
 

Whistler, Malenka, & Bonci, 2001), and is enhanced following prolonged cocaine 

administration (5-28 days) with short or extended withdrawal (2-23 days) in NAc (Dobi 

et al., 2011; Kourrich, Rothwell, Klug, & Thomas, 2007; Yao et al., 2004) and 

hippocampus (Guan, Zhang, Xu, & Li, 2009).  Synaptic plasticity is enhanced for a 

protracted amount of time following drug cessation, suggesting enduring homeostatic 

change.  Indeed, glutamatergic AMPA receptors (AMPArs) lacking the GluR2 subunit 

(GluR2-lacking AMPArs), which are often GluR1-containing AMPArs and have high 

channel conductance and calcium permeability, are increased in NAc following 

prolonged withdrawal (Wolf & Ferrario, 2010).  This effect is observed progressively 

following withdrawal from long-access self-administration, which consists of long daily 

sessions (6+ hours versus 1-2 hours for short-access) or a longer acquisition period 

(more than the usual 10-14 days for short access; X. Li & Wolf, 2015; Loweth, Tseng, & 

Wolf, 2014).  Moreover, following prolonged withdrawal, animals can demonstrate 

“incubation” of drug seeking, which is the potentation of reward seeking (Grimm, Fyall, 

& Osincup, 2005; Grimm, Hope, Wise, & Shaham, 2001; Grimm, Shaham, & Hope, 

2002), and is mediated by the increase in GluR2-lacking AMPArs in NAc (Conrad et al., 

2008; Wolf & Ferrario, 2010). 

Alternatively, intrinsic excitability, or how likely a neuron is to fire an action 

potential, is decreased following drug administration and withdrawal.  Following brief 

cocaine or amphetamine injections or cocaine self-administration, intrinsic excitability is 

decreased in NAc (Dong et al., 2006; Ishikawa et al., 2009; Kourrich & Thomas, 2009; 

Mu et al., 2010) for at least 21 days (Ishikawa et al., 2009).  However, activity is 

increased in NAc following drug-associated cue presentation or drug presentation 
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following 21-30 days of withdrawal from cocaine self-administration compared to one 

day of withdrawal (Hollander & Carelli, 2007; Mu et al., 2010).  Similar findings are also 

observed in human addicts.  Activity in PFC following short or prolonged withdrawal in 

human addicts is reduced; however, following drug-associated cue presentation (e.g., 

videos) activity is significantly increased, which is strongly correlated with self-reported 

craving (Goldstein & Volkow, 2002, 2011).  Overall, these results suggest a decrease in 

function in NAc and PFC following drug use, but an increase following presentation of 

drug-associated cues after prolonged withdrawal. 

 In summary, following drug administration, animals have impaired experience-

dependent plasticity, altered behavior, and disrupted new learning.  Moreover, rats and 

humans display decreased neuronal activity in reward-related brain regions following 

prolonged drug use and withdrawal, but increased activity with drug-associated cue 

presentation.  These behavioral and functional adaptations are likely manifested by 

drug-induced changes in synaptic and intrinsic excitability, morphology, and molecular 

components.  

 

Drug-induced molecular changes  

As mentioned, structural and functional changes induced by stimulant drug use 

may also be mediated by molecular changes in drug-related brain regions.  Some of 

these changes have been discussed already, such as alterations in AMPArs.  However, 

numerous other molecules are altered either directly or indirectly following drug use or 

drug-associated learning, which may mediate the changes discussed previously.  
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Below, I will highlight a few of the molecular changes induced by chronic drug use (see 

Table 1 for summary).   

One of the most extensively studied addiction-related molecules is the 

transcription factor delta FosB (∆FosB), which is a highly stable splice variant of the 

immediate early gene (IEG) fosB (Chen, Kelz, Hope, Nakabeppu, & Nestler, 1997; 

Hope et al., 1994).  ∆FosB expression is increased following administration of cocaine, 

amphetamine, nicotine, morphine, phencyclidine (PCP), tetrahydrocannabinol (THC), 

and ethanol in NAc (core and shell), PFC, amygdala, and hippocampus (Atkins et al., 

1999; Hiroi et al., 1997; Y. Kim et al., 2009; Larson et al., 2010; K. W. Lee et al., 2006; 

Nye, Hope, Kelz, Iadarola, & Nestler, 1995; Nye & Nestler, 1996; Perrotti et al., 2008; 

Pich et al., 1997; Robison & Nestler, 2011; Y. Wang et al., 2015).  Mice overexpressing 

∆FosB have comparable spine densities in the NAc as mice treated with repeated 

cocaine, and spine density is further increased when these mice are given repeated 

cocaine injections (Maze et al., 2010).  Furthermore, mice overexpressing ∆FosB have 

increased cocaine-induced locomotion and enhanced CPP conditioning (Kelz et al., 

1999).  Moreover, ∆FosB is thought to mediate motivation, as mice overexpressing it 

have facilitated acquisition of cocaine self-administration at a dose that usually results in 

poor acquisition, and a higher breaking point with a progressive ratio (Colby, Whisler, 

Steffen, Nestler, & Self, 2003).  In summary, ∆FosB expression is increased in reward-

related brain regions following administration of a number of abused drugs, mediates 

spine density changes, and is thought to mediate the incentive properties of drugs.  
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Table 1: Summary of stimulant-induced molecular changes.  Acute refers to short administration of a 

stimulant drug (e.g., 1 or 2 injections), and chronic refers to prolonged administration of a stimulant drug 

(e.g., 14+ days).  Up arrows denote an increase in expression of the corresponding protein, down arrows 

denotes a decrease in expression of the corresponding protein, and blank denotes unknown changes for 

the correxponding protein. (Alaghband et al., 2014; Atkins et al., 1999; Caffino, Racagni, & Fumagalli, 

2011; Flores, Rodaros, & Stewart, 1998; Fumagalli, Pasquale, Racagni, & Riva, 2006; Hafenbreidel, 

Twining, Rafa Todd, & Mueller, 2015; W. Y. Kim, Jang, Lee, Jang, & Kim, 2013; Kiraly, Ma, et al., 2010; J. 

S. Miller et al., 2014; Nye & Nestler, 1996; Self, Choi, Simmons, Walker, & Smagula, 2004; Sutton et al., 

2003; X. Wang et al., 2013; Wolf & Ferrario, 2010; Xu et al., 2009; Yao et al., 2004). 

 

Another IEG that is associated with stimulant-induced plasticity is activity-

regulated cytoskeleton-associated protein (ARC).  ARC mRNA and protein expression 

is increased in the mPFC following a single injection of cocaine in the mPFC, striatum, 

and hippocampus (Caffino et al., 2011), but not in the VTA or NAc (Rodriguez-Espinosa 

& Fernandez-Espejo, 2015).  These increases in the mPFC are long-lasting as well, as 

repeated cocaine injections during the adolescence period of a rat (PND28-42) results 

in increased ARC mRNA expression at PND45 and increased ARC protein expression 

at PND90 (Caffino et al., 2014; Giannotti et al., 2014).  However, ARC expression is not 

just specifically increased by injections of cocaine.  Instead, ARC protein expression is 

increased in the PL- and IL-mPFC, but not hippocampus, following retrieval of a cocaine 

conditioned place preference or conditioned activity memory (Alaghband et al., 2014).  

The increase in ARC expression following memory reactivation has also been 

demonstrated following retrieval of a conditioned fear memory in the lateral amygdala 

(Maddox & Schafe, 2011), indicating a specific role for ARC in associative memory 

retrieval.   
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Postsynaptic density protein 95 (PSD95) has also been implicated in drug-

induced morphological changes.  PSD95 is a scaffolding protein associated with AMPAr 

trafficking (Boudreau & Wolf, 2005; Schnell et al., 2002; Stein, House, Bredt, & Nicoll, 

2003), and is decreased in NAc, but not cortex or hippocampus, following 3-5 or 10 

days of cocaine administration plus 1-60 days of withdrawal (Yao et al., 2004).  These 

results suggest reorganization of dendritic and spine plasticity, instead of a decrease in 

spines, which complements other data that found that the occurrence of silent synapses 

(synapses that lack functional AMPArs) in NAc is increased following cocaine 

administration (Huang et al., 2009).  Moreover, PSD95 knockout mice demonstrate 

increased responsiveness to a single injection of cocaine, but do not demonstrate 

sensitization following repeated injections (Yao et al., 2004), suggesting that drug-

induced changes in PSD95 may underlie drug-induced behavioral changes.   

Another post-synaptic protein, microtubule-associated protein-2 (MAP2), which is 

associated with dendrites and drendritic growth (Gordon-Weeks, 1991; Shafit-Zagardo 

& Kalcheva, 1998), has been implicated in drug-induced morphological changes.  MAP2 

protein expression is increased in the striatum following five days of cocaine 

administration plus 14 days of withdrawal (Yao et al., 2004), which agrees with previous 

findings of increased spine density following cocaine administration.  However, MAP2 

mRNA and protein expression in the NAc is decreased following one week of 

withdrawal from cocaine self-administration (four hours sessions/12 days) compared to 

naïve controls, but increased in rats that underwent extinction during the same 

withdrawal period (Self et al., 2004).  These results may indicate reorganization of 

dendritic and spine plasticity, perhaps specific to withdrawal from self-administration, 
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similarly to postsynaptic density protein 95 (PSD95) expression following cocaine 

administration. 

Another example is Kalirin-7 (Kal-7), which is a brain-specific guanine-nucleotide 

exchange factor (GEF) that mediates spine plasticity and excitatory transmission 

(Carlisle & Kennedy, 2005; Ma et al., 2011; Penzes et al., 2000; Xie et al., 2007), and is 

localized to the PSD (Kiraly, Eipper-Mains, Mains, & Eipper, 2010; Ma, Wang, Ferraro, 

Mains, & Eipper, 2008).  Repeated cocaine injections increased Kal-7 mRNA and 

protein expression in NAc (Kiraly, Ma, et al., 2010), which is still elevated for at least 14 

days (X. Wang et al., 2013), but these increases are blocked in Kal-7 knockout mice 

(Kiraly, Ma, et al., 2010).  Moreover, shRNA knockdown of Kal-7 blocked cocaine-

induced spine and GluR1-containing AMPAr increases in NAc core following withdrawal 

(X. Wang et al., 2013).  Kal-7 knockout mice also have disrupted passive avoidance 

learning (Kiraly, Lemtiri-Chlieh, Levine, Mains, & Eipper, 2011; Ma, Kiraly, et al., 2008), 

decreased anxiety in an elevated zero maze (Ma, Kiraly, et al., 2008), disrupted 

cocaine, but not food, CPP (Kiraly, Ma, et al., 2010), and knockdown in NAc reduced 

acquisition of cocaine self-administration (X. Wang et al., 2013).  In summary, Kal-7 

mediates cocaine-induced morphological changes in NAc and mediates anxiety- and 

drug-related behaviors.  

Finally, downstream targets of the Wnt pathway might mediate drug-induced 

plastic and behavioral changes.  Wnt signaling, among other roles (e.g.,  Fortress & 

Frick, 2016; Inestrosa & Varela-Nallar, 2014; Maguschak & Ressler, 2012; Oliva, 

Vargas, & Inestrosa, 2013), is necessary for cell proliferation, differentiation (Esfandiari 

et al., 2012; Hirabayashi et al., 2004; Kioussi et al., 2002; Zechner et al., 2003), and 
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dendritic growth and branching (Rosso, Sussman, Wynshaw-Boris, & Salinas, 2005).  In 

the absence of Wnt activation, via binding to its Frizzled receptor, glycogen synthase 

kinase 3 beta (GSK-3β) phosphorylates β-catenin, tagging it for degradation.  However, 

in the presence of Wnt, GSK-3β is phosphorylated and thus inactivated, allowing β-

catenin to translocate to the nucleus and promote gene transcription (Figure 2; 

MacDonald, Tamai, & He, 2009; Moon, Bowerman, Boutros, & Perrimon, 2002).  These 

targets, GSK-3β and β-catenin, are differentially altered following cocaine 

administration. 

 

Figure 2:  Simplified diagram of bFGF signaling pathway and its interaction with the Wnt signaling 

pathway.  (Far left) Following binding of Wnt to its Frizzled receptor, which includes the association with 

LRP (lipoprotein receptor-related protein), DSH (disheveled; among others) is activated.  This results in 
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the phosphorylation (p) of GSK-3β (glycogen synthase kinase 3 beta), or its inactivation, resulting in β-

catenin not being tagged for degradation, and instead being translocated to the nucleus to modify 

transcription (represented with a dashed line; Dailey, Ambrosetti, Mansukhani, & Basilico, 2005).  (Middle) 

Following binding of bFGF to its FGFR (fibroblast growth factor receptor), a number of subsequent 

pathways can be activated, including Ras (Powers, McLeskey, & Wellstein, 2000; Zubilewicz et al., 2001).  

Ras belongs to a superfamily that mediates a number of downstream proteins and pathways, including 

the Raf/MEK (mitogen-activated protein kinase kinase)/ERK/MAPK (mitogen/extracellular-signal 

regulated kinase) pathway, which can activate a number of transcription factors, including CREB (cAMP 

response element binding; Graham & Richardson, 2011b; Lu, Koya, Zhai, Hope, & Shaham, 2006; 

Nestler, 2013; Powers et al., 2000; Zubilewicz et al., 2001).  Ras also activates the PI3K (phosphinositide 

3-kinase)/AKT (also called protein kinase B, PKB) pathway, which can inhibit GSK-3β activity, among a 

number of other functions (#; Dailey et al., 2005; Peineau et al., 2007; Zubilewicz et al., 2001).  (Far right) 

bFGF binding can also activate PLCγ (phospholipase C gamma; Gu, Seong, Lee, & Kay, 1996), which 

can subsequently activate IP3 (inositol triphosphate), resulting in modified calcium activity within the cell, 

as well as mediation of other pathways. 

  

Acute or chronic stimulant drug use enhances GSK-3β activity, as shown by a 

reduction of GSK-3β phosphorylation at serine 9, in the amygdala (Perrine, Miller, & 

Unterwald, 2008), NAc core, but not NAc shell, after a relatively short withdrawal period 

(30 minutes to 24 hours; W. Y. Kim et al., 2013; J. S. Miller et al., 2014; Xu et al., 2011; 

Xu et al., 2009).  Moreover, GSK-3β heterozygous mice, which have a reduction of 

roughly 50% of GSK-3β in the striatum, have attenuated amphetamine-induced 

increases in locomotion (Beaulieu et al., 2004); alternatively, pharmacologically blocking 

GSK-3β phosphorylation in NAc core, resulting in GSK-3β remaining active, increases 

cocaine-induced locomotion (W. Y. Kim et al., 2013).  Similarly, blocking GSK-3β 

activity systemically or in the NAc core (but not shell) attenuates sensitization 

development and expression (Enman & Unterwald, 2012; J. S. Miller, Tallarida, & 

Unterwald, 2009; Xu et al., 2011; Xu et al., 2009).  Moreover, the development and later 

reconsolidation of a cocaine CPP is blocked by inhibiting GSK-3β activity systemically, 
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in NAc core, or in the basolateral amygdala (J. S. Miller et al., 2014; Shi et al., 2014; Wu 

et al., 2011).  In summary, stimulant drug use increases GSK-3β activity in a number of 

reward-related brain regions and is necessary for drug-induced increases in locomotion, 

sensitization, and drug-associative learning.   

If cocaine administration results in an increase in GSK-3β activity, then it is likely 

that β-catenin expression would decrease.  In agreement with this, following seven 

days, but not one day, of cocaine injections plus 24 hours of withdrawal, β-catenin 

mRNA expression is decreased in NAc (Dias et al., 2015).  However, others have 

reported increased β-catenin mRNA expression in the hippocampus following 14 days 

of binge-like cocaine administration, 30 minutes after the last injection (Freeman et al., 

2001), or in NAc following 10 days of withdrawal, but not after one or 100 days, from 

cocaine self-administration (Freeman et al., 2010).  These discrepancies might be due 

to differences in cocaine administration, withdrawal length, or due to a lack of subregion 

specificity in NAc.  Overall, more work is needed to determine the role of β-catenin and 

the Wnt pathway in cocaine-induced plastic and behavioral changes.   

In summary, acute or chronic drug administration can have a profound influence 

on brain morphology, function, and molecular signaling.  This influence includes 

increased spine density and dendritic branching in reward-related brain regions, as well 

as decreased neuronal activity in these regions following withdrawal, which is reversed 

and enhanced following drug-associated cue presentation.  Moreover, early life drug 

administration or chronic drug administration can result in disrupted experience-

dependent plasticity and new learning in adulthood or after prolonged withdrawal.  

Lastly, drug use or withdrawal from drug use can modify expression of a number of 
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plasticity-related molecules, such as ARC, ∆FosB, GluR1, Kal-7, MAP2, PSD95, GSK-

3β, and β-catenin.  In brief, chronic drug use and subsequent withdrawal can induce 

structural, functional, and molecular changes in reward-related brain regions.  These 

changes are likely induced as a homeostatic mechanism to regulate the altered 

neurotransmitter signaling produced by drug use or withdrawal (Kalivas, 2009), 

however, it is unclear how these molecules are altered following extinction.  One 

potential mechanism underlying these changes might be growth factors, such as basic 

fibroblast growth factor (bFGF or FGF2). 

 

bFGF and plastic changes 

 As reviewed, stimulant drug administration can induce morphological, functional, 

and molecular changes, and one possible mechanism mediating these changes are 

growth factors, such as bFGF.  bFGF is part of a large and functionally diverse 

fibroblast growth factor family, which is composed of 23 different FGF types and 

subfamilies (FGF1-23), ten of which are localized to the brain (Burgess & Maciag, 1989; 

Powers et al., 2000; Reuss & von Bohlen und Halbach, 2003).  bFGF has a broad range 

of functions throughout development and adulthood.  For example, during development, 

bFGF is necessary for cell proliferation, migration, survival, and differentiation (Aoyagi, 

Nishikawa, Saito, & Abe, 1994; Grothe et al., 2000; Ornitz & Itoh, 2001; Wagner, Black, 

& DiCicco-Bloom, 1999).  Throughout life, bFGF contributes to tissue repair (Schultz & 

Wysocki, 2009), cancer (Haley & Kim, 2014), and angiogenesis (van Wijk & van 

Kuppevelt, 2014).  Furthermore, bFGF has a role in learning, memory, and mood and 

anxiety disorders (Riva et al., 2005; Graham and Richardson, 2011a).   
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bFGF is expressed in both neurons and glia, but preferentially in glia 

(Eckenstein, Woodward, & Nishi, 1991; Gomez-Pinilla, Lee, & Cotman, 1994; Gonzalez, 

Berry, Maher, Logan, & Baird, 1995; Reuss & von Bohlen und Halbach, 2003), and a 

higher molecular weight form of bFGF is specifically expressed in the nucleus, though 

its function is currently unclear (Arnaud et al., 1999; Bugler, Amalric, & Prats, 1991; 

Coulier et al., 1997; Powers et al., 2000).  Moreover, bFGF is expressed on cell 

surfaces, in the extracellular matrix, and has extracellular functions (DiMario, Buffinger, 

Yamada, & Strohman, 1989; Mignatti, Morimoto, & Rifkin, 1992), although it is unclear 

how bFGF is transported or released to these locations.  bFGF lacks a signaling 

sequence and is not secreted in an endoplasmic reticulum-Golgi pathway dependent 

manner (J. A. Abraham et al., 1986; D'Amore, 1990; Forget, Stewart, & Trudeau, 2006; 

Ornitz & Itoh, 2001).  Currently, bFGF is thought to be released by cell damage or cell 

death (Friesel & Maciag, 1999; Mignatti et al., 1992; Miyake et al., 1998; Miyamoto et 

al., 1993; Ohmachi et al., 2000; Ornitz & Itoh, 2001; Reuss & von Bohlen und Halbach, 

2003), though this hypothesis does not explain all the roles attributed to bFGF. 

FGFs can bind to four types of FGF receptors (FGFR1-4; D. E. Johnson & 

Williams, 1993), each with numerous splice variants (Powers et al., 2000), and with 

different expression patterns.  FGFR1 and FGFR4 are preferentially expressed in 

neurons, FGFR2 is preferentially expressed in oligodendrocytes, and FGFR3 is 

preferentially expressed in astrocytes (Asai et al., 1993; Miyake, Hattori, Ohta, & Itoh, 

1996).  bFGF can bind to any FGFRs, but binds with the highest affinity to FGFR1 (P. L. 

Lee, Johnson, Cousens, Fried, & Williams, 1989; Ornitz et al., 1996; Reuss & von 

Bohlen und Halbach, 2003).  FGFRs are a part of the tyrosine kinase receptor family (D. 
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E. Johnson & Williams, 1993), and when bound by bFGF are trafficked to the nucleus 

(Bikfalvi, Klein, Pintucci, & Rifkin, 1997; H. M. Johnson, Subramaniam, Olsnes, & Jans, 

2004; Myers, Martins, Ostrowski, & Stachowiak, 2003; X. Zhang & Simons, 2014) where 

they can alter transcription.  However, bound FGFRs also initiate a number of signaling 

cascades (Dailey et al., 2005), which together mediates a number of plastic changes 

during development and adulthood (Figure 2). 

 

bFGF and morphological changes during development and in vitro 

Growth factors have a major role during embryonic development, and bFGF has 

been implicated in proliferation, survival, migration, growth, and differentiation 

(Anderson, Dam, Lee, & Cotman, 1988; Aoyagi et al., 1994; Bikfalvi et al., 1997; Grothe 

et al., 2000; Wagner et al., 1999).  bFGF and FGFR1 protein and mRNA are expressed 

at high levels at the beginning of neurogenesis in rat and mice embryos, but expression 

is reduced as neurogenesis and proliferation slows during late embryogenesis (Raballo 

et al., 2000; Vaccarino et al., 1999).  bFGF application to cultured cells increased 

proliferation in a dose-dependent manner (Boku et al., 2013), and blocking bFGF with a 

neutralizing antibody (anti-bFGF) reversed these effects (Murdoch & Roskams, 2013; 

Tao, Black, & DiCicco-Bloom, 1997).  Moreover, systemic injection or lateral ventricle 

infusion of bFGF into newborn rat pups increased proliferation in the hippocampus, 

pontine subventricular zone, and granule cells in the cerebellum (Tao, Black, & DiCicco-

Bloom, 1996; Wagner et al., 1999), and increased mass, volume, and cell number at 

either E20.5 or 2 months, but the opposite was found when anti-bFGF was infused 

(Vaccarino et al., 1999) or when bFGF was knocked out (Raballo et al., 2000; Vaccarino 
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et al., 1999).  Overall, these findings indicate that bFGF is necessary for cell 

proliferation and neurogenesis.   

bFGF also interacts with a number cell signaling pathways, such as the Wnt 

signaling pathway, including GSK-3β and β-catenin, to mediate cell proliferation (Figure 

2).  bFGF promotes phosphorylation of GSK-3β (Israsena, Hu, Fu, Kan, & Kessler, 

2004) through downstream targets, such as AKT (also called protein kinase B, PKB; 

Dailey et al., 2005), resulting in increased expression of β-catenin in the nucleus and 

increased cell proliferation (Boku et al., 2013; Israsena et al., 2004; Shimizu et al., 

2008).  The bFGF-induced increase in proliferation is mediated through GSK-3β, as 

expressing the dominant-active form of GSK-3β blocks increases in proliferation 

(Shimizu et al., 2008); whereas, inhibiting GSK-3β with a small molecule increases cell 

proliferation more so than when bFGF is added alone (Murdoch & Roskams, 2013).  

Moreover, the increase in proliferation is through the interactions with β-catenin, as 

there is only enhanced neuronal differentiation and no effect on proliferation in cell 

culture overexpressing β-catenin but lacking bFGF (Israsena et al., 2004; Shimizu et al., 

2008).  In summary, bFGF application increase β-catenin expression, as it inhibits GSK-

3β, resulting in increased proliferation.  

 In addition to proliferation and neurogenesis, bFGF mediates axon branching and 

spine morphology.  bFGF application to cultured cortical or hippocampal neurons rapidly 

increases axon branching compared to control neurons (Kalil, Szebenyi, & Dent, 2000; 

Patel & McNamara, 1995), and the removal of bFGF results in a reduction of axonal 

branching to baseline (Aoyagi et al., 1994).  Moreover, bFGF increases axonal 

branching by increasing growth cone size and slowing the advancement of the growth 
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cone (Szebenyi et al., 2001).  During development, bFGF knockout mice have disrupted 

cellular organization, differentiation, migration, and a 10 percent reduction in overall 

thickness of the cortex and hippocampus (Dono, Texido, Dussel, Ehmke, & Zeller, 

1998).  In adulthood, bFGF knockout mice have normal dendritic spine densities in the 

hippocampus, but have increased spine length (Zechel, Unsicker, & von Bohlen Und 

Halbach, 2009).  Long, immature, spines are associated with behavioral and learning 

and memory deficits, such as those seen in mice lacking the functional fragile X mental 

retardation protein, which also display no changes in spine density but an increase in 

spine length (Ding, Sethna, & Wang, 2014; Grossman, Elisseou, McKinney, & 

Greenough, 2006).  In brief, bFGF mediates spine morphology and axon branching.  

 In summary, bFGF has numerous functions during embryonic and postnatal 

development, but one major role is to induce cell proliferation and neurogenesis.  

bFGF’s ability to induce cellular proliferation and neurogenesis persists into adulthood 

(Monfils et al., 2005; Pieper et al., 2005), and can reverse age-related reductions in 

neurogenesis (Jin et al., 2003; Kang & Hebert, 2015).  bFGF interacts with and 

stimulates a number of cell signaling pathways, and one interaction that is necessary for 

proliferation and is affected by drug use (see next section) is its interaction with GSK-3β 

and β-catenin.  Finally, bFGF is necessary for axonal branching and can modify 

dendritic spine morphology.  Stimulant drug administration similarly alters some of these 

functions, thus, making bFGF a potential underlying mechanism.  

 

bFGF and drug-induced plastic changes 

As reviewed, stimulant drugs induce a number of changes in reward-related brain 
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regions, and these changes may underlie the perseveration of drug addiction.  A 

possible mechanism underlying these changes is growth factors, such as bFGF.  As 

discussed in the previous section, bFGF is necessary for cellular proliferation, 

neurogenesis, survival, differentiation, and neurite outgrowth.  Thus, bFGF might be 

mediating some of the plastic changes induced by stimulant drug use. 

 Following stimulant drug administration, bFGF expression is increased in a 

number of reward-related brain regions.  A single systemic injection of nicotine 

increased bFGF mRNA expression six hours later in the striatum (Maggio et al., 1998), 

parietal cortex, and entorhinal cortex (Roceri et al., 2001).  Drug-induced increases of 

bFGF are long-lasting as well, as increased bFGF immunoreactivity in VTA and 

substantia nigra (SNc) was observed following 24 hrs, 72 hrs, one week, and one month 

after three days of amphetamine injections (Flores et al., 1998).  Moreover, increased 

bFGF mRNA expression is observed following acute or chronic injections of cocaine 

(one, five, or 14 injections) in PFC and striatum, and in hippocampus in a time-

dependent manner following chronic injections (Fumagalli et al., 2006).  Likewise, we 

found a similar increase in bFGF protein expression in IL-mPFC following cocaine self-

administration plus 12 days of withdrawal (Hafenbreidel et al., 2015).  In sum, a number 

of stimulant drugs, given acutely or chronically, can produce relatively long-lasting 

increases in bFGF mRNA or protein expression in a number of brain regions. 

The increased expression is likely mediated by drug-induced increases in 

extracellular neurotransmitters, such dopamine and glutamate (Flores & Stewart, 2000). 

Administration of a dopamine D1 or D2 receptor antagonist can block nicotine-induced 

increases in bFGF mRNA expression in the striatum (Roceri et al., 2001), whereas, a 
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non-selective dopamine agonist or a dopamine D2-selective agonist, but not a D1-

selective agonist, can increase bFGF mRNA expression in the striatum (Roceri et al., 

2001), PFC and hippocampus (Fumagalli et al., 2003).  Likewise, bFGF mRNA 

expression is increased following glutamate application to cultured cortical astrocytes 

(Pechan, Chowdhury, Gerdes, & Seifert, 1993), or following a systemic injection of 

kainate (to induce seizures) in the hippocampus and striatum three and six hours, 

respectively, after the injection (Riva, Donati, Tascedda, Zolli, & Racagni, 1994; Van 

Der Wal, Gomez-Pinilla, & Cotman, 1994).  Furthermore, amphetamine-induced 

increases in bFGF immunoreactivity in VTA and SNc are blocked by co-administration 

of a nonselective glutamate receptor antagonist (Flores et al., 1998) and a competitive 

nonselective NMDA receptor antagonist (Flores, Samaha, & Stewart, 2000).  Overall, 

increased bFGF expression following stimulant drug use administration is specifically 

increased following dopamine and glutamate receptor activation. 

 As mentioned, bFGF is important for cell survival, but is also neuroprotective 

during development and adulthood (Anderson et al., 1988; Gomez-Pinilla et al., 1992; 

Logan et al., 1992; Chadi et al., 1993; Mark et al., 1997; Maggio et al., 1998; Flores and 

Stewart, 2000a), which may underlie the increased expression following drug use (see 

Figure 3 for overview).  Stimulant drug exposure generates a neuroprotective response 

(Flores & Stewart, 2000).  For example, cocaine blocks monoamine reuptake, including 

dopamine, and the autoxidation of dopamine results in free-radical byproducts 

(Fornstedt, Pileblad, & Carlsson, 1990).  Free radicals can induce oxidative stress and 

damage cells (Riley, 1994), but also recruit bFGF (Pechan, Chowdhury, & Seifert, 

1992), which can protect cells against oxidative stress (Hou, Cohen, & Mytilineou, 1997; 
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Mark, Keller, Kruman, & Mattson, 1997).  The oxidative stress induced by drug use may 

be a sufficient injury to the cell to release bFGF, as cell injury or damage is thought to 

be the mechanism by which bFGF is released (Friesel & Maciag, 1999; Mignatti et al., 

1992; Miyake et al., 1998; Miyamoto et al., 1993; Ohmachi et al., 2000; Reuss & von 

Bohlen und Halbach, 2003).  In brief, stimulant drug use induces oxidative stress, which 

results in the recruitment, and perhaps release, of bFGF to protect the cell.  However, 

drug-induced increases in bFGF are long lasting in certain brain regions (Flores et al., 

1998; Fumagalli et al., 2006; Hafenbreidel et al., 2015a), and these increases may have 

additional, possibly aversive, side effects. 

The side effects induced by overexpression of bFGF may include some of the 

long-term changes observed following drug use.  For example, bFGF application to 

cultured hippocampus neurons increases expression of GluR1-containing AMPArs 

(Cheng et al., 1995).  Moreover, amphetamine-induced increases in dendritic length of 

dopaminergic neurons in VTA are blocked by inhibition of bFGF by anti-bFGF (Mueller 

et al., 2006).  bFGF also mediates behavioral changes induced by drug use as blocking 

bFGF with anti-bFGF in VTA attenuates amphetamine-induced increases in locomotion 

and blocks amphetamine-induced sensitization (Flores et al., 2000).  Conversely, 

systemic injections of bFGF on postnatal day (PND) one enhanced initial acquisition of 

cocaine self-administration during adulthood (Turner et al., 2009).  In summary, bFGF 

contributes to structural and behavioral changes observed following drug use.  
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Figure 3: Proposed model of the role of bFGF in drug-associated learning.  (Left) Stimulant drug 

administration blocks dopamine’s reuptake, which results in increased extracellular dopamine.  Following 

autooxidaton of dopamine, free radical byproducts are produced (Fornstedt et al., 1990; Kovacic, 2005) 

that can induce oxidative stress and cell damage (Lopez-Pedrajas et al., 2015; Riley, 1994).  Free 

radicals recruit bFGF (Pechan et al., 1992), which can protect against oxidative stress (Hou et al., 1997; 

Mark et al., 1997).  Drug-induced overexpression of bFGF is long lasting, which can induce a number of 

maladaptive side effects, including increased GluR1 expression (Cheng et al., 1995), increased dendritic 
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length (Mueller et al., 2006), decreased excitability (Cuppini, Ambrogini, Lattanzi, Ciuffoli, & Cuppini, 

2009; Hilborn, Vaillancourt, & Rane, 1998), and potentiated calcium- dependent inactivation of NMDA 

receptors (Boxer, Moreno, Rudy, & Ziff, 1999). These changes may underlie the delay in new learning 

and preservative drug seeking.  (Right) We previously found that neutralizing bFGF in the IL-mPFC can 

facilitate extinction, and extinction can reduce bFGF protein expression (Hafenbreidel et al., 2015).  

However, it is unclear how neutralizing bFGF facilitates learning, or how extinction can reduce bFGF 

expression.  

 

Another possible side effect of drug-induced overexpression of bFGF is that it 

affects neuronal function.  Bath application of bFGF inhibits voltage-gated Na+ (Hilborn 

et al., 1998) and K+ currents, and decreases the number of evoked action potentials in 

the hippocampus (Cuppini et al., 2009), suggesting that cocaine-induced 

overexpression of bFGF would functionally reduce intrinsic excitability of neurons.  This 

reduction in intrinsic excitability can have further side effects, as reduced intrinsic 

excitability limits future learning (Sehgal et al., 2013).  Moreover, bFGF inhibits NMDA 

receptor function following excessive calcium influx (Boxer et al., 1999), which also 

could impact learning and memory (e.g., McLamb, Williams, Nanry, Wilson, & Tilson, 

1990; Mondadori, Weiskrantz, Buerki, Petschke, & Fagg, 1989; Thompson, Winsauer, & 

Mastropaolo, 1987).  In line with this, as discussed previously, stimulant drug use can 

decrease intrinsic excitability following withdrawal (Kourrich & Thomas, 2009; Mu et al., 

2010), hinder later learning (Radley et al., 2015; Sillivan et al., 2011; Skelton et al., 

2007; Vorhees et al., 1994; Williams et al., 2002), and limit new experience-dependent 

plasticity (Kolb et al., 2003).  However, if cocaine-induced overexpression of bFGF 

hinders new learning by inducing maladaptive plastic changes has yet to be directly 

examined. 
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In conclusion, bFGF mediates a number of processes during development and 

adulthood, and in drug-associated behaviors and plasticity.  Throughout life, bFGF is 

neuroprotective, mediates axon, dendrite, and spine morphology, and induces 

proliferation through its interactions with GSK-3β and β-catenin.  However, stimulant 

drug use results in increased bFGF expression in a number of reward-related brain 

regions.  The initial increase in bFGF expression might be a neuroprotective response, 

but enduring overexpression may have lasting side effects, such as increased dendritic 

growth in VTA, reduced intrinsic excitability, and the development and maintenance of 

drug-associated behaviors, such as locomotor sensitization. 

 

Extinction of drug seeking 

As previously mentioned, the persistence of drug addiction is maintained by cues 

associated with the rewarding properties of the drug (e.g., context or syringe), as these 

cues can trigger retrieval of the original drug-cue memory, evoke craving, and promote 

relapse (Epstein et al., 2006; Volkow et al., 2006).  Following memory retrieval, the 

memory is labile and requires restabilization into long-term storage through a process 

called reconsolidation (C. A. Miller & Marshall, 2005; Misanin, Miller, & Lewis, 1968; 

Nader, Schafe, & Le Doux, 2000).  However, when the cue is repeatedly presented 

without drug reinforcement, a new inhibitory extinction memory will be acquired and 

consolidated into long-term storage (Millan et al., 2011; Quirk & Mueller, 2008).  

Therefore, cue-reactivity can be reduced through extinction, leading to a reduced 

likelihood of inducing craving and relapse. 

As discussed, bFGF mRNA and protein expression is increased following 

stimulant drug administration (Flores et al., 1998; Fumagalli et al., 2006; Maggio et al., 
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1998; Roceri et al., 2001) or cocaine self-administration (Hafenbreidel et al., 2015) in 

reward-related brain regions, such as IL-mPFC and striatum.  Interestingly, we found 

that extinction of drug seeking following cocaine self-administration reduces bFGF 

protein expression in IL-mPFC to similar expression levels as controls (Hafenbreidel et 

al., 2015), and our preliminary data suggests that extinction reduces bFGF expression 

in dHipp, and possibly in NAc, as well.  The reduction in bFGF following extinction is 

functional as well, as blocking bFGF in IL-mPFC with anti-bFGF facilitates extinction 

retention following cocaine self-administration (see preliminary data; Hafenbreidel et al., 

2015).  Although not directly tested, these results suggest that drug-induced 

overexpression of bFGF impedes new learning, such as that required for extinction.   

However, these effects are likely limited to extinction of drug seeking, as bFGF 

administered systemically or infused into the amygdala enhances extinction of 

conditioned fear, attenuates renewal following extinction, and attenuates shock-induced 

reinstatement (Graham and Richardson, 2009a, 2010a, 2011b, a).  Moreover, systemic 

injections of bFGF enhances context fear conditioning in young rats (Graham & 

Richardson, 2009), and early life systemic injections of bFGF (PND1-5) can enhance 

later life context fear conditioning and renewal following extinction (PND16) in rats that 

otherwise demonstrate poor learning at this age (Graham & Richardson, 2010).  

Overall, these results suggest that bFGF administration enhances extinction of 

conditioned fear, but early life administration enhances later life fear-associated 

learning. 

Alternatively, bFGF also has a role in anxiety-related behaviors.  For example, 

increased bFGF expression is associated with reduced anxiety-related behaviors and 
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vice versa, in selectively bred ratlines (Graham & Richardson, 2011b; Riva, Molteni, 

Bedogni, Racagni, & Fumagalli, 2005).  Thus, it is unclear if bFGF simply enhances 

learning in other paradigms, or if it has a unique and differential role in fear conditioning 

and drug addiction.  It seems likely that bFGF has a unique role in fear- and drug-

associated learning, as a systemic injection of bFGF on PND one had no effect on 

Morris water maze learning or food self-administration (Turner et al., 2009).  However, 

Graham and Richardson (2009b, 2010b) also found a single injection on PND one was 

not sufficient to induce enhance learning at a young age, but when the number of 

injections was increased to five and fear conditioning parameters were altered (e.g., 

more trials, stronger shock) then early life bFGF administration was sufficient to 

enhance learning.  Further experiments are needed to determine the overall role of 

bFGF in learning and memory, particularly the differential effects of bFGF in fear 

conditioning and drug-related learning.  

The discrepancy in the role of bFGF during extinction of conditioned fear versus 

extinction of drug seeking is likely due to changes produced by stimulant drug 

administration on bFGF expression (Flores et al., 1998; Fumagalli et al., 2006; 

Hafenbreidel et al., 2015; Maggio et al., 1998; Roceri et al., 2001).  As discussed in the 

previous section, this includes increased expression likely from drug-induced increases 

in extracellular neurotransmitters, such as dopamine and glutamate, and from the 

neuroprotective response initiated by drug use (Pechan et al., 1992; Pechan et al., 

1993; Riva et al., 1994; Mark et al., 1997; Flores et al., 2000; Flores and Stewart, 

2000a; Roceri et al., 2001; Fumagalli et al., 2003).  In further support of this, we found 

that bFGF protein expression in IL-mPFC is unchanged following sucrose self-
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administration and yoked-saline administration, with or without extinction, compared to 

naïve home-cage controls (see preliminary data; Hafenbreidel et al., 2015).  These 

results indicate that changes in bFGF expression are specifically due to cocaine 

administration and subsequent extinction, and not due to operant responding, food 

reward, or cue presentation.  Therefore, the differences in the role of bFGF observed 

between extinction of drug seeking and extinction of conditioned fear are likely due to 

the maladaptive changes induced by chronic stimulant drug administration.  However, 

this has not been directly examined, and it is unclear how bFGF mediates these drug-

induced changes, or how extinction affects them.   

Surprisingly little research has been conducted on the mechanisms underlying 

extinction of drug seeking, as most research focuses on the development or acquisition 

of drug seeking, withdrawal, or relapse or reinstatement of drug seeking.  Nonetheless, 

the mechanisms underlying extinction of drug seeking are beginning to be examined.  

For example, spine diameter in NAc core is increased in rats that underwent extinction 

of drug seeking following cocaine self-administration compared to yoked-saline controls 

(Shen, Gipson, Huits, & Kalivas, 2014).  Moreover, spine density was increased in IL-

mPFC in rats that underwent extinction of drug seeking in an ethanol self-administration 

paradigm compared to rats that just underwent withdrawal (Gass et al., 2014).  

Similarly, the molecular mechanisms underlying extinction have been minimally 

examined.  As mentioned before, ∆FosB, Kal-7, GSK-3β, or β-catenin are all modified 

following cocaine use, however, it is currently unclear whether extinction modifies their 

expression.  Nevertheless, ∆FosB does have a role in extinction, as overexpression in 

NAc shell facilitates extinction following cocaine self-administration (Y. Zhang et al., 
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2014).  It seems likely that their expression would change following extinction, as they 

are altered or necessary in other learning paradigms, such as classical conditioning or 

spatial learning (e.g., Fortress, Schram, Tuscher, & Frick, 2013; Greenwood et al., 

2011; Kimura et al., 2008; Kiraly et al., 2011; Mandela & Ma, 2012; Mills et al., 2014; 

Werme et al., 2002).  

Changes in glutamatergic receptors and their associated scaffolding proteins 

(e.g., PSD95) have been measured following extinction.  For example, extinction of drug 

seeking following cocaine self-administration results in increased expression of GluR1-

containing AMPAr in NAc shell, however, expression is not changed following 

withdrawal of a similar passage of time (Ghasemzadeh et al., 2009b), after one day of 

withdrawal, or after extinction of sucrose seeking (Self et al., 2004; Sutton et al., 2003).  

Moreover, the increase in GluR1-containing AMPArs is associated with the length of 

extinction training that occurred; in other words, the better rats learned extinction, the 

higher their expression of GluR1-containing AMPArs (Sutton et al., 2003).  Likewise, 

PSD95 protein expression is increased in NAc core following extinction after long-

access cocaine self-administration compared to saline self-administration, however, no 

changes were found in NAc shell, dorsomedial PFC (dmPFC, containing PL-mPFC), 

ventromedial PFC (vmPFC, containing IL-mPFC), or VTA (Ghasemzadeh et al., 2009a; 

Ghasemzadeh et al., 2009b; Ghasemzadeh et al., 2011).  Additionally, PSD95 is 

increased in PSD subfractions in NAc core following extinction after short-access 

cocaine self-administration compared to yoked-saline controls (Knackstedt et al., 2010).  

Changes were specific to extinguishing drug seeking, as PSD95 was not altered 

following extinction of sucrose seeking or after only two days of extinction training 
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both groups demonstrate extinction across days, but anti-bFGF-infused rats extinguish 

at a quicker rate than vehicle-infused rats.   

 

Figure 20: Neutralizing bFGF in dHipp, with or without four 30-min extinction sessions, facilitates 

subsequent extinction.  (a) Representative area for injector tip locations in dHipp.  (b) Pre-extinction 

session infusions of anti-bFGF into dHipp (arrows) during the 30-min extinction sessions facilitates 

extinction retention compared to vehicle infusions.  (c) All rats reinstated following a priming injection of 

cocaine.  (d) Representative area for injector tip locations in dHipp.  (e) Infusions of either vehicle or anti-

bFGF into dHipp for four days (arrows), during which rats were returned immediately to their home cages, 

facilitated subsequent extinction.  (f) All rats reinstated following a priming injection of cocaine.  *p<0.05, 

***p<0.0001 Error bars are ±SEM. 
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For inactive lever presses during extinction days 5-14 (data not shown), ANOVA 

revealed a significant effect of treatment (F1,210=8.971, p=0.003), day (F9,210=2.285, 

p=0.018), but no day by treatment interaction (F9,210=0.340, p=0.961).  A subsequent 

ANOVA between active and inactive lever presses revealed a significant effect of lever 

(F1,420=430.918, p<0.0001), which demonstrates that rats pressed the active lever more 

than the inactive lever.  Finally, veh-infused rats that underwent four 30-min extinction 

sessions lever pressed significantly less than veh-infused rats that did not undergo the 

four 30-min extinction sessions during extinction day five (t13=-3.635, p=0.003; data not 

shown), which indicates that four 30-min extinction sessions are sufficient for extinction 

learning to occur.  In summary, neutralizing bFGF in the NAc, without four 30-min 

extinction sessions, facilitated subsequent extinction across days.   

Following extinction, all rats were tested for cocaine-induced reinstatement of 

drug seeking.  Rats were given a non-contingent priming injection of cocaine (Figure 

19f) prior to a 90-min extinction session.  ANOVA revealed a significant increase in 

active lever pressing during the reinstatement test as compared to the last extinction 

test (F1,42=24.980, p<0.0001), and a significant effect of treatment (F1,42=4.826, 

p=0.034), but no day by treatment interaction (F1,42=0.984, p=0.327).  Inactive lever 

presses did not differ across days or treatment (all Fs<1.153, ps>0.05).  In summary, 

previously veh- or anti-bFGF-infused rats reinstated cocaine seeking following a priming 

injection of cocaine, however, previously anti-bFGF-infused rats appear to have 

attenuated seeking.  These results suggest that neutralizing bFGF in the NAc, without 

30-min extinction sessions, may help protect against cocaine-induced reinstatement. 
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Neutralizing bFGF in dHipp before four 30-min extinction sessions facilitates 

extinction  

Active or inactive lever presses and number of infusions were equivalent 

between groups across the average of the last three days of self-administration (Table 

8).  Following acquisition, rats underwent 38 days of withdrawal in their home cages.  

Next, rats received vehicle or anti-bFGF infusions into dHipp one hour before four 30-

min extinction sessions.  Across the 30-min extinction sessions (days 1-4, active lever 

presses; Figure 20b, left), ANOVA revealed a significant effect of day (F3,88=3.764, 

p=0.014), but no effect of treatment (F1,88=2.108, p=0.150) or day by treatment 

interaction (F3,88=1.132, p=0.341).  During the 90-min extinction sessions (days 5-14; 

Figure 20b, right), ANOVA revealed a significant effect of treatment (F1,230=4.903, 

p=0.028), day (F9,220=7.476, p<0.0001), but no day by treatment interaction 

(F9,220=0.542, p=0.843).  These results indicate that both groups reduced lever pressing 

during the first four 30-min extinction and during the 90-min extinction days indicating 

both groups demonstrated extinction across days, but anti-bFGF-infused rats extinguish 

at a quicker rate than vehicle-infused rats during the 90-min extinction days.  Inactive 

lever presses (data not shown) did not differ across days regardless of extinction 

session duration (all Fs<1.443, ps>0.05), but ANOVA did reveal a significant treatment 

effect (extinction days 1-4: F1,88=4.498, p=0.037; extinction days 5-15: F1,220=14.759, 

p<0.0001). Subsequent ANOVAs between active and inactive levers demonstrated a 

significant effect of lever (extinction days 1-4: F1,176=521.859, p<0.0001; extinction days 

5-15: F1,440=456.583, p<0.0001), which demonstrates that rats pressed significantly 
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more on the active lever than the inactive.  Overall, neutralizing bFGF in the dHipp 

before four 30-min extinction sessions facilitated subsequent extinction across days.  

Following extinction, all rats were tested for cocaine-induced reinstatement of 

drug seeking.  Rats were given a non-contingent priming injection of cocaine (Figure 

20c) prior to a 90-min extinction session.  ANOVA revealed a significant increase in 

active lever pressing during the reinstatement test as compared to the last extinction 

test (F1,42=40.724, p<0.0001), but no effect of treatment (F1,42=0.032, p=0.859) or day 

by treatment interaction (F1,42=0.099, p=0.754).  Inactive lever presses did not differ 

across days or treatment (all Fs<0.891, ps>0.05).  Therefore, neutralizing bFGF in the 

dHipp during the first four extinction days did not affect cocaine-induced reinstatement.  

 

Neutralizing bFGF in dHipp for four days, without extinction training, facilitates 

subsequent extinction across days  

Active or inactive lever presses and number of infusions were equivalent 

between groups across the average of the last three days of self-administration (Table 

8).  Following acquisition, rats underwent 38 days of withdrawal in their home cages.  

Next, rats received vehicle or anti-bFGF infusions into dHipp and were immediately 

returned to their home cages, without being exposed to the operant chambers, for four 

days.  Next, rats underwent daily 90-min extinction sessions.  During the 90-min 

extinction sessions (days 5-14), ANOVA revealed a significant effect of treatment 

(F1,210=12.406, p<0.0001), day (F9,210=14.546, p<0.0001), but no day by treatment 

interaction (F9,210=0.347, p=0.958).  These results indicate that both groups 

demonstrate extinction across days, but anti-bFGF-infused rats extinguish at a quicker 
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rate than vehicle-infused rats.  For inactive lever presses during extinction days 5-14 

(data not shown), ANOVA revealed a significant effect of day (F9,210=2.930, p=0.003), 

but no effect of day or day by treatment interaction (all Fs<2.046, ps>0.05).  Finally, 

veh-infused rats that underwent four 30-min extinction sessions lever pressed 

significantly less than veh-infused rats that did not undergo the four 30-min extinction 

sessions during extinction day five (t13=-3.069, p=0.009; data not shown), which 

indicates that four 30-min extinction sessions are sufficient for extinction learning to 

occur.  Overall, neutralizing bFGF in the dHipp, without four 30-min extinction sessions, 

facilitated subsequent extinction across days.   

Following extinction, all rats were tested for cocaine-induced reinstatement of 

drug seeking.  Rats were given a non-contingent priming injection of cocaine (Figure 

20f) prior to a 90-min extinction session.  ANOVA revealed a significant increase in 

active lever pressing during the reinstatement test as compared to the last extinction 

test (F1,42=31.706, p<0.0001), but no effect of treatment (F1,42=1.153, p=0.289) or day 

by treatment interaction (F1,42=0.081, p=0.778).  Inactive lever presses did not differ 

across days or treatment (all Fs<2.317, ps>0.05). Therefore, neutralizing bFGF in the 

dHipp for four days, without 30-min extinction sessions, did not affect cocaine-induced 

reinstatement. 

 

Infusing bFGF in IL-mPFC was not sufficient to disrupt extinction of sucrose 

seeking 

 We previously found that neutralizing bFGF in IL-mPFC facilitates extinction of 

cocaine seeking (Hafenbreidel et al., 2015), however, if overexpression of bFGF in IL-
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but not dHipp-L rats (p=0.078).  Overall, these results suggest that a long withdrawal 

period will result in potentiated drug seeking, but cannula placement may also affect 

drug seeking.     
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Discussion 

 The current experiments aimed to determine the functional relevance of our 

preliminary findings that extinction altered bFGF protein expression in the NAc and 

dHipp.  We found that neutralizing bFGF in NAc before four 30-min extinction sessions 

disrupted extinction retention, initially.  However, when bFGF was neutralized in NAc for 

four days, without rats undergoing four 30-min extinction sessions, subsequent 

extinction was facilitated and cocaine-induced reinstatement was attenuated.  

Moreover, neutralizing bFGF in dHipp, with or without 30-min extinction sessions, 

facilitated subsequent extinction.  Finally, we found that infusing bFGF into IL-mPFC, to 

mimic drug-induced overexpression, before four 90-min extinction of sucrose seeking 

sessions was not sufficient to prolong extinction.    

 We previously found that neutralizing bFGF in IL-mPFC before four 30-min 

extinction sessions was necessary for facilitated extinction retention, as rats pressed 

similarly throughout extinction when they were infused without undergoing four 30-min 

extinction sessions (Figure 10).  Alternatively, neutralizing bFGF in NAc only facilitated 

extinction when rats did not received four 30-min extinction sessions.  Moreover, 

neutralizing bFGF in dHipp facilitated extinction with or without the four 30 min sessions.  

These results suggest that neutralizing bFGF without extinction is sufficient to enhance 

subsequent extinction in NAc and dHipp.  Rats lever press similarly on the first 90-min 

extinction sessions, but the rate by which anti-bFGF-infused rats reduce lever pressing 

across days is quicker than vehicle-infused rats.  These results indicate that neutralizing 

bFGF does not simply impair the rat’s ability to retrieve the original drug-cue memory or 

supplant an extinction memory, but instead that they are able to learn extinction at a 
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faster rate than vehicle-infused rats over days.  Moreover, in the NAc, neutralizing bFGF 

without four 30-min extinction sessions appears to have attenuated cocaine-induced 

reinstatement.     

The use of the shortened extinction sessions allows for the possibility that the rat 

does not have sufficient time to begin learning the new contingencies that the cues are 

no longer associated with drug administration, and thus would serve only as a memory 

reactivation session.  If that were the case, then the reduction of lever pressing by anti-

bFGF-infused rats would be due to either retrieval or reconsolidation disruption, 

because bFGF is neutralized before the session, and not due to enhanced extinction 

acquisition or consolidation.  However, because neutralizing bFGF in NAc and dHipp 

without undergo four 30 min extinction sessions resulted in facilitated rate of 

subsequent extinction, it does not seem likely that the original drug-cue memory was 

affected.  Moreover, veh-infused rats that underwent the four 30-min extinction sessions 

lever press less than veh-infused rats that did not undergo extinction during the first 90-

min extinction session (IL-mPFC, NAc, and dHipp), which demonstrates that the four 30 

min extinction sessions were sufficient for rats to learn extinction.  Overall, these results 

suggest that neutralizing bFGF is affecting extinction, and not the retrieval or 

reconsolidation of the original drug-cue memory.   

Finally, it is interesting that opposite effects were observed in the NAc depending 

on whether or not rats underwent 30-min extinction sessions.  A possible explanation for 

these contrasting results is that a drug-state effect may have affected behavior during 

the 30-min extinction sessions.  We found that infusing vehicle or anti-bFGF into IL-
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mPFC or dHipp one hour before locomotion testing did not alter general motor activity, 

but infusing anti-bFGF into NAc did increased general motor activity.     

 

The diverse role of bFGF in learning and plasticity 

One possible explanation for our results is that blocking the biological function of 

bFGF primes the region for subsequent plasticity, such as what is necessary for new 

learning.  As discussed previously, stimulant drug administration can induce a number 

of structural and functional changes in reward related brain regions.  Particularly, 

stimulant drug administration decreases intrinsic excitability in the NAc (Dong et al., 

2006; Ishikawa et al., 2009; Kourrich & Thomas, 2009; Mu et al., 2010).  The effect of 

bFGF application on intrinsic excitability in NAc has not been determined, but bFGF 

reduces intrinsic excitability in dHipp (Cuppini et al., 2009).  Thus, when bFGF was 

neutralized, this could limit its effect on excitability, perhaps allowing for subsequent 

new plasticity and learning to occur, such as extinction.  In agreement with this, bFGF 

protein expression was increased in Coc NE(38) rats in dHipp (Figure 18c), and there 

was a trend for increased expression in IL-mPFC (Figure 14b) and NAc (Figure 17c), 

but blocking bFGF expression in any of these brain regions, under certain parameters, 

can enhance subsequent extinction.   

These results are interesting considering that infusing bFGF into the amygdala 

can enhance extinction of conditioned fear (Graham & Richardson, 2011a, 2011b).  It is 

unclear if this is a region specific effect, or if bFGF has unique roles in extinction of drug 

seeking and extinction of conditioned fear.  It is unknown if fear conditioning alters 

bFGF protein expression, but increased bFGF is associated with lower anxiety-related 
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behaviors and decreased bFGF is associated with higher anxiety-related behaviors in 

selectively bred ratlines (Graham & Richardson, 2011b; Riva et al., 2005).  Fear 

conditioning can induce anxiety, and thus may decrease bFGF expression, but this has 

not been tested yet.  bFGF may function optimally in a very narrow and specific range. 

Thus, when expression is decreased by an anxiety-provoking event, perhaps like fear 

conditioning, then infusions of bFGF would increase it back into its optimal range and 

allow for enhanced learning.  Alternatively, when expression is increased by stimulant 

drug administration, then infusions of anti-bFGF would reduce it back into its optimal 

range and allow for enhanced learning.          

In agreement with this notion, bFGF also has a role in glutamate signaling.  

Besides inhibiting NMDA receptors (Boxer et al., 1999), bFGF can induce glutamate 

release through interactions with voltage-gated calcium channels and the MAPK 

pathway in culture neurons (Graham & Richardson, 2011b; Numakawa et al., 2002).  

Increased glutamate could explain the enhancement in learning, and NMDA receptor 

activation is necessary for learning in a number of paradigms (Fiorenza, Rosa, 

Izquierdo, & Myskiw, 2012; Hafenbreidel et al., 2014; Hammond, Seymour, Burger, & 

Wagner, 2012; Kelamangalath, Seymour, & Wagner, 2009; Langton & Richardson, 

2008; Nic Dhonnchadha et al., 2010).   

However, in disagreement, we found that infusing bFGF into IL-mPFC before 

four extinction of sucrose seeking sessions had no effect on the rate of extinction.  The 

dose used was based off of previous research (Graham & Richardson, 2011a; Turner et 

al., 2009; Wagner et al., 1999), but the dose may not have been high enough to match 

the increase observed following stimulant drug administration.  Another possibility is that 
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cocaine-induced overexpression does not induce maladaptive changes quickly, but 

instead requires prolonged over expression.   

 

The role of bFGF in extinction of drug seeking circuitry 

Overall, we found that neutralizing bFGF in IL-mPFC before four 30-min 

extinction sessions facilitated extinction retention, neutralizing bFGF in NAc for four 

days without extinction facilitated subsequent extinction, and neutralizing bFGF in dHipp 

before four 30-min extinction sessions or without extinction facilitated subsequent 

extinction.  The most robust finding was in the IL-mpFC, which agrees with previous 

research that it is necessary for extinction (LaLumiere et al., 2010; Peters et al., 2008).  

The IL-mPFC sends projections to the NAc shell (Groenewegen et al., 1999; Sesack et 

al., 1989), which is necessary for inhibiting drug seeking following extinction, but if it is 

necessary for extinction acquisition is unclear (Peters et al., 2009; Peters et al., 2008).  

The NAc is thought to regulate the motor outputs that drive drug seeking (Peters et al., 

2009), which may explain why this was the only brain region that had increased 

locomotion following infusions of anti-bFGF, and had attenuated cocaine-induced 

reinstatement.    

The dorsal hippocampus may not have any direct projections to the IL-mPFC or 

NAc, but does have indirect projections, such as one projection to the NAc core through 

the vHipp (Figure 1; Fanselow & Dong, 2010; Groenewegen, Wright, & Beijer, 1996; 

Naber & Witter, 1998).  It is not clear what role the vHipp may have in extinction of drug 

seeking.  We previously found that rats that did not undergo extinction had reduced 

bFGF immunoreactivity in vHipp compared to naïve rats, which was slightly attenuated 
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in rats that did undergo extinction (Figure 9).  However, if this brain region, or some 

other region, is a critical link between the NAc and dHipp during extinction of drug 

seeking is unknown.  Future experiments should assess the role of the vHipp during 

extinction, but also the role that bFGF may have in that region during extinction or 

withdrawal from cocaine self-administration.   
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FUTURE DIRECTIONS 

 In the current experiments, we demonstrate that extinction of drug seeking 

attenuates some plastic changes induced by chronic cocaine use.  Moreover, we 

demonstrate that neutralizing bFGF in NAc and dHipp can facilitate subsequent 

extinction of drug seeking, and neutralizing bFGF in NAc can attenuate cocaine-induced 

reinstatement.  These results provide new insights to the mechanisms underlying 

extinction of drug seeking, which provide new directions for future research examining 

how to strengthen extinction learning in order to reduce relapse rates.   

 Extinction of drug seeking is not well characterized, and these experiments 

provided some of the first insights into how extinction, itself, could alter cocaine-induced 

plastic changes in IL-mPFC, NAc, and dHipp.  These results suggest new targets to 

examine for their behavioral relevance in extinction, or in the case of ARC, possibly in 

retrieval of the original drug-cue memory.  However, as mentioned, the mechanisms 

underlying the effect of neutralizing bFGF on extinction are still unclear.  As discussed, 

electrophysiological recordings or examining epigenetic modification may begin to 

explain how neutralizing bFGF in IL-mPFC, NAc, and dHipp results in facilitated 

extinction.     

 bFGF could be affecting learning and memory through a number of mechanisms 

(Graham & Richardson, 2011b), including those suggested in Figure 1.   Another 

possible mechanism could be through its subsidiary interactions with NMDA receptors 

and the growth factor BDNF (brain derived neurotrophic factor).  bFGF has opposing 

effects on extinction compared to BDNF.  An infusion of BDNF into IL-mPFC facilitates 

extinction (Otis et al., 2014; Peters, Dieppa-Perea, Melendez, & Quirk, 2010; Xin et al., 

139 



 

2014) and endogenous BDNF mRNA expression increases in IL-mPFC during 

extinction of a conditioned taste aversion (Xin et al., 2014).  Furthermore, reducing 

BDNF activity in the basolateral amygdala and dHipp disrupts learning and extinction 

(Heldt, Stanek, Chhatwal, & Ressler, 2007; Sakata et al., 2013).  In contrast, our results 

show that endogenous bFGF is reduced in IL-mPFC following extinction and blocking 

bFGF in this region facilitates extinction, suggesting that BDNF and bFGF have inverse 

roles during extinction.  These opposing roles could be mediated by interactions with 

NMDA receptors.  For example, BDNF facilitates extinction of drug seeking through its 

interaction with NMDA receptors (Otis et al., 2014).  However, bFGF diminishes the 

function of these receptors (Boxer et al., 1999).  NMDA receptor activation is necessary 

for learning in a number of paradigms (Fiorenza et al., 2012; Hafenbreidel et al., 2014; 

Hammond et al., 2012; Kelamangalath et al., 2009; Langton & Richardson, 2008; Nic 

Dhonnchadha et al., 2010).  Therefore, future experiments should determine the 

interaction between NMDA receptors and bFGF, and how they mediate extinction. 
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Conclusions 

 Drug addiction is a complex disorder characterized by compulsive drug seeking, 

increased impulsivity, and chronic relapse.  Nearly 25 million people are reported as 

needing treatment for drug abuse in the United States (Substance Abuse and Mental 

Health Services Administration, 2014), and of those that receive treatment, 30-60% 

relapse within one year (McLellan et al., 2000).  The altered behavior and resistance to 

long-term treatment suggests persistent plastic changes, and these are evident in such 

instances as modified dendritic and spine morphology and density (Brown & Kolb, 2001; 

Kolb et al., 2003; Y. Li et al., 2003; Mueller et al., 2006; Robinson & Kolb, 1997, 1999, 

2004), and altered expression of molecular markers for neuronal structure and function 

in reward-related brain regions (e.g., Kauer & Malenka, 2007; Kiraly, Eipper-Mains, et 

al., 2010; Kourrich et al., 2015; Robison & Nestler, 2011; Wolf, 2010).  Determining the 

mechanisms that underlie each of the characteristics of addiction, and how they 

interact, is essential to developing new therapeutic strategies. 

Drug addiction is also a disorder of learning, as cues become associated with the 

rewarding properties of the drug.  These cues can later trigger craving and withdrawal-

like symptoms, which promotes relapse (Childress et al., 1986).  Reducing the salience 

of these cues would therefore reduce the induction of craving and the likelihood of 

relapse.  Alone, however, extinction-based exposure therapy has had limited success 

(Conklin & Tiffany, 2002).  This may be due to another long-term effect of drug use, 

which is a reduced ability for subsequent experience-dependent plasticity (Kolb et al., 

2003) and learning (Divac, 1971; Radley et al., 2015; Sillivan et al., 2011; Skelton et al., 

2007; Vorhees et al., 1994; Williams et al., 2002).  Therefore, determining the plasticity-
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related changes underlying extinction and if they can ameliorate the changes induced 

by drug use, would allow new targets to be modified, resulting in enhanced learning and 

better long-term treatment results. 

Finally, based off previous work and our preliminary findings, the growth factor 

bFGF appears to be a key link between drug-induced maladaptive changes and 

resistance to extinction.  bFGF mediates changes in axonal and dendritic morphology 

(Kalil et al., 2000; Patel & McNamara, 1995; Zechel et al., 2009), intrinsic excitability 

(Cuppini et al., 2009; Hilborn et al., 1998), is neuroprotective (Anderson et al., 1988; 

Logan et al., 1992; Mark et al., 1997; Flores and Stewart, 2000a), and contributes to 

drug-associated behavioral and plastic changes (Flores et al., 2000; Mueller et al., 

2006; Turner et al., 2009).  Thus, determining the interactions between bFGF, drug-

induced plastic changes, and extinction could help identify new targets for 

pharmacotherapeutrics to enhance treatment for drug addiction.   
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