. [PubMed: 9620690] 

Fischer M, Kaech S, Wagner U, Brinkhaus H, Matus A. Glutamate receptors regulate actin-based 
plasticity in dendritic spines. Nat. Neurosci. 2000; 3:887–894. [PubMed: 10966619] 

Fortin DA, Srivastava T, Soderling TR. Structural modulation of dendritic spines during synaptic 
plasticity. Neuroscientist. 2012; 18:326–341. [PubMed: 21670426] 

Frankfurt M, Luine V. The evolving role of dendritic spines and memory: Interaction(s) with estradiol. 
Horm. Behav. 2015; 74:28–36. [PubMed: 25993604] 

Fu M, Yu X, Lu J, Zuo Y. Repetitive motor learning induces coordinated formation of clustered 
dendritic spines in vivo. Nature. 2012; 483:92–95. [PubMed: 22343892] 

Gan WB, Grutzendler J, Wong RO, Lichtman JW. Ballistic delivery of dyes for structural and 
functional studies of the nervous system. Cold Spring Harb Protoc. 2009; 2009:pdb prot5202. 
[PubMed: 20147144] 

Gan WB, Grutzendler J, Wong WT, Wong RO, Lichtman JW. Multicolor “DiOlistic” labeling of the 
nervous system using lipophilic dye combinations. Neuron. 2000; 27:219–225. [PubMed: 
10985343] 

Garcia-Keller C, Kupchik YM, Gipson CD, Brown RM, Spencer S, Bollati F, Esparza MA, Roberts-
Wolfe DJ, Heinsbroek JA, Bobadilla AC, Cancela LM, Kalivas PW. Glutamatergic mechanisms of 
comorbidity between acute stress and cocaine self-administration. Mol Psychiatry. 2015

Geinisman Y, Berry RW, Disterhoft JF, Power JM, Van der Zee EA. Associative learning elicits the 
formation of multiple-synapse boutons. J. Neurosci. 2001; 21:5568–5573. [PubMed: 11466428] 

Geinisman Y, Disterhoft JF, Gundersen HJ, McEchron MD, Persina IS, Power JM, van der Zee EA, 
West MJ. Remodeling of hippocampal synapses after hippocampus-dependent associative 
learning. J. Comp. Neurol. 2000; 417:49–59. [PubMed: 10660887] 

Gibb R, Kolb B. A method for vibratome sectioning of Golgi-Cox stained whole rat brain. J. Neurosci. 
Methods. 1998; 79:1–4. [PubMed: 9531453] 

Gipson CD, Beckmann JS, El-Maraghi S, Marusich JA, Bardo MT. Effect of environmental 
enrichment on escalation of cocaine self-administration in rats. Psychopharmacology (Berl). 2011; 
214:557–566. [PubMed: 21057774] 

Gipson CD, Kupchik YM, Kalivas PW. Rapid, transient synaptic plasticity in addiction. 
Neuropharmacology. 2014; 76:276–286. [PubMed: 23639436] 

Gipson CD, Kupchik YM, Shen H, Reissner KJ, Thomas CA, Kalivas PW. Relapse induced by cues 
predicting cocaine depends on rapid, transient synaptic potentiation. Neuron. 2013a; 77:867–872. 
[PubMed: 23473317] 

Gipson CD, Reissner KJ, Kupchik YM, Smith AC, Stankeviciute N, Hensley-Simon ME, Kalivas PW. 
Reinstatement of nicotine seeking is mediated by glutamatergic plasticity. Proc. Natl. Acad. Sci. U. 
S. A. 2013b; 110:9124–9129. [PubMed: 23671067] 

Glaser EM, Van der Loos H. Analysis of thick brain sections by obverse-reverse computer microscopy: 
application of a new, high clarity Golgi-Nissl stain. J. Neurosci. Methods. 1981; 4:117–125. 
[PubMed: 6168870] 

Glausier JR, Lewis DA. Dendritic spine pathology in schizophrenia. Neuroscience. 2013; 251:90–107. 
[PubMed: 22546337] 

Golgi C. Sulla struttura della sostanza grigia della cervello. Gazz Med Ital Lombardia. 1873; 6:244–
246.

Gipson and Olive Page 23

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gourley SL, Swanson AM, Koleske AJ. Corticosteroid-induced neural remodeling predicts behavioral 
vulnerability and resilience. J Neurosci. 2013; 33:3107–3112. [PubMed: 23407965] 

Grutzendler J, Gan WB. Two-photon imaging of synaptic plasticity and pathology in the living mouse 
brain. NeuroRx. 2006; 3:489–496. [PubMed: 17012063] 

Grutzendler J, Kasthuri N, Gan WB. Long-term dendritic spine stability in the adult cortex. Nature. 
2002; 420:812–816. [PubMed: 12490949] 

Grutzendler J, Yang G, Pan F, Parkhurst CN, Gan WB. Transcranial two-photon imaging of the living 
mouse brain. Cold Spring Harb Protoc. 2011; 2011

Halpain S. Actin and the agile spine: how and why do dendritic spines dance? Trends Neurosci. 2000; 
23:141–146. [PubMed: 10717670] 

Harris KM. Structure, development, and plasticity of dendritic spines. Curr. Opin. Neurobiol. 1999; 
9:343–348. [PubMed: 10395574] 

Harris, KM., Spacek, J. Dendrite structure. In: Stuart, G.Spruston, N., Hausser, M., editors. Dendrites. 
Oxford University Press; Oxford: 2016. p. 1-46.

Hayashi-Takagi A, Yagishita S, Nakamura M, Shirai F, Wu YI, Loshbaugh AL, Kuhlman B, Hahn 
KM, Kasai H. Labelling and optical erasure of synaptic memory traces in the motor cortex. 
Nature. 2015; 525:333–338. [PubMed: 26352471] 

He CX, Portera-Cailliau C. The trouble with spines in fragile X syndrome: density, maturity and 
plasticity. Neuroscience. 2013; 251:120–128. [PubMed: 22522472] 

Heinsbroek, JA., Kupchik, Scofield, MD., Kalivas, PW., Gipson, CD. Rapid transient plasticity in 
dopamine D1 and D2 receptor expressing medium spiny neurons in the addiction circuitry mediate 
relapse to cocaine seeking. Presented at the 2014 Annual Meeting of the Society for Neuroscience; 
Washington, DC. 2014. 

Holmes A, Spanagel R, Krystal JH. Glutamatergic targets for new alcohol medications. 
Psychopharmacology (Berl). 2013; 229:539–554. [PubMed: 23995381] 

Holtmaat A, de PV, Wilbrecht L, Trachtenberg JT, Svoboda K, Portera-Cailliau C. Imaging neocortical 
neurons through a chronic cranial window. Cold Spring Harb Protoc. 2012; 2012:694–701. 
[PubMed: 22661440] 

Holtmaat AJ, Trachtenberg JT, Wilbrecht L, Shepherd GM, Zhang X, Knott GW, Svoboda K. Transient 
and persistent dendritic spines in the neocortex in vivo. Neuron. 2005; 45:279–291. [PubMed: 
15664179] 

Hotulainen P, Hoogenraad CC. Actin in dendritic spines: connecting dynamics to function. J. Cell Biol. 
2010; 189:619–629. [PubMed: 20457765] 

Hyman SE, Malenka RC, Nestler EJ. Neural mechanisms of addiction: the role of reward-related 
learning and memory. Annual review of neuroscience. 2006; 29:565–598.

Isshiki M, Okabe S. Evaluation of cranial window types for in vivo two-photon imaging of brain 
microstructures. Microscopy (Oxf). 2014; 63:53–63. [PubMed: 24212360] 

Kang HJ, Voleti B, Hajszan T, Rajkowska G, Stockmeier CA, Licznerski P, Lepack A, Majik MS, 
Jeong LS, Banasr M, Son H, Duman RS. Decreased expression of synapse-related genes and loss 
of synapses in major depressive disorder. Nat. Med. 2012; 18:1413–1417. [PubMed: 22885997] 

Kasai H, Hayama T, Ishikawa M, Watanabe S, Yagishita S, Noguchi J. Learning rules and persistence 
of dendritic spines. Eur J Neurosci. 2010; 32:241–249. [PubMed: 20646057] 

Kasai H, Matsuzaki M, Noguchi J, Yasumatsu N, Nakahara H. Structure-stability-function 
relationships of dendritic spines. Trends Neurosci. 2003; 26:360–368. [PubMed: 12850432] 

Kenny PJ. Common cellular and molecular mechanisms in obesity and drug addiction. Nature reviews. 
Neuroscience. 2011a; 12:638–651. [PubMed: 22011680] 

Kenny PJ. Reward mechanisms in obesity: new insights and future directions. Neuron. 2011b; 69:664–
679. [PubMed: 21338878] 

Khibnik LA, Beaumont M, Doyle M, Heshmati M, Slesinger PA, Nestler EJ, Russo SJ. Stress and 
Cocaine Trigger Divergent and Cell Type-Specific Regulation of Synaptic Transmission at Single 
Spines in Nucleus Accumbens. Biol Psychiatry. 2015

Knobloch M, Mansuy IM. Dendritic spine loss and synaptic alterations in Alzheimer's disease. Mol. 
Neurobiol. 2008; 37:73–82. [PubMed: 18438727] 

Gipson and Olive Page 24

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Knott GW, Holtmaat A, Wilbrecht L, Welker E, Svoboda K. Spine growth precedes synapse formation 
in the adult neocortex in vivo. Nat. Neurosci. 2006; 9:1117–1124. [PubMed: 16892056] 

Koch C, Zador A. The function of dendritic spines: devices subserving biochemical rather than 
electrical compartmentalization. J. Neurosci. 1993; 13:413–422. [PubMed: 8426220] 

Koleske AJ. Molecular mechanisms of dendrite stability. Nat Rev Neurosci. 2013; 14:536–550. 
[PubMed: 23839597] 

Kopec C, Malinow R. Neuroscience. Matters of size. Science. 2006; 314:1554–1555. [PubMed: 
17158312] 

Kopec CD, Li B, Wei W, Boehm J, Malinow R. Glutamate receptor exocytosis and spine enlargement 
during chemically induced long-term potentiation. J. Neurosci. 2006; 26:2000–2009. [PubMed: 
16481433] 

Koyama Y, Tohyama M. A novel, Golgi-Cox-based fluorescent staining method for visualizing full-
length processes in primary rat neurons. Neurochem. Int. 2013; 63:35–41. [PubMed: 23619398] 

Krzisch M, Fulling C, Jabinet L, Armida J, Gebara E, Casse F, Habbas S, Volterra A, Hornung JP, Toni 
N. Synaptic Adhesion Molecules Regulate the Integration of New Granule Neurons in the 
Postnatal Mouse Hippocampus and their Impact on Spatial Memory. Cerebral cortex. 2016

Kwon HB, Sabatini BL. Glutamate induces de novo growth of functional spines in developing cortex. 
Nature. 2011; 474:100–104. [PubMed: 21552280] 

Lamprecht R. The actin cytoskeleton in memory formation. Prog. Neurobiol. 2014; 117C:1–19.

Lamprecht R, Farb CR, Rodrigues SM, LeDoux JE. Fear conditioning drives profilin into amygdala 
dendritic spines. Nat Neurosci. 2006; 9:481–483. [PubMed: 16547510] 

Lee BR, Dong Y. Cocaine-induced metaplasticity in the nucleus accumbens: silent synapse and 
beyond. Neuropharmacology. 2011; 61:1060–1069. [PubMed: 21232547] 

Lee BR, Ma YY, Huang YH, Wang X, Otaka M, Ishikawa M, Neumann PA, Graziane NM, Brown TE, 
Suska A, Guo C, Lobo MK, Sesack SR, Wolf ME, Nestler EJ, Shaham Y, Schluter OM, Dong Y. 
Maturation of silent synapses in amygdala-accumbens projection contributes to incubation of 
cocaine craving. Nat. Neurosci. 2013; 16:1644–1651. [PubMed: 24077564] 

Lee KF, Soares C, Beique JC. Examining form and function of dendritic spines. Neural Plast. 2012; 
2012:704103. [PubMed: 22577585] 

Leuner B, Falduto J, Shors TJ. Associative memory formation increases the observation of dendritic 
spines in the hippocampus. J Neurosci. 2003; 23:659–665. [PubMed: 12533625] 

Leuner B, Shors TJ. Stress, anxiety, and dendritic spines: what are the connections? Neuroscience. 
2013; 251:108–119. [PubMed: 22522470] 

Licznerski P, Duman RS. Remodeling of axo-spinous synapses in the pathophysiology and treatment 
of depression. Neuroscience. 2013; 251:33–50. [PubMed: 23036622] 

Long VA, Fanselow MS. Stress-enhanced fear learning in rats is resistant to the effects of immediate 
massed extinction. Stress. 2012; 15:627–636. [PubMed: 22176467] 

Lopes S, Teplytska L, Vaz-Silva J, Dioli C, Trindade R, Morais M, Webhofer C, Maccarrone G, 
Almeida OF, Turck CW, Sousa N, Sotiropoulos I, Filiou MD. Tau Deletion Prevents Stress-
Induced Dendritic Atrophy in Prefrontal Cortex: Role of Synaptic Mitochondria. Cereb Cortex. 
2016

Ma YY, Wang X, Huang Y, Marie H, Nestler EJ, Schluter OM, Dong Y. Re-silencing of silent synapses 
unmasks anti-relapse effects of environmental enrichment. Proc Natl Acad Sci U S A. 2016

Magarinos AM, McEwen BS. Stress-induced atrophy of apical dendrites of hippocampal CA3c 
neurons: involvement of glucocorticoid secretion and excitatory amino acid receptors. 
Neuroscience. 1995; 69:89–98. [PubMed: 8637636] 

Majewska AK, Newton JR, Sur M. Remodeling of synaptic structure in sensory cortical areas in vivo. 
J. Neurosci. 2006; 26:3021–3029. [PubMed: 16540580] 

Maletic-Savatic M, Malinow R, Svoboda K. Rapid dendritic morphogenesis in CA1 hippocampal 
dendrites induced by synaptic activity. Science. 1999; 283:1923–1927. [PubMed: 10082466] 

Mancuso JJ, Chen Y, Li X, Xue Z, Wong ST. Methods of dendritic spine detection: from Golgi to high-
resolution optical imaging. Neuroscience. 2013; 251:129–140. [PubMed: 22522468] 

Gipson and Olive Page 25

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Marchant NJ, Kaganovsky K, Shaham Y, Bossert JM. Role of corticostriatal circuits in context-
induced reinstatement of drug seeking. Brain Res. 2015; 1628:219–232. [PubMed: 25199590] 

Martin KC, Zukin RS. RNA trafficking and local protein synthesis in dendrites: an overview. J. 
Neurosci. 2006; 26:7131–7134. [PubMed: 16822966] 

Matsuo N, Reijmers L, Mayford M. Spine-type-specific recruitment of newly synthesized AMPA 
receptors with learning. Science. 2008; 319:1104–1107. [PubMed: 18292343] 

Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural basis of long-term potentiation in 
single dendritic spines. Nature. 2004; 429:761–766. [PubMed: 15190253] 

Mattison HA, Popovkina D, Kao JP, Thompson SM. The role of glutamate in the morphological and 
physiological development of dendritic spines. Eur. J. Neurosci. 2014; 39:1761–1770. [PubMed: 
24661419] 

McEwen BS, Conrad CD, Kuroda Y, Frankfurt M, Magarinos AM, McKittrick C. Prevention of stress-
induced morphological and cognitive consequences. Eur Neuropsychopharmacol. 1997; 7(Suppl 
3):S323–328. [PubMed: 9405958] 

McEwen BS, Eiland L, Hunter RG, Miller MM. Stress and anxiety: structural plasticity and epigenetic 
regulation as a consequence of stress. Neuropharmacology. 2012; 62:3–12. [PubMed: 21807003] 

McEwen BS, Nasca C, Gray JD. Stress Effects on Neuronal Structure: Hippocampus, Amygdala, and 
Prefrontal Cortex. Neuropsychopharmacology. 2016; 41:3–23. [PubMed: 26076834] 

McFarland K, Lapish CC, Kalivas PW. Prefrontal glutamate release into the core of the nucleus 
accumbens mediates cocaine-induced reinstatement of drug-seeking behavior. J. Neurosci. 2003; 
23:3531–3537. [PubMed: 12716962] 

McLaughlin KJ, Baran SE, Conrad CD. Chronic stress- and sex-specific neuromorphological and 
functional changes in limbic structures. Mol Neurobiol. 2009; 40:166–182. [PubMed: 19653136] 

McLaughlin KJ, Baran SE, Wright RL, Conrad CD. Chronic stress enhances spatial memory in 
ovariectomized female rats despite CA3 dendritic retraction: possible involvement of CA1 
neurons. Neuroscience. 2005; 135:1045–1054. [PubMed: 16165283] 

Micheva KD, Busse B, Weiler NC, O'Rourke N, Smith SJ. Single-synapse analysis of a diverse 
synapse population: proteomic imaging methods and markers. Neuron. 2010; 68:639–653. 
[PubMed: 21092855] 

Morrison JH, Baxter MG. The ageing cortical synapse: hallmarks and implications for cognitive 
decline. Nat Rev Neurosci. 2012; 13:240–250. [PubMed: 22395804] 

Morrison JH, Hof PR. Life and death of neurons in the aging brain. Science. 1997; 278:412–419. 
[PubMed: 9334292] 

Mulholland PJ, Chandler LJ. The thorny side of addiction: adaptive plasticity and dendritic spines. 
ScientificWorldJournal. 2007; 7:9–21.

Mulholland PJ, Chandler LJ, Kalivas PW. Signals from the Fourth Dimension Regulate Drug Relapse. 
Trends in neurosciences. 2016; 39:472–485. [PubMed: 27173064] 

Murakoshi H, Yasuda R. Postsynaptic signaling during plasticity of dendritic spines. Trends Neurosci. 
2012; 35:135–143. [PubMed: 22222350] 

Murayama M, Larkum M. Fiber-optic calcium monitoring of dendritic activity in vivo. Cold Spring 
Harb Protoc. 2012; 2012:218–225. [PubMed: 22301652] 

Nagerl UV, Eberhorn N, Cambridge SB, Bonhoeffer T. Bidirectional activity-dependent morphological 
plasticity in hippocampal neurons. Neuron. 2004; 44:759–767. [PubMed: 15572108] 

Nagerl UV, Kostinger G, Anderson JC, Martin KA, Bonhoeffer T. Protracted synaptogenesis after 
activity-dependent spinogenesis in hippocampal neurons. J. Neurosci. 2007; 27:8149–8156. 
[PubMed: 17652605] 

Neisewander JL, O'Dell LE, Tran-Nguyen LT, Castaneda E, Fuchs RA. Dopamine overflow in the 
nucleus accumbens during extinction and reinstatement of cocaine self-administration behavior. 
Neuropsychopharmacology. 1996; 15:506–514. [PubMed: 8914124] 

Nestler EJ. Neurobiology. Total recall-the memory of addiction. Science. 2001; 292:2266–2267. 
[PubMed: 11423644] 

Nyberg F. Structural plasticity of the brain to psychostimulant use. Neuropharmacology. 2014; 87C:
115–124.

Gipson and Olive Page 26

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



O'Brien JA, Lummis SC. Diolistic labeling of neuronal cultures and intact tissue using a hand-held 
gene gun. Nat Protocol. 2006; 1:1517–1521.

Oe Y, Tominaga-Yoshino K, Hasegawa S, Ogura A. Dendritic spine dynamics in synaptogenesis after 
repeated LTP inductions: dependence on pre-existing spine density. Sci Rep. 2013; 3:1957. 
[PubMed: 23739837] 

Oh WC, Hill TC, Zito K. Synapse-specific and size-dependent mechanisms of spine structural 
plasticity accompanying synaptic weakening. Proc. Natl. Acad. Sci. U. S. A. 2013; 110:E305–
312. [PubMed: 23269840] 

Orlowski D, Bjarkam CR. A simple reproducible and time saving method of semi-automatic dendrite 
spine density estimation compared to manual spine counting. J. Neurosci. Methods. 2012; 
208:128–133. [PubMed: 22595026] 

Pan F, Aldridge GM, Greenough WT, Gan WB. Dendritic spine instability and insensitivity to 
modulation by sensory experience in a mouse model of fragile X syndrome. Proc Natl Acad Sci 
U S A. 2010; 107:17768–17773. [PubMed: 20861447] 

Parekh R, Ascoli GA. Neuronal morphology goes digital: a research hub for cellular and system 
neuroscience. Neuron. 2013; 77:1017–1038. [PubMed: 23522039] 

Paulin JJ, Haslehurst P, Fellows AD, Liu W, Jackson JD, Joel Z, Cummings DM, Edwards FA. Large 
and Small Dendritic Spines Serve Different Interacting Functions in Hippocampal Synaptic 
Plasticity and Homeostasis. Neural Plast. 2016; 2016:6170509. [PubMed: 26881123] 

Pereira AC, Lambert HK, Grossman YS, Dumitriu D, Waldman R, Jannetty SK, Calakos K, Janssen 
WG, McEwen BS, Morrison JH. Glutamatergic regulation prevents hippocampal-dependent age-
related cognitive decline through dendritic spine clustering. Proc Natl Acad Sci U S A. 2014; 
111:18733–18738. [PubMed: 25512503] 

Pillai AG, de Jong D, Kanatsou S, Krugers H, Knapman A, Heinzmann JM, Holsboer F, Landgraf R, 
Joels M, Touma C. Dendritic morphology of hippocampal and amygdalar neurons in adolescent 
mice is resilient to genetic differences in stress reactivity. PLoS One. 2012; 7:e38971. [PubMed: 
22701737] 

Pinto L, Mateus-Pinheiro A, Morais M, Bessa JM, Sousa N. Immuno-Golgi as a tool for analyzing 
neuronal 3D-dendritic structure in phenotypically characterized neurons. PLoS One. 2012; 
7:e33114. [PubMed: 22427964] 

Platt JE, Stone EA. Chronic restraint stress elicits a positive antidepressant response on the forced 
swim test. Eur J Pharmacol. 1982; 82:179–181. [PubMed: 6889973] 

Qiao H, Li MX, Xu C, Chen HB, An SC, Ma XM. Dendritic Spines in Depression: What We Learned 
from Animal Models. Neural Plast. 2016; 2016:8056370. [PubMed: 26881133] 

Quirk GJ, Armony JL, LeDoux JE. Fear conditioning enhances different temporal components of tone-
evoked spike trains in auditory cortex and lateral amygdala. Neuron. 1997; 19:613–624. 
[PubMed: 9331352] 

Radley JJ, Johnson LR, Janssen WG, Martino J, Lamprecht R, Hof PR, LeDoux JE, Morrison JH. 
Associative Pavlovian conditioning leads to an increase in spinophilin-immunoreactive dendritic 
spines in the lateral amygdala. Eur J Neurosci. 2006a; 24:876–884. [PubMed: 16930415] 

Radley JJ, Rocher AB, Miller M, Janssen WG, Liston C, Hof PR, McEwen BS, Morrison JH. 
Repeated stress induces dendritic spine loss in the rat medial prefrontal cortex. Cereb. Cortex. 
2006b; 16:313–320. [PubMed: 15901656] 

Radley JJ, Rocher AB, Rodriguez A, Ehlenberger DB, Dammann M, McEwen BS, Morrison JH, 
Wearne SL, Hof PR. Repeated stress alters dendritic spine morphology in the rat medial 
prefrontal cortex. J Comp Neurol. 2008; 507:1141–1150. [PubMed: 18157834] 

Rall, W. Dendritic spines and synaptic potency. Cambridge University Press; Cambridge: 1978. 

Ramón y Cajal S. Estructura de los centros nerviosos de las aves. Rev Trim Histol Norm Pat. 1888; 
1:1–10.

Ramón y Cajal, S. La Textura del Sistema Nerviosa del Hombre y los Vertebrados. Moya; Madrid: 
1899. 

Richards DA, Mateos JM, Hugel S, de Paola V, Caroni P, Gahwiler BH, McKinney RA. Glutamate 
induces the rapid formation of spine head protrusions in hippocampal slice cultures. Proc. Natl. 
Acad. Sci. U. S. A. 2005; 102:6166–6171. [PubMed: 15831587] 

Gipson and Olive Page 27

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Robinson TE, Kolb B. Alterations in the morphology of dendrites and dendritic spines in the nucleus 
accumbens and prefrontal cortex following repeated treatment with amphetamine or cocaine. Eur 
J Neurosci. 1999a; 11:1598–1604. [PubMed: 10215912] 

Robinson TE, Kolb B. Morphine alters the structure of neurons in the nucleus accumbens and 
neocortex of rats. Synapse. 1999b; 33:160–162. [PubMed: 10400894] 

Rojas JJ, Deniz BF, Miguel PM, Diaz R, Hermel Edo E, Achaval M, Netto CA, Pereira LO. Effects of 
daily environmental enrichment on behavior and dendritic spine density in hippocampus 
following neonatal hypoxia-ischemia in the rat. Exp Neurol. 2013; 241:25–33. [PubMed: 
23219882] 

Romanski LM, Clugnet MC, Bordi F, LeDoux JE. Somatosensory and auditory convergence in the 
lateral nucleus of the amygdala. Behav Neurosci. 1993; 107:444–450. [PubMed: 8329134] 

Romeo RD, Bellani R, Karatsoreos IN, Chhua N, Vernov M, Conrad CD, McEwen BS. Stress history 
and pubertal development interact to shape hypothalamic-pituitary-adrenal axis plasticity. 
Endocrinology. 2006; 147:1664–1674. [PubMed: 16410296] 

Romeo RD, McEwen BS. Stress and the adolescent brain. Ann N Y Acad Sci. 2006; 1094:202–214. 
[PubMed: 17347352] 

Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC, Nestler EJ. The addicted synapse: 
mechanisms of synaptic and structural plasticity in nucleus accumbens. Trends Neurosci. 2010; 
33:267–276. [PubMed: 20207024] 

Ryan TJ, Roy DS, Pignatelli M, Arons A, Tonegawa S. Engram cells retain memory under retrograde 
amnesia. Science. 2015; 348:1007–1013. [PubMed: 26023136] 

Sala C, Segal M. Dendritic spines: the locus of structural and functional plasticity. Physiol. Rev. 2014; 
94:141–188. [PubMed: 24382885] 

Schafe GE, Nader K, Blair HT, LeDoux JE. Memory consolidation of Pavlovian fear conditioning: a 
cellular and molecular perspective. Trends Neurosci. 2001; 24:540–546. [PubMed: 11506888] 

Schenk S, Partridge B. Influence of a conditioned light stimulus on cocaine self-administration in rats. 
Psychopharmacology. 2001; 154:390–396. [PubMed: 11349392] 

Scofield MD, Heinsbroek JA, Gipson CD, Kupchik YM, Spencer S, Smith AC, Roberts-Wolfe D, 
Kalivas PW. The Nucleus Accumbens: Mechanisms of Addiction across Drug Classes Reflect the 
Importance of Glutamate Homeostasis. Pharmacological reviews. 2016; 68:816–871. [PubMed: 
27363441] 

Seabold GK, Daunais JB, Rau A, Grant KA, Alvarez VA. DiOLISTIC labeling of neurons from rodent 
and non-human primate brain slices. J Vis Exp. 2010

See RE. Neural substrates of conditioned-cued relapse to drug-seeking behavior. Pharmacology, 
biochemistry, and behavior. 2002; 71:517–529.

Segal M. Dendritic spines and long-term plasticity. Nat Rev Neurosci. 2005; 6:277–284. [PubMed: 
15803159] 

Segal M. Dendritic spines: Morphological building blocks of memory. Neurobiology of learning and 
memory. 2016

Sesack SR, Carr DB, Omelchenko N, Pinto A. Anatomical substrates for glutamate-dopamine 
interactions: evidence for specificity of connections and extrasynaptic actions. Ann. N. Y. Acad. 
Sci. 2003; 1003:36–52. [PubMed: 14684434] 

Shaham Y, Shalev U, Lu L, De Wit H, Stewart J. The reinstatement model of drug relapse: history, 
methodology and major findings. Psychopharmacology. 2003; 168:3–20. [PubMed: 12402102] 

Shen H, Moussawi K, Zhou W, Toda S, Kalivas PW. Heroin relapse requires long-term potentiation-
like plasticity mediated by NMDA2b-containing receptors. Proc Natl Acad Sci U S A. 2011; 
108:19407–19412. [PubMed: 22084102] 

Shen H, Sesack SR, Toda S, Kalivas PW. Automated quantification of dendritic spine density and 
spine head diameter in medium spiny neurons of the nucleus accumbens. Brain Struct Funct. 
2008; 213:149–157. [PubMed: 18535839] 

Shen HW, Gipson CD, Huits M, Kalivas PW. Prelimbic cortex and ventral tegmental area modulate 
synaptic plasticity differentially in nucleus accumbens during cocaine-reinstated drug seeking. 
Neuropsychopharmacology. 2014; 39:1169–1177. [PubMed: 24232172] 

Gipson and Olive Page 28

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shen HW, Toda S, Moussawi K, Bouknight A, Zahm DS, Kalivas PW. Altered dendritic spine 
plasticity in cocaine-withdrawn rats. J. Neurosci. 2009; 29:2876–2884. [PubMed: 19261883] 

Shepherd GM. The dendritic spine: a multifunctional integrative unit. J. Neurophysiol. 1996; 75:2197–
2210. [PubMed: 8793734] 

Shimamoto A, Debold JF, Holly EN, Miczek KA. Blunted accumbal dopamine response to cocaine 
following chronic social stress in female rats: exploring a link between depression and drug 
abuse. Psychopharmacology (Berl). 2011; 218:271–279. [PubMed: 21638221] 

Shirao T, Gonzalez-Billault C. Actin filaments and microtubules in dendritic spines. J. Neurochem. 
2013; 126:155–164. [PubMed: 23692384] 

Singer BF, Bubula N, Li D, Przybycien-Szymanska MM, Bindokas VP, Vezina P. Drug-Paired 
Contextual Stimuli Increase Dendritic Spine Dynamics in Select Nucleus Accumbens Neurons. 
Neuropsychopharmacology. 2016

Sotiropoulos I, Sousa N. Tau as the converging protein between chronic stress and alzheimer's disease 
synaptic pathology. Neurodegener Dis. 2016; 16:22–25. [PubMed: 26551025] 

Spiga S, Acquas E, Puddu MC, Mulas G, Lintas A, Diana M. Simultaneous Golgi-Cox and 
immunofluorescence using confocal microscopy. Brain Struct Funct. 2011; 216:171–182. 
[PubMed: 21461741] 

Spiga S, Lintas A, Migliore M, Diana M. Altered architecture and functional consequences of the 
mesolimbic dopamine system in cannabis dependence. Addict Biol. 2010; 15:266–276. 
[PubMed: 20477755] 

Spiga S, Mulas G, Piras F, Diana M. The “addicted” spine. Front Neuroanat. 2014a; 8:110. [PubMed: 
25324733] 

Spiga S, Talani G, Mulas G, Licheri V, Fois GR, Muggironi G, Masala N, Cannizzaro C, Biggio G, 
Sanna E, Diana M. Hampered long-term depression and thin spine loss in the nucleus accumbens 
of ethanol-dependent rats. Proc. Natl. Acad. Sci. U. S. A. 2014b; 111:E3745–3754. [PubMed: 
25122682] 

Staffend NA, Meisel RL. DiOlistic labeling in fixed brain slices: phenotype, morphology, and dendritic 
spines. Curr Prot Neurosci. 2011a; Chapter 2(Unit 2):13.

Staffend NA, Meisel RL. DiOlistic labeling of neurons in tissue slices: a qualitative and quantitative 
analysis of methodological variations. Front Neuroanat. 2011b; 5:14. [PubMed: 21427781] 

Stefanik MT, Kupchik YM, Kalivas PW. Optogenetic inhibition of cortical afferents in the nucleus 
accumbens simultaneously prevents cue-induced transient synaptic potentiation and cocaine-
seeking behavior. Brain Struct Funct. 2015

Stefanik MT, Kupchik YM, Kalivas PW. Optogenetic inhibition of cortical afferents in the nucleus 
accumbens simultaneously prevents cue-induced transient synaptic potentiation and cocaine-
seeking behavior. Brain Struct Funct. 2016; 221:1681–1689. [PubMed: 25663648] 

Stewart MG, Davies HA, Sandi C, Kraev IV, Rogachevsky VV, Peddie CJ, Rodriguez JJ, Cordero MI, 
Donohue HS, Gabbott PL, Popov VI. Stress suppresses and learning induces plasticity in CA3 of 
rat hippocampus: a three-dimensional ultrastructural study of thorny excrescences and their 
postsynaptic densities. Neuroscience. 2005; 131:43–54. [PubMed: 15680690] 

Swanger SA, Yao X, Gross C, Bassell GJ. Automated 4D analysis of dendritic spine morphology: 
applications to stimulus-induced spine remodeling and pharmacological rescue in a disease 
model. Mol Brain. 2011; 4:38. [PubMed: 21982080] 

Tada T, Sheng M. Molecular mechanisms of dendritic spine morphogenesis. Curr. Opin. Neurobiol. 
2006; 16:95–101. [PubMed: 16361095] 

Thiel KJ, Painter MR, Pentkowski NS, Mitroi D, Crawford CA, Neisewander JL. Environmental 
enrichment counters cocaine abstinence-induced stress and brain reactivity to cocaine cues but 
fails to prevent the incubation effect. Addict Biol. 2012; 17:365–377. [PubMed: 21812872] 

Thiel KJ, Sanabria F, Pentkowski NS, Neisewander JL. Anti-craving effects of environmental 
enrichment. Int J Neuropsychopharmacol. 2009; 12:1151–1156. [PubMed: 19691875] 

Toda S, Shen H, Kalivas PW. Inhibition of actin polymerization prevents cocaine-induced changes in 
spine morphology in the nucleus accumbens. Neurotox. Res. 2010; 18:410–415. [PubMed: 
20401643] 

Gipson and Olive Page 29

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Toda S, Shen HW, Peters J, Cagle S, Kalivas PW. Cocaine increases actin cycling: effects in the 
reinstatement model of drug seeking. J. Neurosci. 2006; 26:1579–1587. [PubMed: 16452681] 

Toni N, Buchs PA, Nikonenko I, Bron CR, Muller D. LTP promotes formation of multiple spine 
synapses between a single axon terminal and a dendrite. Nature. 1999; 402:421–425. [PubMed: 
10586883] 

Tonnesen J, Katona G, Rozsa B, Nagerl UV. Spine neck plasticity regulates compartmentalization of 
synapses. Nat. Neurosci. 2014; 17:678–685. [PubMed: 24657968] 

Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, Welker E, Svoboda K. Long-term in vivo 
imaging of experience-dependent synaptic plasticity in adult cortex. Nature. 2002; 420:788–794. 
[PubMed: 12490942] 

Tredici G, Di FA, Miani A Jr. Pizzini G. Real complete three-dimensional reconstruction of Golgi-
impregnated neurons by means of a confocal laser scanning microscope. Neuroimage. 1993; 
1:87–93. [PubMed: 9343560] 

Turner CA, Lewis MH, King MA. Environmental enrichment: effects on stereotyped behavior and 
dendritic morphology. Dev Psychobiol. 2003; 43:20–27. [PubMed: 12794775] 

Uchoa ET, Aguilera G, Herman JP, Fiedler JL, Deak T, de Sousa MB. Novel aspects of glucocorticoid 
actions. J. Neuroendocrinol. 2014; 26:557–572. [PubMed: 24724595] 

Ultanir SK, Kim JE, Hall BJ, Deerinck T, Ellisman M, Ghosh A. Regulation of spine morphology and 
spine density by NMDA receptor signaling in vivo. Proc. Natl. Acad. Sci. U. S. A. 2007; 
104:19553–19558. [PubMed: 18048342] 

Uys JD, McGuier NS, Gass JT, Griffin WC 3rd, Ball LE, Mulholland PJ. Chronic intermittent ethanol 
exposure and withdrawal leads to adaptations in nucleus accumbens core postsynaptic density 
proteome and dendritic spines. Addict Biol. 2016; 21:560–574. [PubMed: 25787124] 

van der Zee EA. Synapses, spines and kinases in mammalian learning and memory, and the impact of 
aging. Neurosci. Biobehav. Rev. 2015; 50:77–85. [PubMed: 24998408] 

Van Harreveld A, Fifkova E. Swelling of dendritic spines in the fascia dentata after stimulation of the 
perforant fibers as a mechanism of post-tetanic potentiation. Exp. Neurol. 1975; 49:736–749. 
[PubMed: 173566] 

van Spronsen M, Hoogenraad CC. Synapse pathology in psychiatric and neurologic disease. Curr 
Neurol Neurosci Rep. 2010; 10:207–214. [PubMed: 20425036] 

von Bohlen und Halbach O, Zacher C, Gass P, Unsicker K. Age-related alterations in hippocampal 
spines and deficiencies in spatial memory in mice. J Neurosci Res. 2006; 83:525–531. [PubMed: 
16447268] 

Wallace M, Frankfurt M, Arellanos A, Inagaki T, Luine V. Impaired recognition memory and 
decreased prefrontal cortex spine density in aged female rats. Ann N Y Acad Sci. 2007; 1097:54–
57. [PubMed: 17413010] 

Wang XB, Yang Y, Zhou Q. Independent expression of synaptic and morphological plasticity 
associated with long-term depression. J. Neurosci. 2007; 27:12419–12429. [PubMed: 17989307] 

Wang XB, Zhou Q. Spine remodeling and synaptic modification. Mol. Neurobiol. 2010; 41:29–41. 
[PubMed: 20049655] 

Watson DJ, Ostroff L, Cao G, Parker PH, Smith H, Harris KM. LTP enhances synaptogenesis in the 
developing hippocampus. Hippocampus. 2016; 26:560–576. [PubMed: 26418237] 

Weinstock M. Sex-dependent changes induced by prenatal stress in cortical and hippocampal 
morphology and behaviour in rats: an update. Stress. 2011; 14:604–613. [PubMed: 21790452] 

Weiss F, Markou A, Lorang MT, Koob GF. Basal extracellular dopamine levels in the nucleus 
accumbens are decreased during cocaine withdrawal after unlimited-access self-administration. 
Brain Res. 1992; 593:314–318. [PubMed: 1450939] 

Yagishita S, Hayashi-Takagi A, Ellis-Davies GC, Urakubo H, Ishii S, Kasai H. A critical time window 
for dopamine actions on the structural plasticity of dendritic spines. Science. 2014; 345:1616–
1620. [PubMed: 25258080] 

Yang G, Pan F, Gan WB. Stably maintained dendritic spines are associated with lifelong memories. 
Nature. 2009; 462:920–924. [PubMed: 19946265] 

Yasuda, R. Molecular signaling during plasticity of dendritic spines. In: Stuart, G.Spruston, N., 
Hausser, M., editors. Dendrites. Oxford University Press; Oxford: 2016. p. 581-602.

Gipson and Olive Page 30

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yasumatsu N, Matsuzaki M, Miyazaki T, Noguchi J, Kasai H. Principles of long-term dynamics of 
dendritic spines. J. Neurosci. 2008; 28:13592–13608. [PubMed: 19074033] 

Young EJ, Aceti M, Griggs EM, Fuchs RA, Zigmond Z, Rumbaugh G, Miller CA. Selective, retrieval-
independent disruption of methamphetamine-associated memory by actin depolymerization. Biol. 
Psychiatry. 2014; 75:96–104. [PubMed: 24012327] 

Young EJ, Blouin AM, Briggs SB, Sillivan SE, Lin L, Cameron MD, Rumbaugh G, Miller CA. 
Nonmuscle myosin IIB as a therapeutic target for the prevention of relapse to methamphetamine 
use. Mol. Psychiatry. 2016; 21:615–623. [PubMed: 26239291] 

Yuste, R. Dendritic Spines. MIT Press; Cambridge, MA: 2010. 

Yuste R. The discovery of dendritic spines by Cajal. Front Neuroanat. 2015; 9:18. [PubMed: 
25954162] 

Yuste R, Bonhoeffer T. Morphological changes in dendritic spines associated with long-term synaptic 
plasticity. Annu. Rev. Neurosci. 2001; 24:1071–1089. [PubMed: 11520928] 

Yuste R, Majewska A. On the function of dendritic spines. Neuroscientist. 2001; 7:387–395. [PubMed: 
11597098] 

Zhou Q, Homma KJ, Poo MM. Shrinkage of dendritic spines associated with long-term depression of 
hippocampal synapses. Neuron. 2004; 44:749–757. [PubMed: 15572107] 

Zuo Y, Lin A, Chang P, Gan WB. Development of long-term dendritic spine stability in diverse regions 
of cerebral cortex. Neuron. 2005; 46:181–189. [PubMed: 15848798] 

Gipson and Olive Page 31

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(A) Illustration of a dendritic spine. Spines typically have neck and head compartments, 

whose structure is largely built on an actin cytoskeleton. G-actin polymerizes into F-actin to 

build the primary cytoskeletal structure, and thus remodels the spine during synaptic 

plasticity. This process continually reshapes brain circuitry and synaptic connections. At the 

PSD, membrane-bound proteins are continually inserted or retracted from the membrane, 

including ionotropic and metabotropic receptors. (B) Dendritic spines are often categorized 

into different subtypes, some of which are thought to be immature and filopodium-like, and 

others are thought to be mature with increased head diameters relative to that of the neck, as 

well as bifurcated and/or multi-branched morphologies. See text for a discussion of the 

limitations of spine categorization based on overall morphology. Abbreviations: PSD = post-

synaptic density; G-actin = globular (monomeric) actin, F-actin = filamentous actin.
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Figure 2. 
(A) Image of a Golgi-Cox stained striatal medium spiny neuron and a higher magnification 

of the selected area showing dendritic spines. (B) A high resolution three-dimensional image 

of a Lucifer-Yellow filled neuron in the NA. The magnification of the boxed region is 63×, 

and a 3-D segment with clearly defined spines is reconstructed and analyzed. (C) Example 

of a DiI-filled MSN in the NA. The boxed region is magnified to 63× and analyzed using 

Imaris software (Bitplane).
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